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Editorial on the Research Topic

New trends in vascular biology 2024

Despite the development of potent drugs for modifiable risk factors, such as statins, and

advances in mechanistic biomedical research, vascular disease remains the No.1 killer

globally and represents a huge cost to public health (1–3). The underlying mechanisms

remain incompletely understood and effective new therapies are needed (4). Such major

challenges have promoted technological innovations and their implementations in

vascular research (5). Unmet clinical needs and exponential technological development

have synergistically advanced vascular medicine. Addressing the challenges associated

with the complexity in treating cardiovascular disease requires integration of cross-

disciplinary approaches and knowledge (6).This Research Topic thus reports new trends

in a wide range of vascular medicine research from fundamental basic science to

translational medicine to clinical studies.

This collection particularly focuses on four different areas in vascular medicine; (i)

new understandings of cardiometabolic vascular dysfunction; (ii) novel imaging

approaches; (iii) COVID-19 pandemic; and (iv) data science.

New understandings of cardiometabolic vascular
dysfunction

In the first area, we featured four articles which identified novel contributors of

cardiometabolic vascular dysfunction. Hunyenyiwa et al. used the Lepob/ob mouse model of

obesity to investigate angiogenesis following unilateral pneumonectomy, a critical aspect for

successful regenerative lung growth. The authors showed that unilateral pneumonectomy

inhibited the pro-angiogenic factor VEGF and its receptor VEGFR2 in an adiponectin
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dependent fashion. The use of adiponectin agonist aided in vascular

and alveolar regeneration, suggesting potential applications for lung

regeneration in obese individuals. Katsuki et al. discussed the role of

PCSK9 in macrophage activation as a contributor towards the

protective role of PCSK9 inhibition in the reduction of adverse

cardiovascular outcomes in patients. The authors specifically

highlighted the potential for PCSK9 to target receptors other than

the classical target LDLR as well as how macrophage activation can

be protected in both a lipid-dependent and lipid-independent

fashion. Dritsoula et al. reviewed the role of secreted LRG1 as a

vasculopathic molecule with the ability to disrupt angiogenesis and

thereby impede vascular stability. This review described how LRG1

uses both canonical and non-canonical TGFβ signaling to affect the

vasculature in a wide range of pathophysiological conditions.

Chavkin et al. used a lineage tracing model of endothelial cells in

mice fed a high fat/high sucrose diet as well as human adipose

endothelial cells to investigate the presence of endothelial-

mesenchymal transition (EndoMT) in obesity. The authors found a

time-dependent increase in EndoMT in subcutaneous adipose

tissue as well as increased expression of EndoMT gene markers

when human adipose endothelial cells were cultured in the presence

of pro-inflammatory stimulus. Their findings suggest that chronic

obesity promotes EndoMT, which could lead to adipose

tissue dysfunction.

Novel imaging approaches

The second theme focuses on emerging trends in imaging which

has enhanced the field of vascular biology research. Ning et al.

described their own development of novel imaging modalities to

look deeper into lower extremity peripheral artery disease. This

case report showcases the use of near-infrared imaging

(NIR-II 900-1880nm wavelength), optical coherence tomography

angiography and laser speckle flowgraphy to show poor tissue

perfusion in a patient with peripheral arterial disease suggesting the

utility of these imaging modalities for the diagnoses of disease.

Wayne et al. analyzed a cohort of 123 individuals with perfusion

PET and coronary angiography with no obstructive coronary artery

disease. The authors compared the Thrombolysis in Myocardial

Infarction frame count (angiography-based method) and

myocardial blood flow reserve (PET-based method) and found an

inverse relationship between these parameters which in turn could

be used to identify patients with coronary microvascular disease.

COVID-19 pandemic

The third area was reflective of the emerging landscape of

COVID-19 related vascular biology research. Iwata et al. used a

machine learning based drug repurposing approach to identify FDA

approved compounds with the ability to reduce surface expression

of SARS-CoV-2 entry receptor, NRP1 specifically in macrophages.

The authors validated that the top predicted compounds indeed

reduce NRP1 surface expression in both cell lines and primary

derived human macrophages. These findings have important

implications for using drug repurposing-based approaches to

rapidly identify agents to help prevent infection in niche

subpopulations. Hatch et al. developed a vascularized micro-organ

3D microphysiological system consisting of endothelial cells and

stromal cells to model SARS-CoV-2 infection using a pseudotyped

GFP expressing lentivirus. This system was deployed to show

infection with the virus could disrupt the vasculature by promoting

inflammation and endothelial activation. Gao et al. developed a

mouse model expressing human ACE2 to characterize COVID-19

pathogenicity in an in vivo setting. They concluded that direct

infection of endothelial cells does not occur in this system and does

not indeed contribute to vascular abnormalities. These findings

suggest that COVID-19 associated vascular dysfunction can be

attributed to inflammatory responses triggered by the viral infection.

Data science

Four manuscripts represent the fourth theme, leveraging big

data to find new trends in vascular biology. Husein et al.

investigated three databases from 2008 to 2020 to calculate the

impact of methamphetamine use in patients with pulmonary

arterial hypertension. Similarly, Ali et al. investigated the National

Inpatient Sample database from 2008 to 2020 to identify patients

hospitalized with peripheral arterial disease. The use of ICD

diagnoses facilitates comparison of sufficiently large real-world

datasets to draw conclusions about the prevalence of disease and

its associated factors. Dong et al. performed a mendelian

randomization analysis on 1,400 serum metabolites in patients

with peripheral arterial disease. Using this approach, the authors

identified serum metabolites that showed a positive and others

that showed a negative association with peripheral arterial disease

diagnosis. Qin et al. performed a retrospective analysis of patients

undergoing carotid stenosis from January 2018 to January 2022 in

their department of endovascular surgery. Their investigation of

227 patients showed that several clinical parameters had

independent capacity to predict asymptomatic carotid artery

stenosis which could be used to help identify patients at risk.

Summary and future perspectives

This collection highlights the interdisciplinary advances

shaping the future of vascular biology. Through the exploration

of cardio- and vascular-metabolic dysfunction, advanced imaging

modalities, vascular implication of the COVID-19 pandemic and

the integration of data science this collection underscores the

complexity and evolving nature of vascular health. The insights

presented not only deepen our understanding of disease but also

point to innovative diagnostic and therapeutic strategies. This

research topic shows how multiple different approaches can work

together to provide a more comprehensive insight into disease

progression. Such an interdisciplinary approach could rapidly

advance our understanding of the disease and help speed up

development of effective therapies. Continued research in these
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domains is essential for translating emerging knowledge into

meaningful clinical outcomes.
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Construction and validation of a
clinical prediction model for
asymptomatic obstructive
coronary stenosis in patients with
carotid stenosis
Cuijie Qin, Chuang Li, Yunpeng Luo, Zhen Li and Hui Cao*

Department of Endovascular Surgery, The First Affiliated Hospital of Zhengzhou University, Zhengzhou
University, Zhengzhou, China

Background: Coronary artery stenosis occurs frequently in patients with carotid
artery stenosis. We developed a clinical predictive model to investigate the
clinical risk of asymptomatic obstructive coronary artery stenosis in patients with
carotid artery stenosis≥ 50%.
Methods: From January 2018 to January 2022, carotid stenosis patients
hospitalized at the First Affiliated Hospital of Zhengzhou University’s Department
of Endovascular Surgery were subjected to a retrospective analysis of their clinical
information and imaging results. Excluded criteria were patients with lacking data,
symptomatic coronary stenosis, prior coronary artery bypass grafting, and
coronary stent implantation. Patients were separated into case and control groups
according to whether or not they had obstructive coronary stenosis. Independent
predictors were screened using univariate and multivariate logistic regression, and
their accuracy was confirmed using least absolute shrinkage and selection
operator (LASSO) regression. A Nomogram prediction model was developed using
the aforementioned filtered factors. The model’s discrimination and specificity
were evaluated using the receiver operating characteristic curve (ROC) and
Hosmer-Lemeshow goodness-of-fit test. Internal validation employed the
Bootstrap procedure. The clinical decision curve analysis (DCA) of the prediction
model was developed to assess the clinical applicability of the model.
Results: The investigation included a total of 227 patients, of whom 132 (58.1%) had
coronary artery stenosis. Hypertension, Grade I plaque, HbA1c≥ 7.0%, MPV≥ 9.2fl,
and Fib≥ 3.0 g/L were independent predictors, with OR values of (2.506, 0.219,
0.457, 1.876, 2.005), according to multivariate logistic regression. Risk factor
screening and validation using lasso regression. The predictors chosen based on
the optimal λ value are consistent with the predictors identified by multiple
regression. The area under the ROC curve (AUC) of the model based on the above
predictors was 0.701 (0.633–0.770), indicating that the model discriminated well.
The calibration curve of the model closely matched the actual curve, and P > 0.05
in the Hosmer-Lemeshow goodness-of-fit test indicated the model’s accuracy. The
results of the DCA curve demonstrate the clinical applicability of the prediction model.
Conclusion: Hypertension, grade I plaque, HbA1c≥ 7.0%, MPV≥ 9.2 fl, and Fib≥
3.0 g/L are predictors of asymptomatic coronary stenosis in patients with carotid
stenosis ≥50%. The diagnostic model is clinically applicable and useful for
identifying patients at high risk.
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Introduction

Stroke has an elevated level of morbidity and mortality and has

become a serious hazard to the health of the elderly. According to

accounts, carotid stenosis causes 25% to 30% of ischemic strokes

(1). Atherosclerosis is the principal cause of carotid stenosis.

Stenosis occurs most frequently at the bifurcation of the

common carotid, the origin of the internal carotid, and the

siphon (2). Effective early treatment of carotid stenosis can

reduce the incidence of ischemic stroke. Central interventions

included endarterectomy of the carotid artery, stenting of the

carotid artery, and drug therapy (3). Atherosclerosis has a variety

of effects and can accumulate in both large and medium arteries.

Patients with carotid artery stenosis and coronary artery stenosis

are not uncommon. Research have demonstrated that patients

with both carotid artery stenosis and coronary artery stenosis

have a substantially increased risk of acute cardiovascular disease

during surgery (4). Compared to symptomatic coronary stenosis,

asymptomatic coronary stenosis has an elevated likelihood of

misdiagnosis due to the absence of typical symptoms. A number

of studies have investigated accurate predictors of asymptomatic

coronary artery stenosis in patients. A retrospective study

revealed that the thickness, extent, and complexity of aortic arch

lesions were independent risk factors for asymptomatic coronary

stenosis greater than 50% (5). In addition, patients with insulin

resistance are more likely to have asymptomatic coronary artery

stenosis≥ 50% and have a positive correlation with the number

and severity of coronary artery stenosis (6). The purpose of this

study was to retrospectively analyze the clinical data of patients

with carotid artery stenosis≥ 50% in our center, to investigate

the related predictive factors of asymptomatic obstructive

coronary stenosis, and to establish a nomogram prediction model

in order to provide support for early detection of occult coronary

disease in patients with carotid stenosis.
Materials and methods

Patients and data collection

This survey included carotid artery stenosis patients admitted

to the Department of Endovascular Surgery at the First Affiliated

Hospital of Zhengzhou University between January 2018 and

January 2022. By carotid ultrasound and carotid computed

tomography angiography, a total of 513 patients with unilateral

or bilateral carotid stenosis≥ 50% were identified. Exclusion

criteria included 45 patients with symptomatic coronary artery

stenosis, 26 patients with a history of coronary stent

implantation or coronary artery bypass grafting, 114 patients

without carotid contrast-enhanced ultrasonography (CEUS), and

101 patients without coronary angiography. Finally, 227 patients

in total met the inclusion criteria. They were split into a case

group and a control group based on whether the degree of

coronary artery stenosis exceeded 50%. Figure 1 shows the

study’s flowchart. The study was approved by the local ethics
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committee and was conducted in accordance with the 1964

Declaration of Helsinki.

The electronic medical record system was queried to obtain

baseline clinical data, laboratory tests, and imaging investigations.

Patient characteristics including age, gender, BMI, diabetes

mellitus (DM), essential hypertension, and smoking and alcohol

history. Laboratory examination indexes including hemoglobin

A1c (HbA1c), hematocrit (HCT), lymphocyte percentage (LY%),

monocyte percentage (MONO%), platelet count (PLT), mean

platelet volume (MPV), albumin (Alb), fibrinogen (Fib), β2-MG,

total cholesterol (TC), triglycerides (TG), high density lipoprotein

(HDL), low density lipoprotein (LDL), lipoprotein(a) [Lp(a)],

glomerular filtration rate (GFR), creatinine (Cr), homocysteine

(Hcy). Imaging results including sum (PS) and maximum (P-

max) of the plaque thickness, the degree of carotid artery and

coronary artery stenosis and the carotid plaque level.

Hypertension was defined as blood pressure > 140/90 mmHg

or treatments with antihypertensive medication. The diagnosis of

diabetes mellitus was based on the 2017 Standards of Medical

Care in Diabetes (7). In coronary computed tomography

angiography (CCTA), the degree of coronary stenosis was

classified as obstructive (luminal stenosis≥ 50% of the coronary

diameter) or non-obstructive (luminal stenosis < 50%) (8). Multi-

site stenosis of a single vessel is determined by the most severe

stenosis, and multi-vessel stenosis is defined as stenosis of two or

more vessels (9). Guidelines for the diagnosis and treatment of

carotid stenosis were used to classify symptomatic carotid

stenosis (SCS) and asymptomatic carotid stenosis (3). A current

smoker is defined as someone who has smoked cigarettes on a

regular basis within the past six months, whereas an alcoholic is

defined as someone who has consumed alcohol on a regular

basis for over a year. The BMI was computed by dividing the

weight (kg) by the square of the height (m). P-max was

measured as the vertical distance between the tip of the plaque

and adventitia interface of the lumen. PS was the sum of bilateral

maximal carotid plaque thickness. The PS and P-max were

determined by carotid artery ultrasound (10). Using the CEUS

plaque blood flow grading standard, the grade of carotid plaque

was classified as grades I to IV. Grade I was defined as the

absence of plaque enhancement, grade II as the presence of one

to three punctate plaque enhancements, and grade III as the

presence of more than three punctate plaque enhancements or

one to two short-line plaque enhancements. Grade IV is

characterised by the presence of two or more linear

enhancements in the plaque that are penetrating or

predominantly penetrating the plaque, or by a sense of flow (11).
Statistical analysis

Data analysis was performed using SPSS 23.0 and R version

4.2.1. Except for age, BMI, and HbA1c, the mean and median

were chosen as the boundary values for the continuous variables

of normal distribution and non-normal distribution, and the data

were converted to binary variables for subsequent analysis.

Multiple logistic regression included the binary logistic regression
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FIGURE 1

The flow chart of this study.
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analysis factors with P < 0.05. Using backward stepwise multiple

logistic analysis, independent predictors were identified. Selected

predictors were cross-validated further utilising LASSO

regression. The L1-penalized LASSO regression was applied to

reduce the data dimensionality to avoid potential collinearity and

overfitting among variables. The best lambda value was selected

in LASSO regression using tenfold cross-validation. Under the

lambda compression (lambda.1se), the variables with small

regression coefficients were directly compressed to 0 to eliminate

the corresponding variables. Using the “rms” programme,

statistically significant factors were used to construct the

nomogram and generate a prediction model. To evaluate the

accuracy of the prediction model, we calculated the consistency

index (C-index) using the “rms” programme. By constructing a

calibration curve, the level of calibration was determined. The

greater the consistency of the prediction model, the closer the

calibration curve of the model to the standard curve. Using

DCA, the clinical utility of the nomogram was determined by

quantifying the net benefits of the probability of various

threshold values in the array. Finally, an internal validation

approach was utilised to evaluate the prediction model’s stability.
Results

Patient characteristics

This study included 227 patients, involving 181 males

(79.7%) and 46 females (20.3%). Subjects were divided into case
Frontiers in Cardiovascular Medicine 0310
and control groups according to whether they had obstructive

coronary stenosis simultaneously. There were 132 cases in the

case group (58.1%) and 95 cases in the control group

(41.9%). There were 62 cases (47.0%) of single-vessel

disease and 70 cases (53.0%) of multi-vessel disease in the case

group. All patients exhibited no coronary stenosis-related

symptoms.
Analysis of predictive factors

Thirty laboratory parameters and imaging variables were

included as independent variables in the binary logistic

regression (Table 1). Hypertension, Grade I plaque, HbA1c,

MPV, and Fib were statistically significant predictors (P < 0.05)

based on the results of binary logistic regression. Binary logistic

regression showed that Hypertension, Grade I plaque, HbA1c,

MPV, and Fib were statistically significant predictors (P < 0.05).

Multivariate logistic regression included the factors with P < 0.05

in binary logistic regression. According to the results,

Hypertension, Grade I plaque, HbA1c, MPV, and Fib were

independent predictors (Table 2). On the included variables,

LASSO regressions were conducted to evaluate the selected

predictors’ reliability further. Five predictors were selected based

on the optimal value (λ = 0.0629). Variables included

hypertension, Grade I plaque, HbA1c, MPV, and Fib. Consistent

with the independent predictors identified by multiple regression,

the regression coefficients were 0.203, −0.242, 0.135, −0.167, and
0.106 (Figure 2).
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TABLE 1 Results of binary logistic regression analysis of the clinical characteristics of patients in the case and control groups.

Variables All patients (n = 227) Case group (n = 132) Control group (n = 95) Odds ratio [95% CI] P-value
Male 181 107 74 0.823 [0.429–1.579] 0.559

Hypertension 174 109 65 2.187 [1.172–4.082] 0.014*

Smoking 78 45 33 0.919 [0.558–1.693] 0.919

Drinking 47 26 21 0.864 [0.452–1.561] 0.659

DM 92 57 35 1.303 [0.759–2.237] 0.338

SCS 88 50 38 0.915 [0.533–1.570] 0.746

Grade I plaque 13 10 3 0.198 [0.053–0.739] 0.016*

Grade IV plaque 55 36 19 1.500 [0.797–2.822] 0.209

P-max≥ 4 mm 87 53 34 1.204 [0.698–2.076] 0.505

PS≥ 5.6 mm 114 72 42 1.514 [0.891–2.574] 0.125

HCT≥ 0.4 112 63 49 0.857 [0.506–1.453] 0.567

NEUT%≥60% 117 71 46 1.240 [0.731–2.103] 0.425

LY%≥28.4% 116 67 49 0.968 [0.571–1.640] 0.903

MONO%≥7.4% 105 67 38 1.546 [0.907–2.637] 0.110

PLT ≥ 203*109/L 112 61 51 0.741 [0.437–1.258] 0.267

MPV ≥ 9.2 fl 111 55 56 0.497 [0.291–0.850] 0.011*

Alb≥ 41 g/L 107 59 48 0.791 [0.466–1.343] 0.386

Fib≥ 3.0 g/L 106 70 36 1.850 [1.081–3.167] 0.025*

β2-MG ≥ 1.8 mg/L 113 69 44 1.269 [0.748–2.153] 0.376

TC≥ 3.5 mmol/L 112 64 48 0.922 [0.544–1.562] 0.762

TG≥ 1.16 mmol/L 113 68 45 1.181 [0.538–2.002] 0.538

HDL≥ 1.0 mmol/L 95 52 43 0.786 [0.461–1.341] 0.377

LDL≥ 1.97 mmol/L 113 61 52 0.710 [0.418–1.206] 0.206

Lp(a)≥ 0.19 mg/dl 113 59 54 0.614 [0.361–1.044] 0.072

GFR≥ 91 ml/min 110 63 95 0.932 [0.550–1.580] 0.795

Cr≥ 71 μmol/L 113 68 45 1.181 [0.696–2.002] 0.538

Hcy≥ 14 μmol/L 108 59 49 0.759 [0.447–1.288] 0.306

Age≥ 70 years 57 34 23 1.086 [0.590–2.000] 0.791

BMI≥ 24 kg/m2 146 82 64 0.794 [0.456–1.383] 0.416

HbA1c≥ 7.0% 76 53 23 2.100 [1.171–3.767] 0.013*

SCS, symptomatic carotid stenosis; DM, diabetes mellitus; HbA1c, hemoglobin A1c; HCT, hematocrit; LY%, lymphocyte percentage; MONO%, monocyte percentage; PLT,

platelet count; MPV, mean platelet volume; Alb, albumin; Fib, fibrinogen; TC, total cholesterol; TG, triglycerides; HDL, high density lipoprotein; LDL, low density lipoprotein;

Lp(a), lipoprotein(a); GFR, glomerular filtration rate; Cr, creatinine; Hcy, homocysteine; PS, sum of the plaque thickness; P-max, maximum of the plaque thickness.

*Indicates statistically significant variables.

TABLE 2 Multiple logistic regression analysis results.

Variables β Odds ratio 95%CI P-value
Hypertension 0.919 2.506 1.269–4.948 0.008*

Grade I plaque −1.518 0.219 0.055–0.877 0.032*

MPV ≥ 9.2 fl −0.783 0.457 0.258–0.811 0.007*

Fib≥ 3.0 g/L 0.629 1.876 1.053–3.342 0.033*

HbA1c≥ 7.0% 0.696 2.005 1.080–3.723 0.028*

MPV, mean platelet volume; Fib, fibrinogen; HbA1c, hemoglobin A1c.

*Indicates statistically significant variables.
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Nomogram’s building and apparent
performance

On the basis of the outcomes of logistic regression and

LASSO regression, five predictors were eliminated and a

nomogram risk prediction model was developed (Figure 3). Each

variable was assigned a score, and the higher the score, the

greater the risk of obstructive coronary stenosis in carotid

stenosis patients.
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Assessment of the degree of calibration for
the risk prediction model

To facilitate the evaluation of the risk prediction model’s degree

of rectification in this investigation, we developed a correction

curve. As shown in Figure 4, the x-axis represents the predicted

risk for asymptomatic obstructive coronary stenosis, and the y

-axis represents the realization of asymptomatic obstructive

coronary stenosis. The solid diagonal line represents the

prediction of the ideal model, and the dashed line represents

the actual predictive ability. The closer the dashed line is to the

diagonal, the greater the predictive ability. Hosmer-Lemeshow

test showed that the model had good calibration (χ2 = 2.24, P =

0.987).
Assessment of the accuracy

To evaluate the model’s accuracy, we first calculated the

C-index. When plotting a ROC curve, we can use AUC to
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FIGURE 2

(A) LASSO coefficient profiles of 227 patients with obstructive coronary stenosis. A coefficient profile plot was produced against the log (λ) sequence. (B)
Texture feature selection by using the least absolute shrinkage and selection operator (LASSO) binary logistic regression model. Tuning parameter (λ)
selection in the LASSO model used 10-fold cross-validation via maximum AUC. A λ value of 0.0629 was chosen (1-SE criteria) according to 10-fold
cross-validation.

Qin et al. 10.3389/fcvm.2023.1096020
quantify the predictor’s efficacy. We then determined the model’s

AUC and constructed a ROC curve. The calculated AUC values

of 0.701 (95% CI: 0.633–0.770) indicate that the model is
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accurate (Figure 5). The ROC curve was internally validated

using the Bootstrap 1,000 times self-sampling method, and the

AUC was found to be 0.668.
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FIGURE 4

Curve of calibration for the risk prediction model of asymptomatic
obstructive coronary stenosis.

FIGURE 3

Nomogram for predicting the incidence of asymptomatic obstructive coronary stenosis. The construction of the nomogram included Hypertension,
Grade I plaque, HbA1c, MPV, and Fib.

FIGURE 5

The ROC curve corresponding to the asymptomatic obstructive
stenosis risk prediction model. The AUC value was 0.701%.

Qin et al. 10.3389/fcvm.2023.1096020
Clinical net benefit

DCA was utilized to determine if the prediction model could

enhance clinical decision-making (Figure 6). The y-axis indicates
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the net benefit, and the x-axis represents the probability of the

threshold value. The black solid line represents no intervention,

at which the net benefit is zero. The Grey solid line represents
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FIGURE 6

DCA for the asymptomatic obstructive coronary stenosis risk prediction
model.

Qin et al. 10.3389/fcvm.2023.1096020
the intervention, and the net benefit is an oblique line with a

negative slope. The green solid line represents the realized profits

of the asymptomatic obstructive coronary stenosis risk prediction

model. The DCA curve shows that the threshold of 0.08–0.70 has

the largest clinical net income.
Discussion

This study examined the statistical characteristics, imaging

examination, and laboratory examination results of asymptomatic

coronary artery stenosis in patients with carotid artery stenosis ≥
50%. Univariate and multivariate logistic regression were utilized

to identify independent risk factors, including hypertension,

grade I plaque, HbA1c, MPV, and Fib. Using LASSO regression,

the accuracy of the selected predictive factors was further

confirmed, and a clinical predictive model was developed.

According to the ROC curve, the AUC of the prediction model

is 0.701, indicating that the model has a high degree of

discrimination. Fit tests and clinical decision curves

demonstrated that the predictive model was well calibrated and

applicable in the clinical setting. Due to the limited sample size

of this study, all data were only modeled as a training set, and

the model was Bootstrapped 1,000 times for internal validation.

The results demonstrate that the model of prediction is stable.

The most common cause of carotid stenosis is atherosclerosis, a

multifactorial, progressive systemic disease (12). Plaque rupture,

arterial embolism caused by thrombosis, and hemodynamic

disturbance caused by stenosis comprise the majority of the

carotid stenosis-induced ischemic stroke mechanism (13).

Coronary artery disease is more common in carotid stenosis

patients. According to studies, the prevalence of coronary artery

disease in patients with carotid stenosis ranges from 13% to 86%,
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with the prevalence increasing with the severity of carotid

stenosis (4). Asymptomatic coronary stenosis is easier to neglect

than symptomatic coronary stenosis due to the absence of typical

symptoms. Consistent with previous research, 58.1% of the 132

patients in this study experienced moderate or severe coronary

stenosis complications. Due to the substantial increase in

cardiovascular risk among patients with carotid artery stenosis

and coronary artery stenosis coexisting, it is crucial to investigate

the coexistence of carotid artery and coronary artery stenosis.

Hypertension was an independent risk factor for carotid

stenosis with asymptomatic obstructive coronary stenosis in this

study. High blood pressure damages the arterial wall and

increases collagen deposition in the stroma, which causes the

tunica media to thicken and the artery to become constricted.

Hypertension is frequently viewed as a disease that damages

large and small arteries, and lesions of corresponding arteries

contribute to the occurrence and progression of hypertension.

Prior research has demonstrated that hypertension is a risk factor

for stroke. Patients with hypertension are substantially more

susceptible to suffering a stroke than those with normal blood

pressure (14). In a study of the lifetime risk of coronary heart

disease, the lifetime risk of coronary heart disease in male

hypertensive patients was 26.95% and the lifetime risk of

coronary heart disease in female hypertensive patients was

14.85%, both of which were higher than the average level (15).

High blood pressure is more likely to cause injury to the carotid

and coronary arteries, resulting in their constriction.

HbA1c is produced by a sluggish, continuous, and irreversible

glycation reaction and may reflect changes in patients’ blood

glucose levels over the previous 8 to 12 weeks. In clinical

practice, it is considered an essential indicator of blood sugar

control in diabetic patients. Studies have shown that HbA1c

levels are strongly associated with the risk of diabetes-related

complications and cardiovascular disease (16). In general, a

glycated hemoglobin level below 7.0% is advised for glycemic

control (17). In a study of healthy controls and subjects with

T2DM, glycemic fluctuations rather than persistent glycemic

elevation caused endothelial cell injury, and intensive glycemic

control reduced the incidence of microvascular and

macrovascular complications by 25% (18, 19). In this study,

patients with HbA1c levels greater than 7.0% were more likely to

have asymptomatic coronary stenosis (OR = 2.005). It is

advantageous to reduce this risk by enhancing blood glucose

regulation and decreasing blood glucose fluctuations.

The investigation included imaging measures to assess the

morphology of the plaque. CEUS is a common noninvasive

technique for detecting plaque neovascularization. New blood

vessels in the plaque are immature and readily rupture, resulting

in inflammation of the vessel wall and vessel wall injury (20).

High-grade carotid plaques as measured by CEUS are associated

with more severe and unstable coronary artery disease, and the

carotid plaque enhancement intensity is an independent

predictor of secondary cardiovascular events in patients with

coronary heart disease (21). This study evaluated the coronary

status of patients with grade I or IV plaque and discovered that

patients with grade I plaque were substantially less likely to
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develop asymptomatic obstructive coronary stenosis than controls

(OR = 0.219). Using carotid plaque grade as a predictive

parameter may increase the probability of identifying coronary

stenosis.

Fib is a coagulation factor that promotes platelet aggregation,

the growth, proliferation, and contraction of smooth muscle and

endothelial cells, as well as increases blood viscosity and damages

endothelial cells. Consequently, it is crucial to the pathogenesis

of cardiovascular disease. Studies have shown that high levels of

Fib are associated with an increased risk of stroke and poor

patient outcomes (22). In terms of coronary stenosis, elevated Fib

levels are generally regarded as an independent predictor of the

presence and severity of coronary artery disease. This may be

because fibrinogen stimulates the migration and proliferation of

smooth muscle cells, and its degradation products are

chemotactic for leukocytes and macrophages (23, 24).

MPV≥ 9.2fl was a predictor of coronary stenosis events (OR =

0.457) and was protective in this study. MPV reflects the average

platelet size, and aberrant MPV is associated with a variety of

diseases, including diabetes, cardiovascular disease, and chronic

obstructive pulmonary disease (25). High MPV levels have been

associated with ST-segment elevation myocardial infarction in

patients with coronary heart disease, and it is also regarded as an

independent risk factor for inadequate coronary collateral

compensation and a poor prognosis (26, 27). The above

conclusion differs somewhat from the findings of this study,

likely because the majority of the previous studies focused on the

effects of acute coronary artery disease. In a study examining the

effect of MPV on long-term outcomes following coronary

intervention in patients with stable coronary artery disease,

decreased MPV levels were associated with inferior outcomes

(28). In addition, studies have demonstrated a correlation

between systemic inflammation and platelet size. The MPV

decreases as the degree of inflammation increases, whereas the

MPV increases as the degree of inflammation decreases (29). The

aforementioned findings suggest that elevated MPV does not

increase the risk of stable coronary artery disease in patients with

carotid artery stenosis; however, additional research is required to

determine its cardiovascular effects.

This study analyzed the risk factors for asymptomatic

obstructive coronary artery stenosis in patients with carotid

artery stenosis≥ 50% and constructed a clinical model with

strong predictive ability. Nevertheless, given that this is a

retrospective investigation, there are some limitations. First, it is

necessary to exclude cases with insufficient data, which could

introduce selection bias, and additional prospective studies are

required for validation. Secondly, the sample size of this study is

insufficient, and the proportion of male patients is high;
Frontiers in Cardiovascular Medicine 0815
therefore, it is necessary to increase the sample size in order to

further assess the results’ reliability.
Conclusion

This study concluded that there is a significant correlation

between carotid artery stenosis and coronary artery stenosis, and

that asymptomatic and occult coronary artery stenosis warrants

special attention. In patients with carotid stenosis, hypertension,

grade I plaque, mean platelet volume≥ 9.2 fl, fibrinogen≥ 3.0 g/L,

and glycosylated hemoglobin≥ 7.0% were independent predictors

of asymptomatic obstructive coronary stenosis. The clinical

diagnostic model based on the aforementioned variables is

capable of predicting the risk of coronary artery stenosis to a

certain degree.
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Introduction: Vascular dysfunction and chronic inflammation are characteristics of
obesity-induced adipose tissue dysfunction. Proinflammatory cytokines can drive
an endothelial-to-mesenchymal transition (EndoMT), where endothelial cells
undergo a phenotypic switch to mesenchymal-like cells that are pro-
inflammatory and pro-fibrotic. In this study, we sought to determine whether
obesity can promote EndoMT in adipose tissue.
Methods: Mice in which endothelial cells are lineage-traced with eYFP were fed a
high-fat/high-sucrose (HF/HS) or Control diet for 13, 26, and 52 weeks, and
EndoMT was assessed in adipose tissue depots as percentage of
CD45−CD31−Acta2+ mesenchymal-like cells that were eYFP +. EndoMT was also
assessed in human adipose endothelial cells through cell culture assays and by
the analysis of single cell RNA sequencing datasets obtained from the visceral
adipose tissues of obese individuals.
Results: Quantification by flow cytometry showed that mice fed a HF/HS diet
display a time-dependent increase in EndoMT over Control diet in subcutaneous
adipose tissue (+3.0%, +2.6-fold at 13 weeks; +10.6%, +3.2-fold at 26 weeks;
+11.8%, +2.9-fold at 52 weeks) and visceral adipose tissue (+5.5%, +2.3-fold at
13 weeks; +20.7%, +4.3-fold at 26 weeks; +25.7%, +4.8-fold at 52 weeks).
Transcriptomic analysis revealed that EndoMT cells in visceral adipose tissue
have enriched expression of genes associated with inflammatory and TGFβ
signaling pathways. Human adipose-derived microvascular endothelial cells
cultured with TGF-β1, IFN-γ, and TNF-α exhibited a similar upregulation of
EndoMT markers and induction of inflammatory response pathways. Analysis of
single cell RNA sequencing datasets from visceral adipose tissue of obese
patients revealed a nascent EndoMT sub-cluster of endothelial cells with
reduced PECAM1 and increased ACTA2 expression, which was also enriched for
inflammatory signaling genes and other genes associated with EndoMT.
Discussion: These experimental and clinical findings show that chronic obesity
can accelerate EndoMT in adipose tissue. We speculate that EndoMT is a feature
of adipose tissue dysfunction that contributes to local inflammation and the
systemic metabolic effects of obesity..
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Introduction

An estimated 39%–49% of the world population is overweight

or obese (1, 2), and this condition significantly contributes to

cardiovascular morbidity and mortality through the systemic

dysregulation of inflammatory cytokines (3). Chronic obesity

promotes dysfunctional adipose tissue remodeling, resulting in

decreased circulation of anti-inflammatory adipokines and

increased pro-inflammatory adipokines (3, 4). In obesity,

dysfunctional adipose tissue is characterized by macrophage

infiltration (5, 6) and polarization towards a pro-inflammatory

phenotype (7), necrotic adipocytes surrounded by macrophages

that can be visualized as “crown-like” structures (8), tissue

fibrosis (9), and vascular rarefaction (10). In this condition, the

local pro-inflammatory milieu of the adipose tissue affects

adipocytes, fibroblasts, immune cells, and endothelial cells,

contributing to adipose tissue dysfunction (3, 11–13).

Additionally, adipose tissue hypoxia caused by vascular

rarefaction and impaired endothelial cell function will lead to

greater cellular stress and inflammation (14–16). These features

contribute to a feedforward loop that increasingly favors systemic

metabolic dysfunction under conditions of chronic obesity. Thus,

a more detailed understanding the multicellular responses that

promote dysregulated remodeling in adipose tissue is critical to

determining underlying mechanisms of obesity-induced

pathologies.

A known consequence of pro-inflammatory cytokines on

endothelial cells is a transition from an endothelial to a

mesenchymal phenotype (17). This process, termed Endothelial-

to-Mesenchymal Transition (EndoMT), has been identified in

numerous cardiovascular disease states, including atherosclerosis

(18), myocardial infarction (19), pulmonary hypertension (20),

and other conditions (21, 22). EndoMT occurring in obese

adipose tissue could contribute to the pro-inflammatory, pro-

fibrotic, and hypoxic environment that drives dysfunctional

adipose tissue remodeling. Notably, a prior clinical study

identified transitioning endothelial cells in visceral adipose tissue

of obese patients through colocalized immunofluorescence

imaging of Smooth Muscle alpha-Actin (mesenchymal marker)

and CD31 (endothelial marker) in vessels (23). However,

quantitative analysis of the extent of EndoMT enabled by mouse

lineage tracing models, and elucidation of the conditions that

promote EndoMT in adipose tissue, have not been investigated

previously. As EndoMT involves the transition of endothelial

cells to a new phenotypic state, studies describing EndoMT can

be facilitated by murine transgenic methodologies and by

mechanistic and single cell transcriptome analyses of EndoMT in

human cells and tissues, respectively.

Herein, we examine EndoMT and underlying mechanisms in

adipose tissue with experimental models and clinical datasets.

First, employing methods that trace the endothelial cell lineage in

mice, it was found that diet-induced obesity accelerates the rate

of EndoMT in adipose tissue, particularly in visceral compared

to subcutaneous adipose tissue. Transcriptomic analysis of the

EndoMT cells from obese mice revealed the upregulation of
Frontiers in Cardiovascular Medicine 0218
EndoMT-related genes, including the enrichment of

inflammatory response genes. A similar transcriptional profile

was also observed in human primary adipose-derived endothelial

cells treated with a pro-inflammatory cytokine cocktail to induce

EndoMT. Finally, the analysis of single cell RNA sequencing

(scRNAseq) datasets of stromal cells from the visceral adipose

tissue of individuals with obesity revealed a subset of endothelial

cells expressing transcripts associated with EndoMT. The

combined analysis of these human single cell datasets identified

transcription profiles that were also found in the experimental

models of EndoMT. Collectively, these data support the

conclusion that obesity accelerates EndoMT in adipose tissue and

that this is associated with an inflammatory transcriptional

response within the EndoMT cells.
Materials and methods

Animal work

All experiments and handling of mice was approved by the

University of Virginia Animal Care and Use Committee

(ACUC). Mice used in these experiments were generated from

two transgenic alleles: Cdh5-CreERT2 (24) and ROSA26-eYFP

(25). Tamoxifen was administered to mice at 6 weeks of age by

10 injections of 100 μl of 10 mg/ml Tamoxifen (Sigma, Cat

#T5648) dissolved in peanut oil. Injections were performed once

per day for 5 days, followed by 2 days of recovery, then once per

day for 5 days. Mice were then given a recovery period of

14 days before further assays were performed. Euthanasia of mice

was performed by overdose of inhaled isoflurane followed by

surgical pneumothorax induction. Both male and female mice

were used in these experiments.
High fat and high sucrose (HF/HS)
diet-induced obesity model

Mice were fed ad libitum with either a normal chow (NC) diet

or high fat and high sucrose (HF/HS) diet (F1850, Bio-Serv) for 13,

26, or 52 weeks starting at 10 weeks after the tamoxifen injection

protocol. Several mice were maintained on NC diet for 104

weeks. Total number of mice analyzed at 13 weeks was 8 NC

diet (3 female, 5 male) and 15 HF/HS diet (8 female, 7 male), at

26 weeks was 9 NC diet (4 female, 5 male) and 17 HF/HS diet

(9 female, 8 male), at 52 weeks was 9 NC diet (4 female, 5 male)

and 13 HF/HS diet (8 female, 5 male), and at 104 weeks was 11

NC diet (4 female, 7 male). The composition of the HF/HS diet

is 35.8% fat, 36.8% carbohydrate, and 20.3% protein. Mice were

weighed at initiation of diet and at euthanasia. Metabolic

function in some mice was assessed by glucose tolerance test

(GTT) and insulin tolerance test (ITT) before euthanasia. GTT

was performed by fasting mice overnight, administering an

intraperitoneal injection of 1 mg glucose (50% dextrose injection,

Hospira, Cat# 0409-6648-02) per 1 g body weight, then
frontiersin.org
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measuring blood glucose by glucose test strips (Accuchek, Roche)

at 0, 15, 30, 60, 90, and 120 min after injection. ITT was

performed by fasting mice for 4–6 h, administering an

intraperitoneal injection of 0.75 U insulin (Humulin, Eli Lilly,

Cat# 0002-8215-17) per 1 kg body weight, then measuring blood

glucose at 0, 15, 30, 60, 90, and 120 min after injection.
Tissue collection and analysis

Mice were euthanized according to protocols approved by the

University of Virginia ACUC at 13, 26, and 52 weeks after diet,

along with several mice at 104 weeks after normal control diet.

Subcutaneous adipose tissue was collected from the inguinal fat

pad. Visceral adipose tissue was collected from the epididymal fat

pad. Lung, kidney, and liver were isolated. Small tissue samples

were collected and fixed with 4% paraformaldehyde for

immunofluorescent staining and imaging analysis. Cells were

isolated from fresh tissues by physical mincing with dissection

scissors and then incubation in digestion solution of 5 mg/ml

LiberaseTM (Sigma, Cat #LIBTM-RO) and 5 μl/ml elastase

(Sigma, Cat #E1250) in HBSS (Gibco, Cat #14025092) at 37°C

for 60 min. Digested tissue was then centrifuged at 1000 × g for

5 min, and the supernatant containing adipocytes was removed.

The cell pellet was resuspended and passed through a 70 μm

filter. If used for flow cytometry, cells were fixed with 4%

paraformaldehyde for 10 min on ice. Cells were then washed and

incubated in immunofluorescent antibodies for flow cytometry

analysis and FACS in staining buffer containing 1% BSA (Sigma,

Cat #A6003) in PBS (Gibco, Cat #10010023). If used for FACS, a

viability stain was included to eliminate cells with ruptured

membranes. Immunofluorescent antibodies were used for flow

cytometry and FACS: BV421-conjugated anti-mouse CD31 (MEC

13.3, BD Biosciences, Cat #562939), PerCP-conjugated anti-

mouse CD45 (30-F11, BD Biosciences, Cat #557235),

AlexaFluor594-conjugated anti-Acta2 (D4K9N, Cell Signaling

Technologies, Cat #36110). Flow cytometry and FACS were

performed using a FACSMelody (BD Biosciences). Flow

cytometry was analyzed using FlowJo v10.6.1. Linear and

multivariate regression analysis was performed using the Fitting

Linear Models function in R with the “lm()” function.
Fluorescence immunostaining

Adipose tissue was isolated and fixed as described above.

Tissues were dehydrated by sequential incubation in ethanol and

xylene, embedded in paraffin wax, sectioned to 10 μm thick,

incubated on slides to attach, and rehydrated by reverse

incubation in xylene and ethanol into PBS. Tissue sections were

prepared for immunostaining by performing antigen retrieval

using antigen unmasking solution (Vector Labs, Cat #H-3300),

permeabilized by incubating with 1% Tween20 in PBS for 30 min

at room temperature, then blocked using 3% donkey serum and

0.1% Tween20 in PBS for 1 h at room temperature. Tissue

sections were immunostained by incubation in primary
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antibodies (goat anti-CD31, Q08481, R&D Systems, Cat

#AF3628; AlexaFluor594-conjugated rabbit anti-Acta2, D4K9N,

Cell Signaling Technologies, Cat #36110; chicken anti-GFP,

AbCam, Cat #ab13970) for 1 h at room temperature. After

washing, fluorescence-conjugated secondary antibodies were

incubated for 1 h at room temperature. DAPI (Thermo Scientific,

Cat #62248) was incubated on tissue sections for 5 min at room

temperature. Immunostained sections were imaged using a Leica

Thunder DMi8 Fluorescence Microscope.
Bulk RNA sequencing

Bulk RNA sequencing was performed on cells isolated from

visceral adipose tissue after FACS or cultured human primary

adipose-derived microvascular endothelial cells (described below).

RNA from visceral adipose tissue was isolated from mice on NC

diet (n = 3 male) or HF/HS diet (n = 3 male) for 52 weeks. RNA

from cultured cells was isolated from Control treatment (n = 3)

or EndoMT treatment (n = 3) as described below. RNA was

purified using the RNeasy MinElute kit (Qiagen, Cat #74204).

Purified RNA was submitted to the Yale Center for genome

analysis for quality control analysis, low-input RNA sequencing

amplification, PolyA RNA library preparation, and paired-end

100 bp sequencing (NovaSeq v2, Illumina). Samples were

multiplexed in sequencing runs to average 20M reads per sample.

Raw sequencing reads were demultiplexed into sample specific

Fastq files, which were analyzed by aligning to reference genomes

(mouse mm10 or human hg38) by Kallisto v0.46.2 (26).

Differential gene expression analysis was performed with Sleuth

v0.30.0 (27). Gene set enrichment analysis was performed with

GSEA v4.1 software (Broad Institute).
Cell culture EndoMT model

The EndoMT cell culture model was performed as previously

described (23). Briefly, primary human adipose-derived

microvascular endothelial cells (HAMVEC, ScienCell, Cat #7200)

were obtained and passaged in EGM-2 (Lonza, Cat #CC-3162).

For bulk RNA sequencing, HAMVEC were seeded into 6-well

plates at 2.5 × 105 cells per well and grown overnight, then

induced with either control media (EGM-2) or EndoMT

induction media (EGM-2 with 5 ng/ml TNF-α, 5 ng/ml IFNγ,

and 5 ng/ml TGFβ1) for 4 days with an induction media change

at 2 days, and RNA was collected and purified using the RNeasy

MinElute kit (Qiagen, Cat #74204). Purified RNA was submitted

for bulk RNA sequencing and analyzed, as described above. For

immunofluorescence staining, HAMVEC were seeded onto 4-well

chamber slides (ThermoFisher, Cat #154526) at 2.5 × 104 cells

per chamber and subjected to the same EndoMT induction assay

as above, then fixed with 4% paraformaldehyde and

immunostained in staining buffer containing PBS with 3%

donkey serum and 0.1% Tween20 with primary antibodies

(Armenian hamster anti-CD31, 2H8, ThermoFisher, Cat

#MA3105; AlexaFluor594-conjugated rabbit anti-Acta2, D4K9N,
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Cell Signaling Technology, Cat #36110), followed by staining with

secondary fluorescent-labeled antibodies. DAPI was used as a

nuclei counterstain. Immunostained fluorescent cells were imaged

using a Leica SP8 Confocal Microscope.
Analysis of single cell RNA sequencing
datasets

Clinical single cell RNA sequencing datasets were obtained

from previously published studies (28–30). De-multiplexed,

aligned, and normalized data tables were downloaded from

online repositories. Seurat v4 (31) was used to analyze each

dataset individually. Data was selected for samples from visceral

adipose tissue of obese patients, yielding 12,899 cells with 18,306

genes in the Vijay et al. dataset (28), 18,261 cells with 33,538

genes in the Hildreth et al. dataset (29), and 46,539 cells with

31,533 genes in the Emont et al. dataset (30). Cells were scaled

and clustered using standard Seurat functions and variables, and

UMAP dimensionality reduction was performed with 20

principal components. Endothelial cell clusters yielded 472

endothelial cells with 18,306 genes in the Vijay et al. dataset (28),

1,274 endothelial cells with 33,538 genes in the Hildreth et al.

dataset (29), and 1,269 endothelial cells with 33,538 genes in the

Emont et al. dataset (30), and they were further analyzed by

scaling, clustering, and performing UMAP dimensionality

reduction. Endothelial cell clusters were combined by SCT

Integration following the Seurat analysis pipeline. Cell scoring

was performed by the AddModuleScore function in the Seurat

package using described gene sets. Imputation of gene expression

was performed using the MAGIC algorithm (32) and visualized

over UMAP reduction plots.
Statistical analysis

Statistical tests were performed as stated in the figure legends.

Tests were performed using either GraphPad Prism v9.4.1 or

statistical testing from software used in R on either linear

regression analysis, multivariate regression analysis, gene set

enrichment analysis, or differential gene expression in Sleuth for

bulk RNA sequencing analysis.
Results

Diet-induced obesity promotes EndoMT in
murine adipose tissue

Endothelial cells lose the expression of endothelial-specific

genes as they transition into a mesenchymal phenotype.

Therefore, rigorous quantification of EndoMT can be facilitated

by the pre-labeling of endothelial cells with a lineage tracing

mouse model (Cdh5-CreERT2; ROSA26-eYFP). In this system,

endothelial cells are pre-labelled with eYFP by tamoxifen-induced

Cre recombination, which removes a flox-stop-flox DNA cassette
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before the eYFP transgene and allows for permanent eYFP

expression in any Cdh5 + endothelial cell prior to the initiation

of the experimental diets and continues after tamoxifen

administration is withdrawn and Cre is inactive. Through this

method, endothelial cells that transition away from an

endothelial cell phenotype over time and with diet, and therefore

lose endothelial cell gene expression, can still be identified by

eYFP expression. Mice are then fed either a normal control diet

(NC diet) or an obesogenic high fat high sucrose diet (HF/HS

diet) for 13, 26, or 52 weeks (Figure 1A). As expected, HF/HS

diet significantly increased mouse body mass at all time points,

and these mice increasingly exhibited impairments in their

metabolic responses to the administration of glucose or insulin,

indicative of systemic metabolic dysfunction (Supplementary

Figure S1). EndoMT was then quantified in subcutaneous and

visceral adipose tissue depots by isolating the stromal vascular

fraction and performing flow cytometry to determine the

percentage of eYFP+ endothelial-derived cells within the

CD45−CD31−Acta2+ mesenchymal population (Figure 1B).

Quantification showed that HF/HS diet induces a time-

dependent increase in EndoMT cells that was greater in the

visceral adipose tissue (9.6 ± 1.5% eYFP+ of the

CD45−CD31−Acta2+ cells at 13 weeks, 27.0 ± 2.4% at 26 weeks,

32.4 ± 3.8% at 52 weeks, mean ± S.E.M) compared to

subcutaneous adipose tissue (4.9 ± 0.4% at 13 weeks, 15.4 ± 2.2%

at 26 weeks, 18.0 ± 2.7% at 52 weeks, mean ± S.E.M) at all time

points analyzed (Figure 1C). In mice on NC diet, a time-

dependent increase in EndoMT was also observed in the visceral

adipose tissue (4.2 ± 0.4% at 13 weeks, 6.3 ± 1.2% at 26 weeks,

6.7 ± 1.1% at 52 weeks, mean ± S.E.M) and subcutaneous adipose

tissues (1.9 ± 0.5% at 13 weeks, 4.8 ± 1.1% at 26 weeks, 6.2 ± 1.0%

at 52 weeks, mean ± S.E.M) (Figure 1C). The rate of EndoMT in

HF/HS diet compared to NC diet increased over time on diet in

visceral adipose tissue (+5.5% eYFP+ of the CD45−CD31−Acta2+

cells, +2.3-fold at 13 weeks; + 20.7%, +4.3-fold at 26 weeks;

+25.7%, +4.8-fold at 52 weeks) and subcutaneous adipose tissue

(+3.0%, +2.6-fold at 13 weeks; +10.6%, +3.2-fold at 26 weeks;

+11.8%, +2.9-fold at 52 weeks). Further, the percentage of

EndoMT in subcutaneous and visceral adipose tissue are also

linearly correlated with time on diet, with a greater correlation

slope in mice on HF/HS diet in both adipose depots (0.235% per

week in subcutaneous, 0.420% per week in visceral) compared to

NC diet (0.115% per week in subcutaneous, 0.036% per week in

visceral) and a greater slope of linear regression in HF/HS

visceral adipose tissue compared to HF/HS subcutaneous adipose

tissue (Figure 1D). Of note, EndoMT percentage was

significantly correlated with age of mice on NC diet. This was

investigated by maintaining mice on NC diet for 104 weeks and

quantifying EndoMT percentage in visceral adipose tissue,

revealing a continuation of the linear correlation between

EndoMT percentage and age.

As many variables could be contributing to the extent of

EndoMT in adipose tissue, the association of EndoMT with

time on diet, body weight, and sex were investigated by

multivariate regression analyses. These analyses showed that

time on diet has a greater contribution to rate of EndoMT
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FIGURE 1

Adipose tissue endoMT in obesity-induced endothelial cell lineage tracing mice. (A) Overview schematic of the experimental strategy. (B) Representative
flow cytometry gating strategy describes the identification of CD31-Acta2 + cells, then quantification of eYFP% of this population. (C) EndoMT rate defined
as eYFP% of CD45-CD31-Acta2 + cells in subcutaneous and visceral adipose tissue from mice on Control or HF/HS diet for 13, 26, or 52 weeks (student’s
t-test, p-values: * <0.05, ** <0.01, *** <0.001, **** <0.0001). (D) Linear regression between rate of EndoMT and age in individual mice in subcutaneous or
visceral adipose tissue between Control diet and HF/HS diet (linear correlation analysis, p-values: * <0.05, ** <0.01).
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accumulation compared to overall mouse body weight in either

subcutaneous or visceral adipose tissue (Figures 2A,B). This

relationship was found regardless of whether mice are on HF/

HS diet or NC diet. As expected, the relative rates of EndoMT

accumulation are greater in visceral adipose compared to

subcutaneous tissue depots, and this was also evident through

paired longitudinal analyses of EndoMT in subcutaneous and

visceral adipose tissues of individual mice at 13, 26, and 52

weeks on diet (Figure 2C). Sex as a biological variable for

EndoMT was also investigated. Although overall weight gain is

higher in male mice on HF/HS diet, the rate of EndoMT

accumulation did not significantly differ between male and

female mice in subcutaneous or visceral adipose tissue at 13,

26, or 52 weeks on either NC diet or HF/HS diet

(Supplementary Figure S2). Finally, the extent of EndoMT was

also investigated in other tissues. At 13 weeks on HF/HS diet,
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little or no EndoMT could be detected in lung, kidney, or liver,

as determined by comparison with Cre-negative control mice,

whereas EndoMT was readily observed in the subcutaneous and

visceral adipose tissue (Figure 2D). Together, these analyses

show that time on diet and visceral location provide the

greatest contributions to the development of EndoMT in

adipose tissue.
Adipose EndoMT cells display increased
inflammatory and TGFβ transcriptional
responses

The localization of EndoMT cells was performed in the endothelial

lineage tracing model through immunofluorescent imaging. In this

analysis, a cell that is positive for eYFP and Acta2 but negative for
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FIGURE 2

Associations of EndoMT to time on diet, body weight, and adipose tissue location. Multivariate regression analysis quantified relative association of
EndoMT to weeks on diet or weight of mice in (A) subcutaneous or (B) visceral adipose tissue (slope and p-value presented from multivariate
regression analysis). (C) Pairwise analysis of EndoMT in subcutaneous and visceral adipose tissues from the same mice are connected by lines in 13,
26, and 15 weeks on HF/HS diet, with paired differences quantified and presented as EndoMT in visceral minus EndoMT in subcutaneous adipose
tissue (paired student’s t-test, p-values: * <0.05, ** <0.01). (D) Rate of EndoMT was quantified in lung, kidney, liver, subcutaneous adipose tissue, and
visceral adipose tissue in negative control mice (Cre- with no lineage tracing) and in reporter mice (Cre +with lineage tracing) at 13 weeks on HF/HS
diet (one-way ANOVA with post-hoc Tukey, p-values: * <0.05, ** <0.01, *** <0.001, **** <0.0001).
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CD31 is scored as an EndoMT-positive cell. Samples of visceral adipose

tissue frommice fed HF/HS diet were isolated at 26 weeks on diet, and

the tissues were fixed, sectioned, and immunostained for CD31, Acta2,

and eYFP. Imaging of these sections revealed that EndoMT cells are

found on the exterior to arterial vessels with protrusions that are

oriented away from the vessel lumen (Figure 3A). A similar

localization pattern has been observed in clinical specimens where

the putative transitioning endothelial cells are identified within

arterial vessels via the simultaneous expression of CD31 and ACTA2

(18, 20, 22, 23). In addition to the perivascular location, EndoMT

cells were also identified in the regions of the visceral adipose tissue

stroma (Figure 3B).
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The transition from endothelial-to-mesenchymal phenotype

corresponds to transcriptional changes that can have functional

consequences (33). To investigate these transcriptional changes in

the current context, stromal vascular fraction cells were isolated

from the visceral adipose tissue of endothelial lineage-traced mice

that were fed HF/HS diet for 52 weeks, and cells were separated

by FACS into CD31+ eYFP+ endothelial cells and CD31−eYFP+

EndoMT cells. RNA was isolated and bulk RNA sequencing was

performed after low-input cDNA amplification on three paired

replicate samples. The transcriptional profile of 885 genes was

significantly different between endothelial cells and EndoMT

cells, with 218 transcripts enriched in endothelial cells and 667
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FIGURE 3

Immunofluorescence imaging of endoMT cells in obese visceral adipose tissue of mice. Visceral adipose tissue from Cdh5CreERT2; Rosa26eYFP lineage
tracing mice on HF/HS diet was immunofluorescently labeled for cell nuclei by DAPI, the eYFP reporter, Acta2, and CD31 overlaid with brightfield imaging
to visualize EndoMT cells as DAPI + eYFP + Acta2 + CD31-. (A) A representative large vessel is shown, with a magnified section to highlight EndoMT cells
by white arrows in (1) all channels, (2) brightfield, (3) DAPI, (4) eYFP, (5) Acta2, and (6) CD31. (B) A representative image of the stroma with small vessels is
shown, with a magnified section to highlight an EndoMT cell by a white arrow in (1) all channels, (2) brightfield, (3) DAPI, (4) eYFP, (5) Acta2, and (6) CD31.

Chavkin et al. 10.3389/fcvm.2023.1264479
transcripts enriched in EndoMT cells (Figure 4A). Several genes

enriched in endothelial cells are involved in reactive oxygen

species signaling (e.g., Sod1, Prdx1), fatty acid metabolism (e.g.,

Prdx6, Prdx1, Mgll, Pts, Dld, Rdh16), and peroxisome signaling

(e.g., Pex11b, Gnpat). Several genes enriched in EndoMT cells are

involved in TGFβ signaling (e.g., Tgfbr2, Tgfb2), inflammation

(e.g., Il6, Il6ra, Il10rb, Fosb, Jun, Fosl2, Klf4, Cxcl1, Ripk1),

epithelial-to-mesenchymal transition (e.g., Fbn1, Itgb3, Ccn1),

and extracellular matrix components (e.g., Fn1, Col1a2, Col12a1)

(Figure 4A). Gene set enrichment analysis (GSEA) revealed that

pathways characteristic of EndoMT cells, including epithelial-to-

mesenchymal transition, inflammatory response, and TGFβ

signaling, were significantly enriched or trending towards

enrichment in CD31−eYFP+ EndoMT fraction (Figures 4B,C). In

contrast, GSEA of the CD31+ eYFP+ endothelial cells revealed a

significant enrichment in reactive oxygen species signaling and
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peroxisome biology, and trending towards enrichment in fatty

acid metabolism, which are hallmark pathways of vascular

endothelial cells (Figures 4B,C). The cumulative transcriptional

pattern of EndoMT cells compared to endothelial cells, including

upregulation of genes known to promote inflammation and

enrichment of downstream inflammatory pathways, suggests an

activation of inflammatory processes during obesity associated

EndoMT in adipose tissue.
Human adipose endothelial cells can be
induced to undergo EndoMT in cell culture

The potential for human adipose endothelial cells to undergo

EndoMT was also assessed in a cell culture system. Primary human

adipose-derived microvascular endothelial cells (HAMEC) were
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FIGURE 4

Transcriptomic analysis of murine endoMT cells in visceral adipose tissue of obese mice. (A) Differential expression of all genes identified through bulk
RNA sequencing of CD31 + eYFP + endothelial cells vs. CD31-eYFP + EndoMT cells (n= 3 in each condition) was visualized by volcano plot showing the
log2 (fold change) vs. the -log10 (p-value) of the change in gene expression, with genes significantly upregulated in endothelial cells in blue, EndoMT cells
in red, and specific genes involved in endothelial cell function or EndoMT labeled. (B) Enrichment of GSEA Hallmark Pathways in all differentially expressed
genes were visualized by log2 (fold change) and p-values listed, with pathways upregulated by 10% in red and downregulated by 10% in blue. (C)
Enrichment profiles presented for terms enriched in endothelial cells (reactive oxygen species, fatty acid metabolism, peroxisome) and in EndoMT
cells (epithelial mesenchymal transition, inflammatory response, TGFβ signaling).
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treated with a pro-transition cocktail of TGF-β1, IFN-γ, and TNF-α to

induce EndoMT, as previously described (23) (Figure 5A). The

response of HAMEC to the treatment was visualized by

fluorescence immunostaining of CD31 and ACTA2, revealing that
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cells transition from rounded CD31+ endothelial cells to spindle-

shaped ACTA2+ mesenchymal-like cells (Figure 5B). RNA

sequence analysis, performed on control and EndoMT cocktail-

treated HAMEC, revealed genes that were significantly upregulated
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FIGURE 5

Endomt in cultured human adipose-derived microvascular endothelial cells. (A) Overview schematic of experimental strategy. (B) Representative
immunofluorescence image of HAMEC induced with pro-inflammatory cytokines, visualizing DAPI, CD31, and ACTA2. (C) Differential expression of all
genes identified through bulk RNA sequencing of Control vs. EndoMT cells (n= 3 in each condition) was visualized by volcano plot showing the log2
(fold change) vs. the -log10 (p-value) of the change in gene expression, with genes significantly upregulated in Control cells in blue, EndoMT cells in
red, and specific genes involved in endothelial cell function or EndoMT labeled. (D) Enrichment plots of GSEA Hallmark Pathway analysis of
inflammatory response, TGFβ signaling, IL6/JAK/STAT3 signaling, and P53 pathway. (E) Genes that are significantly upregulated in both EndoMT
conditions (HAMEC and Cdh5CreERT2; Rosa26eYFP HF/HS datasets), presented as relative log2 (fold change) and -log10 (p-value) quantifications, and
genes with a 2-fold increase in both conditions labeled and highlighted in red.
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and downregulated (Figure 5C). GSEA revealed significant

enrichment of genes involved in inflammatory response and IL6/

JAK/STAT3 signaling, and trending enrichment of P53 pathway

and TGFβ signaling, in the transitioned cells (Figure 5D).

Additionally, a comparison of transcriptomes from the obesogenic

mouse (Figure 4) and human cell culture EndoMT models

identified 86 genes that are significantly upregulated in both RNA

sequencing datasets, with 10 genes significantly upregulated greater
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than 2-fold in both datasets (Figure 5E). These 10 genes are directly

involved in the response to inflammatory stimuli (STAT1, TAP2,

CD40, OAS3, XAF1), extracellular matrix remodeling (CCBE1,

DDR2), or epithelial-to-mesenchymal transition (KLF4, FOLM1,

GIPC2). Collectively, these analyses indicate that human adipose

endothelial cells have the potential to undergo EndoMT, yielding a

transcriptional profile that is similar to the transcriptional profile

identified in the murine obesity-induced EndoMT model.
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Individual transitioning EndoMT cells are
present in adipose tissues of individuals
with obesity

To detect evidence of an EndoMT transcriptional profile in

human adipose tissue, we analyzed publicly available scRNAseq

datasets from the visceral adipose stromal vascular fraction of

patients with obesity (28, 29, 30). Raw single cell RNA

expression data from each of these three datasets was visualized

by UMAP dimensionality reduction analysis and clustered into

similar cell types, with endothelial cell clusters identified by

expression of PECAM1 (Supplementary Figures S4A,B). Within

the endothelial cell clusters within each dataset, we could detect a

sub-cluster of cells that expresses a relatively low level of

PECAM1 and relatively high level of ACTA2 (Supplementary

Figures S4C,E), suggesting these cells are undergoing EndoMT.

Combining and integrating data from the endothelial cell clusters

of all three datasets revealed a similar cluster of cells that are

PECAM1low and ACTA2high in the pooled data (Figure 6A). This

PECAM1lowACTA2high cluster displayed an enrichment of genes

that was similar to the EndoMT gene set enrichment observed in

the obese lineage-traced mice and the HAMEC treated with

EndoMT transitioning cocktail (Figure 5E and Supplementary

Figure S5A). Inflammatory response genes associated with

EndoMT processes in the murine and cell culture models were

also observed in the human PECAM1lowACTA2high cluster

(Supplementary Figure S5B). Furthermore, there was a

correlation between EndoMT transcript expression and

inflammatory response gene expression within this cluster of

human cells (Supplementary Figure S5C).

Differential gene expression analysis of the pooled EndoMT

cluster from human visceral adipose tissue identified the

enrichment of 23 genes (Figure 6B). Several of these genes have

been associated with EndoMT in vascular-related diseases (KLF4

(22, 34–36), TIMP2 (18, 37), JUN (38)), and others have been

associated with the similar process of Epithelial-to-Mesenchymal

transition (ANXA1 (39), ERRFI1 (40), IFITM3 (41), IGFBP7

(42)). Notably, the upregulation of KLF4 (Kruppel-Like Factor 4)

(Figure 6C) was also observed in the bulk RNA sequencing

analyses of the murine adipose tissue and human cell culture

models (Figure 5E). KLF4 is a key transcription factor previously

shown to promote EndoMT in cell culture models (22, 34, 43,

44). Thus, KLF4 expression in the individual cells of the pooled

EndoMT cluster from human visceral adipose tissue was

compared to expression patterns of the gene sets enriched in the

bulk RNA sequencing analyses of EndoMT in the model systems

from Figures 4, 5. This analysis revealed that increasing KLF4

expression in human visceral adipose tissue correlates with

increasing expression of the EndoMT gene set components

identified in the model system. Similarly, a strong correlation was

found between KLF4 expression, and the expression of genes

annotated in the Inflammatory Response GSEA pathway

(Figure 6D). Collectively, these analyses reveal a consistency of

data among the human adipose tissue, human cell culture, and

murine lineage-tracing model, supporting the hypothesis that
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EndoMT occurs in visceral adipose tissue under conditions of

obesity.
Discussion

In this study, we investigated the effects of obesity on the

transition of vascular endothelial cells to cells that display a

mesenchymal phenotype within adipose tissue. EndoMT in

adipose tissue was visualized, quantified and transcriptionally

defined using endothelial cell lineage-traced mice fed an

obesogenic diet, a cell culture model of HAMEC treated with an

EndoMT pro-transition cocktail, and scRNAseq datasets from

visceral adipose tissue biopsies of obese patients. In the mouse

model, it was found that an obesogenic diet induces EndoMT in

adipose tissue in a time-dependent manner. The increase in rate

of EndoMT was greater in the visceral compared to

subcutaneous adipose tissue depot, and a greater rate of EndoMT

was more closely correlated to time-on-diet rather than overall

mouse weight. RNA sequence analysis comparing vascular

endothelial cells (eYFP+CD31highACT2Alow) and EndoMT cells

(eYFP+CD31lowACT2Ahigh) within the mouse visceral adipose

documented the expression of EndoMT pathways that had been

identified previously in other tissues, and also identified a robust

increase in transcripts that encode for pro-inflammatory proteins.

In the human cell culture model, RNA sequence analysis of

HAMEC treated with the pro-transition cocktail of TGF-β1,

TNF-alpha, and IFN-gamma also displayed transcriptional

profiles consistent with a transition to a mesenchymal phenotype

and the upregulation of multiple pro-inflammatory pathways.

Finally, the interrogation of scRNAseq data sets from the visceral

adipose tissues of obese individuals revealed subsets of cells with

transcriptional profiles that are consistent with cells that are

undergoing EndoMT. These three independent lines of evidence

provide consistent evidence for EndoMT in the vasculature of

adipose tissue in response to obesogenic stimuli.

These results suggest several mechanisms by which EndoMT

could contribute to adipose tissue dysfunction. The

transcriptional analyses of samples from murine models and

human cell culture, as well as of scRNAseq data from clinical

samples, all identified a widespread increase in pro-inflammatory

signaling in the EndoMT cells. These data are consistent with a

prior clinical study that identified histological markers of

EndoMT in adipose tissue of obese patients and provided

evidence that EndoMT cells promote tissue dysfunction through

the release of pro-inflammatory extracellular vesicles (23). In the

current study, we found an induction of IL-6 signaling in

EndoMT cells. In other tissues, IL-6 has been shown to be

produced by EndoMT cells (45), and that it is associated with

EndoMT processes in pulmonary arterial hypertension (46),

cardiac valves (47), and fibrosis in hearts and kidneys (48). In

addition to inflammation, our transcriptomic analyses of

EndoMT also identified enrichment of several pro-fibrotic genes,

which has been associated with EndoMT cells in cardiovascular

diseases (17). Fibrosis is a hallmark of dysfunctional adipose
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FIGURE 6

Analysis of endothelial cells from single cell RNA sequencing datasets of visceral adipose tissue from obese patients. (A) UMAP of endothelial cells from
datasets published in Vijay 2020, Hildreth 2021, and Emont 2022, with an EndoMT cell cluster highlighted by a red circle, identified by reduced relative
PECAM1 expression and increased relative ACTA2 expression plotted by UMAP. (B) Log2 (fold change) and -log10 (p-value) of genes upregulated in the
EndoMT cell cluster compared to other endothelial cells. (C) Relative KLF4 expression in endothelial cells plotted by UMAP. (D) Linear correlation between
expression of KLF4 and combined expression of genes that are co-regulated in bulk RNA sequencing datasets from HAMEC and Cdh5CreERT2;
Rosa26eYFP (r2 = 0.456, p-value <0.0001, left) and genes in the inflammatory response GSEA (r2 = 0.527, p-value <0.0001, right).
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tissue that inhibits adipocyte lipid accumulation and adipocyte

expansion, leading to pro-inflammatory cytokine secretion by

adipocytes and impaired adipocyte function that increases

systemic insulin resistance and glucose intolerance (49).

Endothelial cell dysfunction in adipose tissue can promote

fibrosis through impaired angiogenesis and increased

inflammatory processes that activate adipose fibroblasts (11, 14)

many of which we identified to be enriched in EndoMT cells.
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Furthermore, EndoMT affects vascular integrity and promotes

vascular rarefaction (50, 51), which could further promote

adipose tissue dysfunction. Vascular rarefaction promotes hypoxia,

and we identified hypoxia as an enriched pathway in EndoMT

cells in obese murine adipose tissues. Additionally, vascular

rarefaction is induced in adipose tissue by an obesogenic diet (16)

and is known to promote tissue fibrosis and dysfunction (52).

Consistent with these possible connections to tissue pathology,
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we found that the rate of EndoMT was greater in visceral adipose

tissue compared to subcutaneous adipose tissue. These pathologic

responses in the adipose microenvironment (inflammation,

fibrosis, vascular rarefaction) have been shown to be greater in

visceral adipose tissue compared to subcutaneous adipose tissue,

contributing to greater obesity-induced adipose tissue

dysfunction in visceral depots (3). Future studies into differences

between progression of EndoMT in subcutaneous vs. visceral

adipose tissue depots may further elucidate the connection

between obesity associated pathology and adipose EndoMT.

Through these pathways involving hypoxia, inflammation, and

fibrosis, EndoMT may constitute an aspect of endothelial cell

dysfunction that contributes to many of the features that are

recognized to be components of the pathophysiology of adipose

tissue dysfunction.

Our results suggest that aging, in addition to obesity, may be

contributing to the EndoMT in adipose tissue. We found that

mice on a control diet also displayed detectable EndoMT in

adipose tissue that increases with time, albeit at a slower rate.

Supporting this notion, we also found that the amount of time

mice spent on a HF/HS diet has a greater association with degree

of EndoMT than does the weight of the mice. Several studies

have suggested that age may induce EndoMT through activation

of pathways that are shared between aging and EndoMT

processes (33), including oxidative stress and inflammation (53),

Nrf2 inhibition (54), and mTOR inhibition (55). Additionally, it

has been reported that human endothelial cells undergo EndoMT

after replicative aging in culture (56, 57), suggesting that this

effect of aging is intrinsic to endothelial cells. It can be

speculated that the extrinsic effects of obesogenic diet can

accelerate these processes. In this regard, EndoMT is known to

be induced by high concentrations of glucose (58, 59) and

oxidized low-density lipoprotein (60), and inhibited by high-

density lipoproteins (61), indicating that changes in serum

metabolites and lipoprotein particles could be features of the

obesogenic diet that promotes EndoMT in adipose tissues. Our

results showed that an obesogenic diet did not promote EndoMT

in lung, liver, or kidney tissues, but was instead restricted to

adipose tissue. These findings may suggest that other aspects of

early adipose tissue dysfunction induced by an obesogenic diet

may initiate or promote adipose EndoMT. It is also possible that

obesity could exacerbate EndoMT in other tissues, but this may

also require direct injury to these tissues. Further investigations

are necessary to test this hypothesis.

Our analysis of the human scRNAseq datasets revealed changes

in several transcripts that were unique to the identified EndoMT

cluster of visceral adipose tissue. Of these genes, the transcription

factor KLF4 was identified in transcript analysis of the cultured

human adipose tissue endothelial cell model, and its expression

level correlated with the expression of genes associated with

inflammation and EndoMT. KLF4 is of particular interest

because of its reported role in promoting EndoMT in several

vascular diseases, including cerebral cavernous malformations

(22, 34), coronary arterial wall damage in Kawasaki disease (35),

and tumor vascular dysfunction (36). It has also been shown that

the downregulation of KLF4 in cultured endothelial cells inhibits
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the process of EndoMT (43, 44). In addition to KLF4, several

other genes identified in the EndoMT cluster have been

associated with EndoMT, including TIMP2 (18, 37) and JUN

(38), while other genes have been associated with the similar

process of Epithelial-to-Mesenchymal Transition including

ANXA1 (39), ERRFI1 (40), IFITM3 (41), IGFBP7 (42). These

gene expression patterns provide further support for the notion

that EndoMT in adipose tissue is a feature of obesity in humans

and mice. Furthermore, these gene expression patterns also

resemble inflammation-induced EndoMT (62), which leads to the

development of tissue fibrosis, another feature of adipose tissue

dysfunction (49), as well as atherosclerosis and neointimal

thickening (63, 64).

Recent studies, in various contexts, have highlighted the

limitations of drawing conclusions about EndoMT from

individual lines of evidence, as discussed in several recent

reviews (33, 65, 66). Thus, we have endeavored to provide

multiple lines of corroborating experimental evidence from

mouse and human systems to document the presence of

EndoMT in adipose tissue. However, we acknowledge that this

study has limitations. For example, the murine lineage tracing

strategy employed here does not provide evidence for a

permanent transition to a cell with a mesenchymal identity. A

partial EndoMT or reversible EndoMT process has been

described in myocardial infarction (19), and the lineage tracing

model does not distinguish between permanent and partial

EndoMT. Our methods for identifying endothelial cells may

also have limitations, since some tissue-specific endothelial cells

may have reduced or no expression of traditional endothelial

cell markers that might not be labeled by the Cdh5-CreERT2;

Rosa26-eYFP model or the CD31-mediated flow cytometry

strategy [e.g., liver sinusoidal endothelial cells (67)]. Although

this may limit our interpretation of results on EndoMT in other

tissues, this has not been reported for adipose endothelial cells.

Additionally, age-dependent declines in the efficiency of the

Cdh5-CreERT2 construct or stability of Rosa26-eYFP reporter

may impact the measured rates of EndoMT. However, these

murine reporter-based limitations would decrease, and not

increase, the calculated rates of EndoMT. Furthermore, the

murine HF/HS diet induces both adiposity and overall

metabolic dysfunction. Thus, our model cannot distinguish

between fat mass expansion per se or the subsequent metabolic

dysfunction as the mechanistic cause of the EndoMT in adipose

tissue. The HF/HS model is designed to recapitulate clinical

consequences of obesity, and our analysis of clinical samples

also revealed an EndoMT signature in visceral adipose tissue of

obese patients. Thus, we believe these findings have clinical

significance for the understanding of obesity-induced adipose

tissue dysfunction. Finally, interpretations of cell transitions in

scRNAseq data analyses can be influenced by technical

limitations associated with cell or nuclei isolations from patient

tissue samples or the lack of sensitivity of next-generation

sequencing. However, we believe that the identification of

multiple unique gene transcripts associated with EndoMT in

human adipose tissue strongly supports the interpretation that

EndoMT is present in these clinical samples.
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In summary, the combination of results from an obesogenic

murine lineage tracing model, cell culture induction model, and

the scRNAseq datasets from human adipose tissue support the

conclusion that obesity promotes EndoMT in adipose tissue.
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Endothelial SARS-CoV-2 infection
is not the underlying cause of
COVID-19-associated vascular
pathology in mice
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1Department of Medicine and Cardiovascular Institute, University of Pennsylvania, Philadelphia, PA, United
States, 2Department of Microbiology and Immunology, College of Veterinary Medicine, Cornell University,
Ithaca, NY, United States, 3Department of Microbiology, University of Pennsylvania Perelman School of
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Endothelial damage and vascular pathology have been recognized as major
features of COVID-19 since the beginning of the pandemic. Two main theories
regarding how severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
damages endothelial cells and causes vascular pathology have been proposed:
direct viral infection of endothelial cells or indirect damage mediated by
circulating inflammatory molecules and immune mechanisms. However, these
proposed mechanisms remain largely untested in vivo. In the present study, we
utilized a set of new mouse genetic tools developed in our lab to test both the
necessity and sufficiency of endothelial human angiotensin-converting enzyme
2 (hACE2) in COVID-19 pathogenesis. Our results demonstrate that endothelial
ACE2 and direct infection of vascular endothelial cells do not contribute
significantly to the diverse vascular pathology associated with COVID-19.

KEYWORDS

SARS-CoV-2, endothelial cell, COVID-19, vascular, hACE2

Introduction

The most common clinical feature reported in patients with COVID-19 is respiratory

symptoms (1, 2). In addition to primarily causing pulmonary symptoms, COVID-19

disease is accompanied by vascular pathology, endothelial damage, and vascular

coagulopathy (3–5). Reports emerged around the world confirming a disproportionate

prevalence of abnormal thrombotic events and vascular pathology in patients with

COVID-19, even in those not in intensive care units (6–14). Theories regarding the

mechanism of vascular disease observed in patients with COVID-19 have been proposed,

including direct infection of endothelial cells and systemic inflammatory responses

(15–22). However, these hypotheses remain largely untested, and the cellular basis of

vascular pathology remains controversial. In this study, we used a set of new mouse

genetic tools (23) to rigorously test endothelial contribution to COVID-19-associated

vascular pathology.
01 frontiersin.org32

http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2023.1266276&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.3389/fcvm.2023.1266276
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1266276/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1266276/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1266276/full
https://www.frontiersin.org/articles/10.3389/fcvm.2023.1266276/full
https://www.frontiersin.org/journals/cardiovascular-medicine
https://doi.org/10.3389/fcvm.2023.1266276
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Gao et al. 10.3389/fcvm.2023.1266276
Materials and methods

Mice

hACE2fl/y mice and LSL-hACE2+/0 mice have been generated

through CRISPR/Cas9-assisted mouse embryonic stem cell

targeting and have been described (23). Briefly, for loss of function

mouse line, the human ACE2 cDNA sequence was inserted after

the ATG-start codon of mouse Ace2 in exon2, flanking the polyA

cassette with loxP sites, to achieve Cre-mediated cell type-specific

deletion of ACE2. For gain of function mouse line, the human

ACE2 cDNA sequence was targeted to Rosa26 locus with

Lox-STOP-Lox cassette to permit tissue-specific gain of expression

of ACE2. Tie2-Cre transgenic mice have been used for tissue-

specific drivers as previously described (24). All mice were

maintained on a mixed genetic background, including C57BL/8

and other strains, at the University of Pennsylvania animal facility.

Mice were genotyped by PCR as described (23). The number of

male mice used in each experiment ranged from three to nine.
Viral inoculation and tissue harvest

Viral inoculations were performed as described previously (23).

Briefly, mice were anesthetized with isoflurane and then intranasally

infected with SARS-CoV-2 (Isolate USA-WA1/2020; BEI resources:

NR-52281) that was obtained from BEI Resource. Mice were

monitored and weighed daily, then euthanized at a humane

endpoint when they lost 20% of their starting weights. Mice studies

were combined results from Penn ABSL3 laboratory and Cornell

ABSL3 laboratory in accordance with protocols approved by the

IACUC at the University of Pennsylvania and Cornell University.

For tissue harvest, mice were euthanized with ketamine/xylazine.

Lungs were gently inflated with PBS infusion via trachea

cannulation. Then lungs were fixed in 4% paraformaldehyde with a

minimum of 72 h to ensure viral inactivation. Tissues were removed

from the animal BSL3 facility, followed by ethanol dehydration and

embedding in paraffin blocks for histology. Hematoxylin and eosin

staining was performed on paraffin sections.
Immunofluorescence staining and analysis

Immunohistochemistry staining was performed as previously

described (23) with control and experimental samples on the same

slide and under identical staining conditions. Primary antibodies

were as follows: pan-ACE2 (goat, 1:1,000, R&D AF933), hACE2

(rabbit, 1:200, Abcam ab108209), SARS-CoV-2 nucleocapsid

(rabbit, 1:500, Rockland 200-401-A50), ICAM-1 (rabbit, 1:500,

Abcam ab179707), vWF (rabbit 1:1,000, Novus Biologicals NB600-

586), and PECAM (goat 1:500, R&D AF3628). Fluorescence-

conjugated Alexa Fluor secondary antibodies were used (1:500,

Invitrogen) according to the primary antibody species and

counterstained with DAPI (1:1,000). ICAM1 and vWF

fluorescence intensity were calculated by integrated fluorescence

intensity. All images were analyzed using ImageJ/FIJI software.
Frontiers in Cardiovascular Medicine 0233
Statistics

Mice were inoculated with SARS-CoV-2 in a blinded fashion

without knowledge of genotypes, and infections were performed

in two different ABSL-3 facilities with independent

experimenters. Statistical tests used to determine significance are

described in the figure legends. GraphPad Prism 9.5.1 was used

to generate graphs and statistical analyses. Survival curve

statistics were performed with log-rank Mantel-Cox tests. All

t-tests performed were two-tailed.
Results and discussion

Cellular expression of ACE2 is indispensable for SARS-CoV-2

infection in pneumocytes (25, 26), but SARS-CoV-2 is unable to

bind mouse ACE2. To determine if endothelial cells directly

contribute to lethal infection, we generated animals that express

human ACE2 (hACE2) from the mouse Ace2 locus in a manner

that enables cell-specific loss of hACE2 using Cre recombinase

(hACE2fl/y mice) (23). We crossed hACE2fl/y mice onto a Tie2-

Cre transgenic mouse line that drives Cre expression in

endothelial cells (ECs) to generate mice that express hACE2 in

all cells except vascular ECs. hACE2fl/y; Tie2-Cre+ mice and

control littermates were exposed to 105 PFU of SARS-CoV-2

virus via nasal inhalation. hACE2fl/y; Tie2-Cre+ mice showed no

significant difference in survival after exposure to SARS-CoV-2

compared with the littermate controls (Figure 1A). Histological

analysis revealed the presence of alveolar infiltrates and

pulmonary vascular thrombi in the lungs of infected hACE2fl/y;

Tie2-Cre+ mice that were indistinguishable from findings

observed in control hACE2fl/y mice (Figure 1B). Histological

analysis using hematoxylin-eosin staining of tissue sections from

the small intestine, kidney, liver, and heart also failed to identify

any vascular pathology (Supplementary Figure S1). Next, we

evaluated the expression of inflammation-induced protein

intracellular adhesion marker 1 (ICAM1) and the pro-coagulant,

inflammation-induced protein Von Willebrand factor (vWF) in

the mice following the SARS-CoV-2 infection, given both

ICAM1 and vWF have been closely associated with COVID-19

induced vascular damage (27, 28). Expression of ICAM1 and

vWF were also similar in the lung capillary endothelial cells of

SARS-CoV-2-infected hACE2fl/y and hACE2fl/y; Tie2-Cre+ mice

(Figures 1C,D).

The studies described above suggested that endothelial cell

infection is not required for vascular COVID-19 pathology when

hACE2 is expressed at endogenous levels. In fact,

immunostaining of lung sections using anti-ACE2 antibodies was

able to detect ACE2 expression in epithelial but not endothelial

cells (23) (Figure 1E). To more rigorously test the role of

endothelial hACE2, we next crossed Tie2-Cre onto a recently

described Cre-activated gain of function hACE2 allele (loxP-stop-

loxP-hACE2 or LSL-hACE2+/0) (23) to over-express hACE2 in

vascular endothelial cells. Tie2-Cre;LSL-hACE2+/0 animals

exhibited very high endothelial-specific expression of hACE2,

assessed by immunostaining of tissue sections compared with
frontiersin.org
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FIGURE 1

Loss or gain of endothelial hACE2 does not alter SARS-CoV2 infection. (A) Survival of hACE2fl/y and hACE2fl/y; Tie2-Cre+ male mice (12 to 16-week-old
males) after infection with 105 PFU of SARS-CoV-2 via intranasal administration. This viral inoculation method was used in all experiments. n=6 (hACE2fl/y)
and 9 (hACE2fl/y; Tie2-Cre+); ns, non-significant; data are from two independent experiments. (B) H&E staining of hACE2fl/y and hACE2fl/y; Tie2-Cre+ lung
tissue 6 days after infection. The asterisk indicates intravascular thrombosis. Scale bars: 100 μm. (C) Immunofluorescent staining of the lung from hACE2fl/y

and hACE2fl/y; Tie2-Cre+ mice with antibodies against ICAM1 or vWF (green), and PECAM (red). Images are representative of four animals per genotype.
Scale bars: 100 μm. (D) Quantification of ICAM1 and vWF fluorescent intensity. The error bars represent mean ± s.d; statistical analyses were performed
using an unpaired two-tailed t-test; ns, non-significant. (E) Immunofluorescent staining of hACE2fl/y lung tissue using pan-ACE2 antibodies (grey) that
recognize both hACE2 and mACE2 proteins and co-stained with PECAM (magenta). Images are representative of three animals. Scale bars 50 μm.
(F) Immunofluorescent staining of the lung from hACE2fl/y; LSL-hACE2+/0 and Tie2Cre+; hACE2fl/y; LSL-hACE2+/0 mice is performed using anti-hACE2
antibody or anti-SARS-CoV-2 nucleocapsid (red) and costained with PECAM (green) 5 days after infection with SARS-CoV-2. The hACE2fl/y allele
enables these mice to be productively infected intranasally. Representative of three animals per genotype. Scale bars 100 μm.

Gao et al. 10.3389/fcvm.2023.1266276

Frontiers in Cardiovascular Medicine 03 frontiersin.org34

https://doi.org/10.3389/fcvm.2023.1266276
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Gao et al. 10.3389/fcvm.2023.1266276
hACE2fl/y mice (Figure 1F). To ensure that Tie2-Cre;LSL-hACE2+/0

animals would be productively infected following SARS-CoV-2

exposure, we generated Tie2-Cre;LSL-hACE2+/0;hACE2fl/y animals

that support robust infection of the nasal and respiratory

epithelium (23) (Figure 1F). Despite high levels of endothelial

hACE2 expression, we failed to detect nucleocapsid protein that

colocalized with PECAM+ endothelial cells following nasal SARS-

CoV-2 infection (Figure 1F). In contrast, we have previously

shown that this gain of function allele is sufficient to drive

hACE2 expression and support SARS-CoV-2 infection in both

neuronal cells and lung epithelial cells (23). These studies

support the conclusion that SARS-CoV-2 does not confer

endothelial cell damage and vascular thrombosis through direct

viral infection of those cells. They further demonstrate that the

levels of circulating virus are too low to infect even endothelial

cells that express very high levels of hACE2, and therefore that

most COVID-19 pathology arises due to aerosol infection of the

nasal and pulmonary epithelium.

It has been debated whether direct viral infection of

endothelial cells or indirect damage from systematic

inflammation underlie COVID-19-associated vascular pathology

(3). Our murine vascular endothelial loss and gain of function

studies reported here provide strong in vivo evidence that

endothelial ACE2 and direct infection of vascular endothelial

cells do not contribute significantly to the diverse vascular

pathology associated with COVID-19. These findings are

consistent with previously reported in vitro studies that showed

human endothelial cells are not readily infected by SARS-CoV-2

(21). Together with our recently reported studies, these findings

strongly support a mechanism in which SARS-CoV-2 infection

of nasal epithelial and neuronal cells stimulates a powerful

inflammatory response that is the cause of COVID-19 vascular

pathology.
Limitations of the study

In the present study, we utilized both loss of function and gain

of function hACE2 mouse lines and demonstrated that direct

endothelial viral infection does not contribute to COVID-19-

associated vascular pathology. Future studies are needed to

define the cytokines that likely drive secondary vascular

inflammation and thrombosis and to understand the molecular

mechanism by which systemic inflammation damages

endothelium following SARS-CoV-2 infection. We used the

original isolate SARS-CoV-2 USA-WA1/2020 strain in our study

because that isolate is the best characterized regarding vascular

complication. Omicron BA.1 variant failed to confer lethal

disease and associated vascular phenotypes in our mouse models

(23). Future studies testing the impact of other variants on the

vascular system will be needed. We performed our studies on

male mice due to the Ace2 allele being located on the X

chromosome, enabling a straightforward comparison. Mouse

models are not humans, and our mouse model hACE2fl/y

expresses a higher level of hACE2 as previously reported (23).

Thus there are likely to be differences in pathogenic mechanisms
Frontiers in Cardiovascular Medicine 0435
identified using our model compared to human studies.

However, this difference should bias toward rather than against a

direct endothelial infection mechanism and it does not weaken

our negative conclusions. Future studies looking at longer-term

vascular events in mice with lower levels of hACE2 expression

will be needed to address non-acute mechanisms of COVID-19-

related cardiovascular disease.
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SARS-CoV-2 infection of
endothelial cells, dependent on
flow-induced ACE2 expression,
drives hypercytokinemia in a
vascularized microphysiological
system
Christopher J. Hatch1†, Sebastian D. Piombo2†, Jennifer S. Fang3,
Johannes S. Gach4, Makena L. Ewald3, William K. Van Trigt3,
Brian G. Coon5,6, Jay M. Tong1, Donald N. Forthal3,4 and
Christopher C. W. Hughes1,3*
1Department of Biomedical Engineering, University of California, Irvine, CA, United States, 2Department
of Pediatrics, School of Medicine, Institute for Clinical and Translational Science, University of California,
Irvine, CA, United States, 3Department of Molecular Biology and Biochemistry, University of California,
Irvine, CA, United States, 4Division of Infectious Diseases, School of Medicine, University of California,
Irvine, CA, United States, 5Cardiovascular Biology Research Program, Oklahoma Medical Research
Foundation, Oklahoma City, OK, United States, 6Department of Cell Biology, University of Oklahoma
Health Sciences Center, Oklahoma City, OK, United States

Background: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
responsible for COVID-19, has caused nearly 7 million deaths worldwide.
Severe cases are marked by an aggressive inflammatory response known as
hypercytokinemia, contributing to endothelial damage. Although vaccination
has reduced hospitalizations, hypercytokinemia persists in breakthrough
infections, emphasizing the need for disease models mimicking this response.
Using a 3D microphysiological system (MPS), we explored the vascular role in
SARS-CoV-2-induced hypercytokinemia.
Methods: The vascularized micro-organ (VMO) MPS, consisting of human-
derived primary endothelial cells (ECs) and stromal cells within an
extracellular matrix, was used to model SARS-CoV-2 infection. A non-
replicative pseudotyped virus fused to GFP was employed, allowing
visualization of viral entry into human ECs under physiologic flow
conditions. Expression of ACE2, TMPRSS2, and AGTR1 was analyzed, and
the impact of viral infection on ACE2 expression, vascular inflammation, and
vascular morphology was assessed.
Results: The VMO platform facilitated the study of COVID-19 vasculature
infection, revealing that ACE2 expression increased significantly in direct
response to shear stress, thereby enhancing susceptibility to infection by
pseudotyped SARS-CoV-2. Infected ECs secreted pro-inflammatory cytokines,
including IL-6 along with coagulation factors. Cytokines released by infected
cells were able to activate downstream, non-infected EC, providing an
amplification mechanism for inflammation and coagulopathy.
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Discussion: Our findings highlight the crucial role of vasculature in COVID-19
pathogenesis, emphasizing the significance of flow-induced ACE2 expression
and subsequent inflammatory responses. The VMO provides a valuable tool for
studying SARS-CoV-2 infection dynamics and evaluating potential therapeutics.

KEYWORDS

COVID-19, endothelial dysfunction, hypercytokinemia, microphysiological systems,

shear stress
1 Introduction

The SARS-CoV-2, or COVID-19, pandemic has required major

adaptations in how the medical and scientific community

approaches infectious disease prevention and study (1, 2). One

primary need has been the rapid development of new tools to

analyze viral infection and the subsequent development of

vaccines to combat the global dissemination of this deadly

pathogen (3). To address the dearth of apt translational models

for studying the pathogenesis of COVID-19, we have utilized a

3D microphysiological system platform—the vascularized micro-

organ (VMO) model (4)—to interrogate the role of the

vasculature in driving hypercytokinemia, which is a crucial

pathological indicator associated with SARS-CoV-2 infection (5).

While COVID-19 was initially characterized as an infection

that predominately manifests in the respiratory system, it is now

also recognized to be a vascular disease (6), with potential long-

term sequelae likely arising due to micro-clots associated with

dysregulation of thrombosis in many patients (7). While the

long-term effects of COVID-19 infection appear to be mediated

by these thrombotic events, the most severe acute impact of the

disease is driven by profound hypercytokinemia, a process

associated with uncontrolled upregulation of key inflammatory

mediators such as IL-1 and IL-6, and endothelial cell (EC)

leukocyte adhesion molecules such as ICAM-1 and VCAM-1

(8, 9). Of note, however, is that IL-6 also drives the expression of

pro-coagulation factors (10), potentially linking acute cytokine

release with downstream coagulation.

This cascading inflammatory response frequently results in

pneumonia and, in severe cases, acute respiratory distress

syndrome, accounting for the high mortality prior to the

introduction of the COVID-19 vaccine (11). Therapies such as

glucocorticoids and antivirals such as remdesivir have been

developed to combat these cases; however, the biological

mechanisms that produce hypercytokinemia in COVID-19

patients remain elusive, although the use of tociluzumab, targeted

to the IL-6 receptor, has proven useful in many patients (12). To

further our understanding of the pathology of COVID-19 and

the role of the vasculature, we have challenged the VMO

platform with a non-replicative pseudotyped SARS-CoV-2 virus,

allowing us to model and visualize viral entry into human EC in

a system that closely recapitulates human vasculature. The VMO

consists of human-derived primary EC and stromal cells

suspended in a hydrogel matrix housed within a

polydimethylsiloxane microfluidic system (13). Over the course

of a few days, a complex vascular network forms that is then
0238
perfused by a blood substitute, which nourishes the surrounding

tissue. These microvascular networks demonstrate key

characteristics of human vasculature, such as tight junctions,

expression of vascular markers, and response to inflammatory

stimuli, and can support a variety of tissues, including heart,

liver, pancreas, brain, and various tumors (4, 14, 15).

The key mediator of SARS-CoV-2 viral entry into host cells is

angiotensin-converting enzyme 2 (ACE2), which acts as a receptor

for the viral spike protein (16). While other renin-angiotensin

system mediators, such as AGTR1, play a role in the resultant

hypercytokinemia (17), ACE2 expression on the surface of EC is

critical to the initial infection, and without adequate expression,

viral infection fails to occur (18). The primary challenge of

studying SARS-CoV-2 infection in commonly utilized models of

the vasculature is the dependence of ACE2 expression on the

shear force EC are exposed to in vivo (19, 20). As the VMO

provides flow and shear force equivalent to that found in human

capillary networks, the platform provides a unique model in

which to study not only how ACE2 mediates viral infection and

how viral entry clears ACE2 from the surface of the EC but also

how these events trigger cytokine release from the EC lining the

vascular network.
2 Materials and methods

2.1 Microfluidic device design

The design of the platform is a modified version of our

previously published VMO microphysiological system (13, 14).

The platform is designed to fit a standard bottomless 96-well

plate (FLUOTRACTM, Greiner Bio-One). The design is shown in

Figure 1A and comprises two polydimethylsiloxane (PDMS)

layers adhered to a commercial 96-well plate with the wells

aligned with the microfluidic features. The middle layer contains

16 microfluidic device units within the PDMS device layer, and

the bottom layer is a thin transparent polymer membrane

(Rogers Corp, HT-6240).

A single microfluidic device unit covers six horizontal wells of

the 96-well plate, with the tissue chamber containing three

diamond-shaped units (T1–T3) covering one well. A gel loading

inlet (GLI) and outlet (GLO) are connected to either side of the

tissue chamber, and each is aligned with an additional well. Each

diamond-shaped unit is 2 mm in length and 1 mm in width,

connected to 200 μm wide microfluidic channels through

anastomosis points. The entire design is 200 μm thick. A
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https://doi.org/10.3389/fcvm.2024.1360364
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 1

Development of a vascularized micro-organ microphysiological system and SARS-CoV-2 pseudotyped virus. (A) Schematic of an individual
microfluidic device unit. Hydrostatic pressure drives medium from the inlet (MI) through the microfluidic channels and tissue chamber (T1–T3) to
the medium outlet (MO). Hydrogel is loaded via the gel loading inlet (GLI) and outlet (GLO) with the pressure regulator (PR) to prevent leak into
the microfluidic channel in the case of over-pressure during injection. (B) Development of the vasculature over time. EC labeled red; fibroblasts
unlabeled. (C) Perfusion of 70 kDa FITC-Dextran through the vasculature (EC eRFP) at day 8. (D) COMSOL modeling of the shear stress (dynes/
cm2) through each tissue chamber. (E) Quantification of fluid flow through each chamber (m/s). (F) Schematic of SARS-CoV-2 pseudotyped virus.
SARS-CoV-2 spike protein is inserted into the membrane of an HIV-1 envelope with a Gag-iGFP construct. (G) Schematic showing infectivity of
the pseudotyped virus into EC using ACE2, leading to GFP expression.
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redundant gel outlet is integrated into the GLI to act as a pressure

regulator (PR) and prevent hydrogel from entering the microfluidic

channel when the loading pressure exceeds the anastomosis point

burst valve pressure. The microfluidic channels contain resistors

in an asymmetric design to generate a hydrostatic pressure drop

across the tissue chamber. This drives interstitial flow as the

medium moves from the medium inlet (MI) to the medium

outlet (MO).
2.2 Microfluidic device fabrication

The fabrication of the VMO has been previously described

(4, 14). Briefly, a customized polyurethane (PU) master mold is

fabricated from a two-part PU liquid plastic (Smooth-Cast 310,

Smooth-On Inc.). A PDMS replica is made from the master

mold, and holes are punched on the replica for the inlets and

outlets (MI, MO, GLI, GLO, PR). The replica is secured to the

bottom of a 96-well plate by chemical glue and oxygen plasma

treatment. The bottom thin transparent membrane is bonded to

the PDMS layer with oxygen plasma treatment. The complete

platform is placed in a 60°C oven overnight. Before the platform

is loaded with cells, a standard 96 well-plate polystyrene lid with

condensation rings (Greiner Bio-One) is placed on top, and both

parts are sterilized using a UV light for 30 min.
2.3 Cell culture

Human endothelial colony-forming cell-derived endothelial

cells (ECFC-EC) were isolated from cord blood (21), expanded

on 0.1% gelatin-coated flasks, and cultured in EGM-2 (Lonza).

ECFC-EC were transduced with lentiviruses encoding azurite

fluorescent protein (Azurite/Addgene) and used between passages

7–9. Note that images are false-colored so that ECs appear red.

Normal human lung fibroblasts (NHLF) (Lonza) were cultured in

DMEM (Corning) containing 10% FBS (VWR) and used

between passages 7–10. All cells were cultured at 37°C/20% O2/

5% CO2 and checked for mycoplasma contamination using

MycoAlert (Lonza) before use.
2.4 Microfluidic device loading

The tissue chamber was loaded with ECFC-EC and NHLF. The

cells were trypsinized, lifted, and resuspended at a 1.4:1 ratio at a

density of 1.4 × 107 cells/ml in an 8 mg/ml fibrinogen solution

(Sigma-Aldrich). Next, the cell-matrix solution was mixed with

3 U/ml thrombin (Sigma-Aldrich) and loaded in the tissue

chambers. The VMO was placed into a 37°C incubator for

15 min to enable polymerization of the cell-matrix mix. Next,

laminin (1 mg/ml, Life Technologies) was pushed through the

microfluidic channels and incubated for 15 min at room

temperature. Finally, EGM-2 culture medium was pushed

through the microfluidic channels and dispensed in the inlet and

outlet wells to generate hydrostatic pressure heads that drive
Frontiers in Cardiovascular Medicine 0440
perfusion. The medium was changed every day to maintain the

pressure heads.
2.5 Fluorescence imaging and analyses

Fluorescence images were captured on an Olympus IX70

inverted microscope using SPOT software (SPOT Imaging), a

Nikon Ti-E Eclipse epifluorescent microscope with a 4xPlan

Apochromat Lambda objective, and an Agilent BioTek Lionheart

FX microscope. In addition, confocal images were captured on a

Leica TCS SP8 confocal microscope using a standard 10× air or

20× multi-immersion objective (Leica Microsystems).

FIJI (22) was used to determine each microfluidic unit’s mean

fluorescent intensity (MFI). Before measuring the average pixel

intensity, all images underwent thresholding and default

background subtraction with the same setting using a custom

macro. Then, all values were normalized to the mean control

fluorescent intensity for analysis.
2.6 Perfusion testing

To test the vascular leak of device networks, 70 kDa FITC-

dextran (Sigma-Aldrich) was diluted in EGM-2 to 50 μg/ml and

added to well MI for perfusion through the device. Images were

taken after 15 min, and the vessel patency was assessed by

demonstrating dextran flow through the entirety of the vascular

chamber with no leakage at any of the anastomosis points.
2.7 Generation of pseudotyped
SARS-CoV-2 virus and infection of the
microfluidic device

Pseudotyped SARS-CoV-2 virions were generated by

co-transfecting 1.5 × 107 293-T cells with a single round

infectious HIV-1 NL4-3 Gag-iGFP ΔEnv plasmid as well as a

SARS-CoV-2 spike protein expressing plasmid [pcDNA 3.1 SARS

CoV-2 S or pcDNA3.3_SARS2_omicron BA.2 (23)]. Plasmids

(1 µg plasmid per 1 × 106 cells) were mixed with

polyethyleneimine (PEI) at a DNA/PEI ratio of 1:3 and added to

the cells. After 3–4 days, cell supernatants were harvested and

cleared from cells. Virus aliquots were stored at −80°C. To

concentrate the virus, frozen supernatants were thawed and spun

(14,000 rpm) in a microcentrifuge for 75 min at 4°C, and viral

pellets were resuspended in the respective medium. Virus

infectivity was determined by infecting 1 × 104 human ACE2

receptor expressing HEK 293 T target cells (BEI Resources) per

well with a serial dilution of the CoV-2/HIV-1 pseudotyped

virus particles. After 2–3 days, cells were detached, washed,

and fixed with 4% PFA. Target cells were subsequently analyzed

by flow cytometry (NovoCyte flow cytometer; ACEA) for green

fluorescence protein expression. After performing perfusion tests

to confirm the robustness of the vascular networks, the

pseudotyped virus was added to the device inlet. Unless specified,
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7 × 105 IFU/ml of pseudotyped virus were used. Recombinant

angiotensin II (rAngII, Sigma-Aldrich, 4474-91-3) was added to

the inlet at a 300 pM concentration to activate the renin-

angiotensin system. After 24 h, medium heights were

reestablished by taking the media from the outlet well and

placing it back in the inlet. After 48 h, the effluent was collected.
2.8 Immunostaining

VMO devices were fixed overnight at 4°C by replacing the

circulating media in the inlet and outlet reservoirs with 4%

paraformaldehyde diluted in phosphate-buffered saline (PBS).

Following fixation, the transparent polymer seal was removed,

exposing VMO networks embedded within the microfluidic

feature layer, which was then placed face-up in each well of

either a 4-well chamber slide (Nunc) or a 24-well plate. Fixed

devices were then post-fixed for an additional 20 min in 4%

paraformaldehyde at room temperature and then incubated in

blocking solution [PBS containing 3% bovine serum albumin

(BSA) and 0.1% Triton X, supplemented with 1% donkey serum]

for 1 h at room temperature. Devices were then incubated in

primary antibody diluted in staining solution [PBS containing

1% bovine serum albumin (BSA) 0.1% Triton X] overnight at 4°

C. Following the wash, devices were incubated in fluorescently

conjugated secondary antibodies diluted in staining solution for

2 h at room temperature. This was followed by incubation in

10 ug/ml Hoechst 33,342 (Sigma 14,533) for 15 min at room

temperature. Devices were then washed in PBS and mounted in

4-well glass chamber slides (Nunc Lab-Tek, Thermo 177,399) in

Vectashield (Vector Labs H1300) anti-fade mounting media.

High-magnification multi-channel images of stained VMO

devices were acquired using a Leica SP8 confocal microscope.

Primary antibodies used: anti-ACE2 (Novus NBP2-67692, 1:300),

anti-TMPRSS2 (Abcam ab242384, 1:300), anti-CD31 (Abcam

ab28364, 1:300). Fluorescently conjugated secondary antibodies

used: anti-Rabbit-Alexa 488 (1:500), anti-mouse-Alexa 568

(1:500), anti-goat-Alexa 647 (1:500).
2.9 ELISAs

Effluent from devices was collected after 48 h of exposure to

experimental treatments. If not used immediately, the effluent

was stored in the vapor phase of liquid nitrogen. Before use, the

effluent was allowed to reach room temperature and was

centrifuged at 2000g for 10 min. ELISAs for IL-6 (Abcam,

ab178013), sICAM-1 (Abcam, ab229383), sVCAM-1 (Abcam,

ab223591), Factor VIII (Abcam, ab272771), and IL-1β (Thermo

Fischer Sci, BMS224-2) were run. A 100 K molecular weight

cutoff protein concentrator (Thermo Scientific, 88523) was used

to pool two samples and concentrate them for the Factor VIII

ELISA. The drc package (24) in RStudio (25) fit the standard

data to point curves as the manufacturers’ protocols

recommended. Values that fell outside the range of the standards

were excluded from the analysis.
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2.10 RNA isolation and qRT-PCR analysis

For RNA isolation, the protective plastic cover underneath the

platform was removed. A razor blade was used to extract the tissue

chamber and surrounding chamber inlets and outlets. Carefully,

tweezers were used to separate the bottom polymer layer from

the PDMS layer. Approximately 20 μl of RNA lysis buffer from

the Quick RNA micro prep kit (Zymo Research, R1051) was

added dropwise to the tissue chamber and bottom polymer layer

and allowed to sit for 3–5 min. RNA lysis buffer was collected

and diluted in a 1:1 ratio with pure ethanol before transfer to a

Zymo-Spin IC Column. The RNA was then isolated following

the manufacturer’s protocol. The RNA was checked for quantity

and quality using a NanoDrop before storage at −80°C or

immediate conversion into cDNA.

Total purified RNA was synthesized into cDNA with the iScript

cDNA Synthesis Kit (BioRad, 1708891) before use in quantitative

real-time polymerized chain reaction (qRT-PCR) (BioRad). The

average cycle threshold values were normalized using 18S

expression levels and compared to their appropriate controls.

Any cycle threshold values greater than 40 had a fold change set

to one. All samples were measured in triplicate. Primers were

designed with PrimerQuest Tool and synthesized by Integrated

DNA Technologies.
2.11 Ibidi chip

ECFC-EC were plated into the 0.4 mm μ-Slide I Luer (Ibidi,

80176) at 1 × 106 cell/ml and 100 μl and allowed to adhere

overnight following the manufacturer’s protocol. Next, the cells

were exposed to 4 h of shear stress at 0.5, 1.0, or 2.0 dynes/cm2

using a syringe pump (Pump Systems Inc) with the flow rate set

via ibidi’s recommended values. After 4 h, the chips were washed

with DPBS 3X, and RNA lysis buffer using the Quick RNA

micro prep kit (Zymo Research, R1051) was pushed through the

chamber following the manufacturer’s protocol. As previously

described, steps were followed to isolate the RNA and run qPCR.
2.12 Vessel morphometry

Vascular network images were analyzed with AngioTool

software (National Cancer Institute) (26) to quantify vessel area,

length, lacunarity, and the number of vascular junctions and

endpoints. The mean vessel diameters were computed using a

modified version of the REAVER package (27) to output all

vessel diameters instead of the mean for the entire network. The

forked repository is available on GitHub (https://github.com/

cjhatch/public_REAVER_diams). For vessel morphometry,

replicates from two loadings were used. In loading 1, the control

condition had biological replicates from 7 tissue chambers, with

21 diamond-shaped units quantified, while the pseudovirus and

rAngII condition had 7 tissue chambers, with 16 diamond-

shaped units quantified. For loading 2, the control condition had

4 tissue chambers, with 9 diamond-shaped units quantified,
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while the pseudovirus and rAngII condition had 7 tissue chambers,

with 21 diamond-shaped units quantified.
2.13 NFκB reporter and monolayer response

ECFC-EC were transduced with an NFκB reporter and plated

into 12-well plates. In brief, a Generation II lentiviral construct

consisting of three tandem NFκB response elements upstream of

the mCherry coding sequence, followed by a PGK reporter

upstream of a SNAP-tag constitutive reporter were packaged into

lentivirus and used to infect ECFC-EC. Thus, mCherry

expression was driven by NFκB expression, which allowed for

indirect quantification of inflammatory status via real-time

fluoroscopy. Following validation of the reporter construct,

1.5 ml of effluent was collected from the VMOs and then layered

onto NFκB reporter-transduced EC. Each well was imaged at 0,

24, and 48 h. MFI was calculated from each well to quantify the

inflammatory response to downstream mediators.
2.14 Drug treatments

After performing perfusion tests to confirm the robustness of

the vascular networks, pharmacological agents were added at the

same time as the pseudotyped virus to test their ability to limit

infectivity. Recombinant ACE2 (25 μg/ml, Sigma-Aldrich,

SAE0065-50UG) or camostat mesylate (100 μM, Sigma-Aldrich,

SML0057-10MG) was premixed with medium ± pseudotyped

virus ± rAngII for 30 min before perfusing through devices. The

pressure heads were readjusted by recycling media from the

outlet well back into the inlet after 24 h, and effluent was

collected after 48 h. Images were taken at 0, 24, and 48 h.
2.15 Computational fluid dynamics

Image masks were converted into .tiff RGB files using FIJI. The

image files were then binarized, skeletonized, and traced using a

custom MATLAB script. The traced images were converted to

.DXF files using the DXFLib package (28) and imported into

AutoCAD to overlay the schematics for the microfluidic devices.

The traced vessels and microfluidic devices were imported into

COMSOL 5.2.1. The velocity and shear stress were calculated

using the laminar flow steady-state model, with water as the fluid

material. Using the Bernoulli equation, all pressure heads were

calculated based on medium height in the inlet/outlet wells to

provide input to the COMSOL model.
2.16 Plotting and statistical analysis

All plots were generated in RStudio (25) using R version

4.0.3 with the ggplot2 package (29), ggpubr package (30), and

gridExtra package (31).
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For ELISAs and qPCR data, one-way ANOVAs with

posthoc Tukey’s HSD tests were run using the rstatix package

(32) for parametric data. For nonparametric data, a Kruskal–

Wallis H test was run with a Conover-Iman post hoc test

using the conover.test package (33). For the time course for

MFI infectivity at various doses (Figure 2F), an unbalanced

two-way ANOVA on rank-transformed data was run using

the car package (34), and the type III sum of squares was

used to determine the significance of the main effects and

interactions. Tukey’s HSD was run to determine the

significance between treatments.
3 Results

3.1 A microphysiological model for vascular
SARS-CoV-2 infection

The VMO is a 3D vascularized microtissue platform

comprising ECs and stromal cells (fibroblasts, pericytes, etc.)

suspended in an extracellular matrix (ECM) that we have used as

a base platform for the development of multiple tissue-specific

models including heart, pancreas, liver, brain, and tumors. Here,

we have used a modified version of this device to study infection

of the vasculature by the COVID-19-causative agent, SARS-CoV-2

(Figure 1). We array 16 individual tissues in a 96-well plate

format, where each unit consists of three interconnected tissue

chambers that rely on hydrostatic pressure to drive interstitial

flow through the vessels (Figure 1A). Once seeded as a dispersed

cell suspension in gel the ECs and fibroblasts undergo

vasculogenesis and angiogenesis over the course of 5–6 days to

form a perfusable vascular network (Figures 1B,C) (13). ECs also

migrate into the microfluidic channels that represent the artery

and vein, and these anastomose with the vascular network to

allow pressure-driven fluid flow from the artery, through the

network, and out of the vein. The perfused vasculature thereby

experienced physiologically-relevant fluid flow and shear stress

(35) (Figures 1D,E).
3.2 Vasculature in the VMO is a target for
SARS-CoV-2 infection

A non-replicative pseudotyped virus was generated,

consisting of HIV-1 Gag fused to GFP and enveloped with

either the original SARS-CoV-2 spike protein strain or the

omicron strain (Figures 1F,G). The spike protein of COVID-

19 recognizes the cell surface receptor ACE2 and is reliant

on binding to it to enable membrane fusion (36), with

TMPRSS2 acting to prime the spike protein (37). In healthy

vasculature, angiotensin II, generated by ACE, is usually

rapidly degraded by ACE2, limiting its effective range and

duration of action. Downstream of ACE and ACE2 is

AGTR1/AT1R, which responds to angiotensin II to activate

the classical, pro-inflammatory arm of the renin-angiotensin

system (38). We first compared the RNA expression levels of
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FIGURE 2

Upregulated ACE2 expression in the vascularized micro-organ supports SARS-CoV-2 pseudotyped infectivity. qPCR analysis of (A) ACE2, (B) AGTR1,
and (C) TMPRSS2, which are necessary for SARS-CoV-2 infectivity, comparing monolayer normal human lung fibroblasts (NHLF), monolayer EC, the
vascularized micro-organ (VMO) before (D4) and after (D8) the formation of perfusable vasculature. (D) Immunofluorescence staining of a D8 VMO
showing CD31/PECAM1 (red), DAPI (blue), and localization of ACE2 (green) and TMPRSS2 (purple) to the endothelium. Showing nonspecificity of
secondary antibodies alone. (E) Infectivity efficiency (mean fluorescent intensity) of SARS-CoV-2 pseudotyped virus compared to a lentivirus
expressing green fluorescent protein (GFP). (F) Titering of GFP SARS-CoV-2 pseudotyped virus in a perfused VMO. Infectivity is measured as an
increase in the mean fluorescent intensity of the GFP channel. (G) Subset of a D8 VMO EC (mCherry) and background fluorescence or
fluorescence induced by infection with SARS-CoV-2 pseudotyped virus (GFP). Ctrl, control; PV, pseudotyped virus. (H) qPCR analysis of ACE2
expression induced by shear stress in an ibidi microfluidic chip. *<0.05, **<0.01, ***<0.001.
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ACE2, TMPRSS2, and AGTR1 in endothelial monolayers and in

the VMO on days 4 and 8 (Figures 2A–C). We observed a

significant increase in ACE2 and AGTR1 expression in the VMO

vasculature compared to cells in the monolayer, and expression

was higher still once flow was fully established (day 8) compared

to the early stages of lumen formation (day 4). There was no

apparent change in TMPRSS2 mRNA expression in the VMO.

We performed immunofluorescence staining and confirmed

ACE2 and TMPRSS2 in the VMO (Figure 2D). Consistent with

our expression data showing an extremely low level of ACE2

expression by monolayer EC; these cells were not infectable

with pseudotyped virus; however, they were infectable with a

control, VSV coat protein, GFP-expressing virus (Figure 2E). In

contrast, the SARS-CoV2-pseudotyped virus readily infected the

endothelium when perfused through the VMO for 48 h

(Figures 2F,G), again consistent with our expression data

showing induction of ACE2 under flow conditions. We

hypothesized that the increase in ACE2 in the VMO is likely

caused by exposure to shear stress, as demonstrated by others

(19). To test this directly, we exposed monolayer ECs to a range

of shear stresses comparable to those found at various points

throughout the vascular network in the VMO. Analysis of

mRNA expression revealed that ACE2 is indeed induced dose-

dependently by flow (Figure 2H).
FIGURE 3

Modeled SARS-CoV-2 infection alters VMO transcriptomic profiles. In the VM
and (C) IL-6 for perfused vascularized micro-organ (VMO) that have been t
angiotensin II (rAngII) or both for 48 h. *<0.05, **<0.01, ***<0.001.
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3.3 SARS-CoV-2-pseudotyped virus
infection in the VMO generates local EC
inflammation

Having demonstrated that ECs in the VMO are infectable by a

SARS-CoV-2-pseudotyped virus, we next wished to determine the

impact of infectivity on ACE2 mRNA expression levels and

downstream inflammation, as others have shown decreasing

mRNA ACE2 expression during the course of infection in

patients and the impact it has on inflammation (39). As noted

above, in the body, the effects of angiotensin (AngII), mediated

by AGTR1, are transient due to the rapid degradation of AngII

by ACE2. Peptide degradation products of this reaction

(specifically Ang1−7) bind to the Mas receptor (MasR), which

mediates an anti-inflammatory signal. Loss of ACE2 leads to

prolonged activation of AGTR1 and loss of MasR signaling, the

combination of which has been shown to be pro-inflammatory

(40). We therefore tested whether recombinant AngII (rAngII) in

the presence or absence of pseudotyped virus would lead to a

pro-inflammatory EC phenotype in the VMO and potentially

influence ACE2 expression. Consistent with our hypothesis, both

rAngII and the pseudotyped virus reduced ACE2 mRNA expression

levels in EC in the VMO (Supplementary Figures S1A,B).

AGTR1 expression levels were also reduced.
O, qPCR analysis of pro-inflammatory markers (A) ICAM-1, (B) VCAM-1,
reated with SARS-CoV-2 pseudotyped virus (pseudovirus), recombinant
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FIGURE 4

Modeled SARS-CoV-2 infection alters vessel morphometry. (A) Representative images of perfused VMOs treated with SARS-CoV-2 pseudotyped virus
(pseudovirus) and/or recombinant angiotensin II (rAngII) for 48 h. Arrow 1: Under control conditions, vasculature is continuous and extends to the
edges of the tissue chamber. Arrow 2: Discontinuous vessels, likely undergoing pruning and retraction. Arrow 3: Larger regions of perivascular
space emerge due to vessel pruning. (B–G) Quantification of morphometry of devices showing changes in (B) vessel diameter, (C) total vessel
length, (D) mean lacunarity, (E) vessel coverage percentage, and (F) total number of end points. *<0.05, **<0.01, ***<0.001, ****<0.0001. Control
n= 11, Pseudovirus + rAngII n= 14 (See methods for more detail about replicates).
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We then evaluated the expression of two key leukocyte

adhesion molecules expressed by EC—ICAM-1 and VCAM-1—

which are typically upregulated on EC in response to

inflammatory stimuli such as IL-1 and TNF (41, 42), but also by

the pleiotropic pro-inflammatory cytokine IL-6, the elevated

expression of which is often associated with cytokine storms

(43). We found both ICAM-1 and VCAM-1 genes were strongly

upregulated by a combination of pseudotyped virus and rAngII

(Figures 3A,B). Interestingly, ICAM-1 was also upregulated quite

substantially by pseudotyped virus alone, whereas VCAM-1 was

only marginally induced by this treatment, suggesting perhaps a

higher required threshold for induction. IL-6 was induced by

rAngII or virus alone, and there was no further induction in our

system in combination (Figure 3C). Thus, our data suggest that

downregulation of ACE2 mRNA expression levels as a

consequence of viral infection in COVID-19 can lead to the

expression of pro-inflammatory genes by the vasculature.

To better understand how this pro-inflammatory signature

might disrupt the local vascular niche, we quantified

morphological changes in the vasculature induced by the
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modeled COVID-19 infection (Figure 4A). After infection, we

noted a modest reduction in vessel diameter (Figure 4B), total

vessel length (Figure 4C), and an increase in lacunarity

(Figure 4D), which characterizes vessel non-uniformity and is

often increased in pathological vasculature (26). In addition,

although not significant, there was a trend towards a reduction

in vessel percentage coverage (Figure 4E); however, there was no

change in the total number of endpoints (Figure 4F), suggesting

that angiogenic sprouting was not induced.
3.4 SARS-CoV-2-pseudotyped virus
infection in the VMO stimulates release of
soluble inflammatory mediators

To characterize the extent to which a localized COVID-19

infection could generate the pro-inflammatory and pro-thrombotic

environment produced by infected ECs (44), we investigated

inflammatory protein secretion via ELISA (Figure 5). Coagulation

Factor VIII is secreted by EC Weibel-Palade bodies and is a
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FIGURE 5

Modeled SARS-CoV-2 infection induces cytokine production. ELISAs from effluent collected from VMOs treated with SARS-CoV-2 pseudotyped virus
(pseudovirus) and/or recombinant angiotensin II (rAngII) for 48 h. (A) Factor VIII, (B) IL-1β, (C) IL-6, (D) sICAM-1 protein content (pg/mL). *<0.05,
**<0.01, ***<0.001.

FIGURE 6

Pharmacological intervention inhibits SARS-CoV-2 pseudotyped virus entry and reduces downstream nFκB activation. (A) Recombinant ACE2 (rACE2)
prevented pseudotyped infectivity through competitive binding of the SARS-CoV-2 spike protein. (B) VMOs were treated with SARS-CoV-2
pseudotyped virus and rACE2 or camostat mesylate (camostat). The mean fluorescent intensity of the GFP pseudotyped virus was measured.
Camostat mesylate had minimal protective ability, and rACE2 prevented infection. (C) Effluent from non-treated and treated devices was placed
on EC transduced with an NFκB induced mCherry reporter. The mean fluorescent intensity of mCherry was measured. *<0.05, **<0.01, ***<0.001.
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cofactor for activating factor IX, which induces the intrinsic

coagulation cascade (45). In perfused VMOs treated with rAngII,

pseudotyped virus, or a combination of the two, there was an

increase in coagulation Factor VIII secretion (Figure 5A).

Additionally, there was increased secretion of several EC-derived

inflammatory molecules previously identified in COVID-19

patients (46), including IL-1β, IL-6, and sICAM-1 (Figures 5B-D).
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3.5 Pharmacological intervention blocks
SARS-CoV-2-pseudotyped virus infection
and cytokine release

Since the VMO can also be used to conduct drug studies (47),

we tested the efficacy of camostat mesylate—a TMPRSS2 inhibitor

(37)—and recombinant ACE2 (Figure 6). As shown in Figure 6B,
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FIGURE 7

Generation of pseudotyped virus with omicron spike protein leads to infectivity and inflammatory response. (A) Mean fluorescent intensity of GFP
signal for pseudotyped-virus with omicron variant spike protein. The virus can infect EC in the VMO. (B) ELISA of effluent from omicron-infected
VMOs shows a significantly increased production of IL-6. ***<0.001.
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rACE2 almost completely blocked infectivity by the pseudotyped

virus, whereas TMPRSS2 had only a moderate impact. To

determine whether the combination of factors released by infected

EC might affect distant vessels—i.e., systemic effects—we collected

effluent from the treated tissues and added this to EC transduced

with an NFκB promoter-mCherry reporter. NFκB is a key pro-

inflammatory transcription factor in EC. As shown in Figure 6C,

we found strong induction of mCherry by supernatant from

VMOs previously treated with virus and rAngII (and

subsequently fed with fresh medium in the absence of virus or

recombinant protein) that was apparent by 24 h of treatment.

Interestingly, medium from VMOs treated with pseudotyped virus

alone had no effect relative to control, indicating that systemic

effects have a multi-factorial origin—loss of ACE2 in conjunction

with Angiotensin II generation. Consistent with its effect on viral

entry, rACE2 completely blocked the effects of pseudotyped virus

effluent on NFκB expression (Figure 6C). These data are therefore

consistent with a mechanism whereby local infection of EC by

SARS-CoV-2 could lead to systemic effects due to released

cytokines and pro-coagulatory factors.
3.6 Later SARS-CoV-2 spike protein variants
are also infectious in the VMO

To determine if the key findings generated using the

pseudotyped virus carrying the original spike protein from

2019 could be replicated with the more a recent variant, a

pseudotyped virus with the same backbone used for the 2019

variant was generated with the omicron BA.2 variant

spike protein (23). The omicron pseudotyped virus was able to

infect the VMO (Figure 7A), leading to strongly increased

GFP expression. Importantly, effluent from infected VMOs

had an increase in IL-6 cytokine levels (Figure 7B), consistent

with our earlier results. Taken together, these data
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demonstrate the utility of the VMO for studying multiple

SARS-CoV-2 variants.
4 Discussion

Leveraging the unique benefits that the VMO provides, we

analyzed COVID-19 infection and the subsequent inflammatory

response in a vascularized, fully human, and physiologically

relevant system. Real-time fluorescent imaging allowed for direct

quantification of the rate of viral entry within the endothelium,

demonstrating the pivotal role of ACE2 in viral infection under

shear conditions.

While previous work has relied on animal models or static

monolayer studies to provide insight into the mechanisms that drive

hypercytokinemia and tissue damage (48, 49), we show in this work

the importance of flow in inducing the mRNA expression of ACE2,

the SARS-CoV2 receptor. The internalization of ACE2 during viral

entry removes the enzyme responsible for limiting the spread and

duration of Angiotensin II effects. This loss of ACE2 results in

prolonged pro-inflammatory signaling through AGTR1 and a loss of

the negative, anti-inflammatory signal usually mediated by binding

of the Angiotensin II breakdown product Ang1–7 to MasR.

Using the VMO allowed us to quantify this inflammatory

response with various metrics, including immediate tissue

changes in vessel morphometry and cytokine production, and

effects of cytokine release from the infected cells on downstream,

non-infected cells. The induction of NFκΒ activity in these non-

infected cells is significant as this transcription factor is the key

mediator of endothelial inflammatory responses, driving the

expression of both cytokines and leukocyte adhesion molecules.

Thus, the endothelium can be seen as an initiator and amplifier

of the hypercytokinemia that proved so devastating to patients in

the early stage of the pandemic. In addition to cytokine release,

including upregulation of the pro-thrombotic cytokine IL-6, we
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show that viral infection also triggered the release of Factor VIII, a

component of the intrinsic coagulation pathway. Thus, infected EC

could contribute to hyper-coagulation in two ways, by direct release

of Factor VIII and by release of IL-6, which can drive expression of

other pro-thrombotic factors, including Tissue Factor (50), the

initiator of clotting through the extrinsic pathway.

While using primary lung endothelial cells might enhance the

findings of this study, we have found that commercially available

primary EC from specific tissues mostly perform very poorly in

vasculogenesis and angiogenesis assays, likely due to over-

expansion prior to shipping. Indeed, we find that cells at

passages below −5 work best in our VMO platform. That said,

previous work from our group has shown that incorporating

stromal cells from various sources, such as the lung or heart,

leads to transcriptomic changes in the ECFC-EC, and that these

model systems show similarity with in vivo data (51), suggesting

that the stroma can influence EC phenotype. Additionally,

unpublished data suggest that developing VMOs with NHLF

upregulates lung marker expression on the EC, such as ACE,

which a published study showed was only expressed at high and

uniform levels in lung EC in vivo, with some organ vasculature

being completely devoid of expression (52). Therefore, while

primary lung endothelial cells may improve the translational

impact of these findings, ECFC-EC are better suited for this

work due to their vasculogenic and angiogenic potential, as well

as plasticity in taking on tissue-specific phenotypes.

While COVID-19 mortality rates have been far lower since the

introduction of mRNA vaccines (53), there is still a pressing need

to better understand both the acute infection stage and the long-

term effects of the disease following recovery. Currently, it is

theorized that the profound impact of long-term COVID-19 is

due to the dysregulation of thrombotic pathways leading to

disseminated intravascular coagulation (54, 55). The VMO, along

with other microphysiological systems, provides a unique avenue

to study thrombosis and coagulation in a real-time system.

Importantly, we have also demonstrated the utility of our platform

for studying the impact of potential therapeutics such as rACE2

and camostat mesylate on reducing viral entry. In summary, we

have demonstrated through the use of a sophisticated vascularized

microphysiological system platform the critical role of flow in the

induction of ACE2, and furthermore, have provided clear evidence

that the vasculature could play a central role in the initiation and

amplification of hypercytokinemia, a major driver of patient death

in the early stages of the pandemic.
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The disruptive role of LRG1 on
the vasculature and perivascular
microenvironment
Athina Dritsoula*, Carlotta Camilli, Stephen E. Moss and
John Greenwood

UCL Institute of Ophthalmology, University College London, London, United Kingdom
The establishment of new blood vessels, and their subsequent stabilization, is a
critical process that facilitates tissue growth and organ development. Once
established, vessels need to diversify to meet the specific needs of the local
tissue and to maintain homeostasis. These processes are tightly regulated and
fundamental to normal vessel and tissue function. The mechanisms that
orchestrate angiogenesis and vessel maturation have been widely studied, with
signaling crosstalk between endothelium and perivascular cells being identified
as an essential component. In disease, however, new vessels develop
abnormally, and existing vessels lose their specialization and function, which
invariably contributes to disease progression. Despite considerable research into
the vasculopathic mechanisms in disease, our knowledge remains incomplete.
Accordingly, the identification of angiocrine and angiopathic molecules
secreted by cells within the vascular microenvironment, and their effect on
vessel behaviour, remains a major research objective. Over the last decade the
secreted glycoprotein leucine-rich α-2 glycoprotein 1 (LRG1), has emerged as a
significant vasculopathic molecule, stimulating defective angiogenesis, and
destabilizing the existing vasculature mainly, but not uniquely, by altering both
canonical and non-canonical TGF-β signaling in a highly cell and context
dependent manner. Whilst LRG1 does not possess any overt homeostatic role in
vessel development and maintenance, growing evidence provides a compelling
case for LRG1 playing a pleiotropic role in disrupting the vasculature in many
disease settings. Thus, LRG1 has now been reported to damage vessels in
various disorders including cancer, diabetes, chronic kidney disease, ocular
disease, and lung disease and the signaling processes that drive this dysfunction
are being defined. Moreover, therapeutic targeting of LRG1 has been widely
proposed to re-establish a quiescent endothelium and normalized vasculature.
In this review, we consider the current status of our understanding of the role
of LRG1 in vascular pathology, and its potential as a therapeutic target.

KEYWORDS

LRG1, TGF-β, vascular dysfunction, inflammation, fibrosis, angiogenesis, vessel

normalization, vascular

Introduction

The formation of a vascular network is a fundamental prerequisite in serving the needs

of the surrounding tissue and enabling normal tissue function. The process of

angiogenesis, whether during development or postnatally as during reproduction and

wound healing, has been studied extensively and many of the controlling elements have

been defined (1, 2). Vascular endothelial growth factor (VEGF) has emerged as the

master regulator, but other factors also contribute to vessel growth and the subsequent
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stabilization and maturation processes, which are necessary for the

establishment of functional vessels (3). The vasculature, however, is

highly heterogeneous with vessel structure and function depending

on position in the vascular hierarchy and on the physiological

requirements of the surrounding tissue. To achieve such diverse

functionality, different local signaling factors are required during

development and throughout life to maintain this site-specific

specialization. Nevertheless, some ubiquitous signaling

interactions are deemed essential for vessel maturation, most

notably the crosstalk between the endothelium and perivascular

mural cells, which are critical to vascular homeostasis. Indeed,

disruption of this cellular interplay is recognised as a major

factor in the destabilization of existing vessels in several diseases.

Aside from the disruption of existing vessels, the formation of

new vessels in disease has attracted enormous attention as they are

usually abnormal, often forming a chaotic and immature network

that may be poorly perfused, leaky, and fragile (2). Whilst many

of the factors driving new vessel growth in disease are also those

responsible for developmental and physiological angiogenesis, it

is clear that differences must exist. Thus, it has been proposed

that the balance of expression between pro- and anti-angiogenic

factors may be disturbed, while additional disease-specific players

may corrupt the normal angiogenic and maturation processes.

Although our understanding of these factors, and the associated

signaling pathways that disrupt both new and existing vascular

structure and function is considerable, there remain significant

gaps in our knowledge as highlighted by the large number of

patients who fail to respond favourably to standard of care

therapies aimed at alleviating vascular dysfunction (2, 4).

The interaction between the endothelium and perivascular

mural cells is an imperative and extremely complex process that

is central to normal blood vessel development and long-term

homeostasis. Abnormalities in this relationship are implicated in

numerous vascular diseases, such as diabetic retinopathy,

pulmonary hypertension, kidney disease and cancer, where

decreased mural cell coverage or abnormal recruitment results in

destabilized leaky microvessels and vascular rarefication (5–9). In

addition, activation or de-differentiation of vascular smooth

muscle cells and pericytes can lead to vascular remodeling and

medial thickening in larger vessels (5). Also emerging is the

disruptive role played by endothelial to mesenchymal transition

(EndMT) (10), a process similar to epithelial to mesenchymal

transition (EMT), in which TGF-β plays a predominant role.

Irrespective of cause, when vessels become dysfunctional, they

not only fail to provide their selective barrier and delivery

functions but can also negatively influence the behaviour of

surrounding tissue. Designing therapeutic strategies, therefore,

that aim to normalize the vasculature has received increasing

attention, especially in cancer (11), but further insight into our

understanding of interactions that drive vascular dysfunction in

disease is needed. Through such improved insight, new

therapeutic targets will be identified for which activation or

inhibition will enable repair of dysfunctional vessels and the

facilitation of physiological revascularization during disease. One

recently identified candidate, the angiocrine factor leucine-rich

α-2 glycoprotein 1 (LRG1), is emerging as a ubiquitous and
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potentially critical player in driving vascular pathology, and

therefore offers substantial potential as a new therapeutic target

in many different diseases. This review aims to present the

diverse and emerging vasculopathic roles that LRG1 has on the

vasculature and its influence on the local microenvironment.
LRG1 in homeostasis and disease

LRG1 is a member of the conserved family of leucine-rich repeat

glycoproteins that are involved in numerous physiological functions,

including protein-protein interactions and innate immune responses

(12, 13). Under normal conditions LRG1 is expressed almost

exclusively by liver hepatocytes, from where it is secreted into the

circulation and maintained at an approximate concentration of

20–50 μg/ml in the plasma (14) (Figure 1). Neutrophils, which are

powerful mediators of innate immunity, are also known to express

LRG1 constitutively and are likely to contribute to LRG1-mediated

pathogenic effects in inflamed tissues and diseased vasculature

(Figure 1). In these cells, LRG1 is stored within granules, and its

expression has been associated with accelerated neutrophilic

granulopoiesis, suggesting a potential role for LRG1 in myeloid

cell differentiation (15, 16). Moreover, LRG1 has been shown to

be involved in the formation of neutrophil extracellular traps

(NETs), a process known as NETosis, via a signaling pathway

involving ALK5 and AKT (17). NETosis is an innate immune

response initiated against pathogens but is also frequently

associated with vascular dysfunction (18). These findings, together

with increased LRG1 levels in serum in response to microbial or

viral infections and other inflammatory stimuli, as well as the high

binding affinity of LRG1 for cytochrome c (Cyt c) following its

release upon apoptotic signals, have led to the proposal that LRG1

functions as an acute phase protein involved in the innate

immune response (19, 20). Aside from these major sources of

LRG1, low levels of expression have been reported under normal

conditions in other tissues including lung, kidney, heart, brain,

testis, and the vasculature, where LRG1 is predominantly

expressed in endothelial cells (21) (Figure 1). Many of these

studies, however, use immunohistochemical detection, which

might reflect the presence of extracellular, and matrix/endothelial

cell sequestered LRG1 derived from the circulation. Nevertheless, a

recent transcriptomics study dissecting the molecular heterogeneity

of blood vascular endothelial cells from skin has shown that LRG1

transcript is exclusively found in the blood vessels and more

specifically in healthy skin enriched in the postcapillary venules (22).

Although current evidence suggests that LRG1 expression may

be important to the functions of different organs and processes, its

primary physiological role remains poorly defined, with Lrg1-

deficient mice presenting with normal development and fertility,

and no obvious phenotype indicating a non-essential role. In

recent years, however, accumulating evidence points to the

involvement of LRG1 in a wide range of diseases (23, 24). Since

2013, when LRG1 was initially identified as a key vasculopathic

molecule in abnormal angiogenesis (25), more causative roles

have been attributed. Among others, LRG1 has been found to

drive IL-6-dependent pathological angiogenesis through the
frontiersin.org
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FIGURE 1

Cell source, target cells and outcome of LRG1 in the vasculature. LRG1 is expressed constitutively by only a few cell types, including hepatocytes and
neutrophils, but during disease can be induced in various other cells. In the vasculature, endothelial cells are the only source of LRG1, but other local
cells may also be induced to express LRG1 such as fibroblasts and tumor cells. Irrespective of the source, LRG1 affects the function of all cellular
components of blood vessels resulting in vascular damage. Vascular dysfunction is closely associated with fibrosis, and both may influence each
other through LRG1 signaling. EndMT, endothelial to mesenchymal transition. Created with BioRender.com.
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STAT3 signaling pathway (26, 27), destabilize tumor vasculature

and promote tumor growth and metastasis (28–32), drive

chronic kidney and lung disease (33–40), stimulate fibrosis

(33, 34, 41–48), contribute to diabetes-related pathology

(17, 49–57), and regulate pathological placental angiogenesis (58).

High circulating LRG1 levels have been reported in many

cancers, where LRG1 has been proposed, or used, as a prognostic

and diagnostic marker. Indeed, high LRG1 levels in cancer

patients’ plasma correlate with poor prognosis and survival

(59–61), and resistance to standard of care therapy (62). The

involvement and roles of LRG1 in key vascular processes are the

scope of this review and will be discussed in detail.
Regulation of LRG1 expression

Several transcriptomic and post-transcriptional regulatory studies

have shown that the IL-6/STAT3signalingpathway is amajor activator

of LRG1 expression (26, 29, 31, 63). Indeed, it was recently reported

that LRG1 transcriptional activation is abolished upon deletion of

the STAT3 binding site on the LRG1 promoter (26). Inflammation

seems to be an important driver of LRG1 expression, with many

different cytokines activating LRG1 in a range of cells and disease

settings (Figure 2). These include IL-6, IL-1β, TNF-α, IL-17, IL-4,

IL-10 and IL-33 and they may act either alone or synergistically

(36, 64–68). In addition, PPARβ/δ is able to bind the LRG1
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promoter to activate transcription as reported in a chromatin

immunoprecipitation assay (47), and similarly, both ELK1 and

ELK4 transcription factors have been shown to initiate LRG1

transcription upon mechanical strain (41) and through cooperation

with Sp1/Sp3 complex (69), respectively. FOS-like 1 was also

identified as a novel activator of LRG1 in a transcriptomics study

(39). There is also evidence that hypoxia can induce LRG1

expression (70), consistent with the presence of potentially active

HIF-1α binding elements in the LRG1 promoter. At the post-

transcriptional and post-translational levels, microRNAs, long non-

coding RNAs, and histone modifications have also been reported to

regulate LRG1 expression (23) (Figure 2). Furthermore, different

glycosylation patterns have been identified and these might

influence LRG1 function (23). Overall, while experimental evidence

that unravels the pleiotropic functions of LRG1 continues to

accumulate, further work is required to establish the key regulatory

mechanisms that control LRG1 expression and function, some of

which will be discussed in detail later.
LRG1 and angiogenesis

In the early stages of development, blood vessels are formed

through a tightly orchestrated process called vasculogenesis,

where mesoderm-derived angioblasts, the precursor of

endothelial cells, establish angioblastic cords that advance into a
frontiersin.org

http://BioRender.com
https://doi.org/10.3389/fcvm.2024.1386177
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 2

Induction of LRG1. (A) Schematic representation of inflammatory factors reported to activate LRG1 gene expression and known transcriptional and
post-transcriptional regulatory mechanisms. Cytokines and lipopolysaccharide (LPS) acting through their cognate receptors and downstream
transcription factors drive LRG1 gene induction. lncRNA TUG1 facilitates LRG1 transcription while miR-335, miR-494, miR-497, miR-150-5p and
miR-24-3p promote the degradation of LRG1 mRNA. LRG1 protein is differentially glycosylated in a cell- and function-specific manner that may
affect its activity. The secreted protein may combine to form dimers and trimers. OSM, oncostatin M; IL, interleukin; TLR4, toll-like receptor 4;
lncRNA, long non-coding RNA; miRNA, microRNA. (B) LRG1 is induced during cell damage and infection as part of the repair mechanism. In the
presence of LRG1 and TGF-β, we propose that cells are activated and de-differentiated into a less mature state to enable wound healing. As
inflammatory signals subside, LRG1 expression diminishes allowing resolution of tissue damage and cells to return to a quiescent state. (C) Under
chronic conditions, inflammatory signals maintain LRG1 expression perpetuating the unstable cell state and preventing completion of the healing
process. EMT, epithelial to mesenchymal transition; EndMT, endothelial to mesenchymal transition. Created with BioRender.com.
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primitive vascular plexus and subsequently into blood vessels. At

later stages of development, and postnatally in the reproductive

system and during physiological tissue repair, angiogenesis occurs

in response to tissue growth and hypoxia. The angiogenic

mechanism is tightly regulated and influenced by pro-angiogenic

factors, with VEGF being a key master regulator, essential for the

development and maintenance of the vascular system (3). Other

growth factors with established pro-angiogenic activities include

the FGFs, PDGF, angiopoietins, HGF and the TGF-β superfamily.

In particular, PDGF and the angiopoietins exert their functions on

the endothelium in a paracrine manner through their binding to,

or their expression by, perivascular mural cells. In addition,

angiopoietins regulate vascular homeostasis and promote vessel

stability through the recruitment of mural cells and mediate their

interactions with the endothelium (71). Among other potent

angiogenic molecules are angiopoietin-like 4 (72), apelin (73),

Frizzled A (74, 75), thrombomodulin (76), AGGF1 (77), Slit3 (78),

as well as a plethora of pro-angiogenic peptides, the therapeutic
Frontiers in Cardiovascular Medicine 0454
potential of which is reviewed elsewhere (79). Aside from the

established regulators of angiogenesis, there are many ancillary

factors that influence vessel growth and maturation and which,

under certain circumstances, may even circumvent the angiogenic

dependency on VEGF. As will be seen in this review, LRG1 is

now considered to be one of these adjunct pro-angiogenic factors

and hence can be added to this extensive list. However, contrary

to many of the factors mentioned above, LRG1 does not play a

role in developmental or physiological angiogenesis as knock-out

mice exhibit no overt phenotype, breed successfully and live a

normal life span (21). In the context of disease, however, LRG1 is

now recognised as a potent pro-neoangiogenic factor as it has

been shown to promote pathological angiogenesis in numerous

diseases and de novo growth in in vitro experimental settings

(Table 1). It is worth noting, however, that angiogenesis under

in vitro/ex vivo conditions is unlikely to represent normal

angiogenesis, as the environment is more aligned to a pathogenic

than homeostatic state. As outlined in more detail in the sections
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TABLE 1 Evidence for the functional role of LRG1 in disease pathogenesis and vascular processes.

Disease/Condition Process Functional evidence Publication
Cancer Tumor progression, Angiogenesis

(Bladder cancer)
Increased tumor cell proliferation, migration, invasion, EC angiogenesis (tube formation)
(in vitro).

(80)

Tumor progression, Angiogenesis
(Pancreatic cancer)

Improved tumor cell viability, migration, invasion, EC angiogenesis (tube formation)
through VEGFR activation (in vitro).

(81)

Tumor progression, Angiogenesis
(Gastric cancer)

Increased EC proliferation, migration, and angiogenesis (tube formation). Tumor cell
angiogenesis and tumor progression (in vitro).

(27)

Vessel normalization Improved vessel structure and vascular function (Antibody blockade or gene deletion in
tumor models in vivo).

(32)

Metastasis Promoted metastasis in lung cancer via NG2+ perivascular cells and STAT3 signaling (in
vivo).

(29)

Metastasis (Melanoma) Reduced tumor cell metastasis, growth, proliferation, and angiogenesis in the absence of
LRG1 (in vivo, in vitro).

(28)

Angiogenesis (Non-small-cell lung
cancer)

Promoted tumor cell proliferation, migration, invasion, EC angiogenesis (tube formation)
through TGF-β (in vitro).

(82)

Angiogenesis (Ovarian cancer) Induced EC angiogenesis (tube formation) by upregulating VEGF, Ang1, TGF-β (in vitro). (83)

Angiogenesis (Colorectal cancer) Promoted tumor cell invasion, EMT, EC migration, angiogenesis and sprouting (ex vivo,
in vitro) through HIF-1α.

(84)

Diabetes Angiogenesis Induced angiogenic and neurotrophic function, EC angiogenesis (tube formation),
proliferation, migration (in vivo, ex vivo, in vitro).

(85)

Wound healing Promoted EC viability, proliferation, migration, angiogenesis (in vitro), and wound
healing (in vivo).

(86)

Wound healing Controlled immune cell infiltration, re-epithelialization, and EC angiogenesis/
proliferation (tube formation) through phosphorylation of SMAD1/5.

(17)

Wound healing Corneal epithelial wound healing and nerve regeneration via regulation of matrix
metalloproteinases (in vivo, in vitro).

(54)

Angiogenesis Induced angiogenesis (in vivo) through ALK1-SMAD1/5/8 in glomerular EC. (53)

Pathogenesis Elevated expression in glomerular EC (in vitro). (52)

Angiogenesis Elevated expression in glomerular EC and angiogenesis (tube formation) (in vitro). (87)

Fibrosis Skin Induced EC proliferation, migration, and angiogenesis (in vitro) and promoted skin
fibrosis through ELK1 and ERK signaling.

(41)

Lung Promoted lung fibrosis through TGF-β-induced Smad2 (in vivo, in vitro). (42)

Kidney, DKD Induced expression in glomerular EC and promoted fibrosis through p38 signaling (in
vitro).

(88)

Kidney, CKD Promoted EC angiogenesis (tube formation) and proliferation (protective role). (34)

Heart fibrosis, myocardial
infarction

Gene ablation aggravated myocardial fibrosis and cardiac remodeling by suppressing
SMAD1/5/8 (in vivo) (protective role).

(89)

Acute respiratory distress
syndrome

Vascular repair, tissue healing Exhibited angiogenic properties and tissue repair through TGF-βR2 and SMAD1/5/8. (90)

Osteoarthritis Angiogenesis Induced EC angiogenesis and mesenchymal stem cell migration (in vitro). (64)

Corneal neovascularization Angiogenesis Induced angiogenesis and lymphangiogenesis via activating VEGF signaling (in vivo). (91)

Ischemia Angiogenesis Promoted blood vessel formation through upregulating the TGF-β1 signaling (in vivo). (92)

Atherosclerosis Calcification Endothelial LRG1 induced VSMC de-differentiation and calcification through SMAD1/5
signaling (in vivo).

(93)

De novo angiogenesis Vessel formation (placenta) Exhibited pro-angiogenic functions and hypervascularization in gestational diabetic
placenta (ex vivo, in vitro).

(58)

Vessel formation Induced de novo angiogenesis upon activation by IL-6/STAT3 (ex vivo, in vitro). (26)

Vessel formation (ocular) Induced de novo angiogenesis through SMAD1/5/8 (ex vivo, in vitro). (25)

EC, endothelial cell; EMT, epithelial to mesenchymal transition; CKD, chronic kidney disease; DKD, diabetic kidney disease; VSMC, vascular smooth muscle cells.
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below, and with the caveat above, several studies have investigated

the pro-angiogenic properties of LRG1 and have shown that it can

act directly on endothelial cells, inducing cell proliferation and

tube formation in vitro as well as on other cells impacting

proliferation, migration and viability (17, 27, 34, 41, 80–84, 86). In

addition, LRG1 promotes vessel growth and sprouting in ex vivo

mouse metatarsal bone and aortic ring angiogenesis assays

(25, 26). This is attenuated in explant tissues derived from Lrg1−/−

mice or when a function-blocking anti-LRG1 antibody is used

(25, 26, 84, 94). Similarly, knocking down LRG1 through siRNA

silencing decreased the tube formation capacity of HUVEC

co-cultured with pancreatic cancer cells (81). Vessels that develop
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in response to LRG1 stimulation, in the absence of other

exogenous drivers, exhibit a pathological phenotype. In particular,

LRG1 treatment of metatarsal bones and aortic rings resulted in

vessels with reduced coverage of αSMA+ and NG2+ mural cells

(26). Although the mechanisms behind this remain unknown, it

seems likely that both autocrine and paracrine mechanisms affect

the recruitment, proliferation, migration and differentiation state of

mural cells in a LRG1-dependent manner. These studies raise the

question whether LRG1 is a true angiogenic factor or whether it

affects the stability of existing vessels permitting them to be more

permissive to other angiogenic stimuli. Indeed, similar to VEGF,

LRG1 can destabilize existing vessels and this may promote the
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angiogenic process. In addition, as LRG1 is ubiquitously present in

the circulation it remains unclear what the relative contribution of

systemic LRG1 vs. locally produced LRG1 is to vascular pathology.

As with TGF-β, the effect of LRG1 on cell function is dependent

on multiple factors one of which appears to be its local

concentration, indicating a possible threshold effect achieved

through local production. Moreover, the differential effect of

luminal vs. abluminal exposure has yet to be determined as this

may also dictate outcome.

Thedata above support the idea that in contrast tomanyangiogenic

factors with homeostatic roles in the maintenance of a healthy
FIGURE 3

Drivers of vascular dysfunction and its therapeutic reversal. Vessels under no
through cross-talk between the endothelial cell and mural cells (pericytes a
that destabilize existing vessels and stimulate new dysfunctional vessel growt
alter vascular function in disease is a common therapeutic objective. Inhibiti
be a promising therapeutic approach. DR, diabetic retinopathy; nAMD, neov
Created with BioRender.com.
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vasculature, LRG1 expression is induced locally in response to

pathogenic cues to drive the formation of a destabilized vasculature

(Figure 3). These cues include inflammatory signals, hypoxia and

vessel destabilizing factors that not only induce LRG1 expression but

may also act on the vasculature independently creating an overall

disruptive milieu. Acute inflammation, for example, causes

dysfunction to existing vessels and often precedes neovascularization.

Indeed, when inflammation becomes chronic and unresolved, it can

promote the sustained activation of downstream mechanisms that

trigger endothelial dysfunction, vascular remodeling, and abnormal

neovascularization all of which serve as major risk factors for the
rmal conditions are stabilized and maintained in a mature functional state
nd smooth muscle cells). During disease, vasoactive factors are released
h, both of which contribute to disease progression. Targeting factors that
ng LRG1 activity has been shown to normalize vessels and may therefore
ascular age-related macular degeneration; CKD, chronic kidney disease.
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development of cardiovascular disease (95). Our studies, and other

recent evidence, demonstrate that endothelial cells themselves

represent a key source of LRG1 in the diseased milieu (Figure 1). For

instance, single cell RNA sequencing revealed Lrg1 as one of the most

upregulated genes in disease-associated endothelial cells in murine

models of liver cancer (96) and atherosclerosis (97), while a seminal

study demonstrated that LRG1 originating from endothelial cells

contributes primarily, in an autocrine fashion, to vessel malfunction

and disease severity in a model of emphysema (37). Interestingly,

transcriptomics studies also showed higher Lrg1 expression in

endothelial cells isolated from LPS-treated lungs, pointing to

inflammation-induced LRG1 being responsible for aberrant

vasculogenesis (39). Similarly, Lrg1 was found upregulated in diseased

endothelium from inflamed retinal vessels in a mouse model of

experimental autoimmune uveitis, suggesting a role for LRG1 in

retinal inflammation and angiogenesis (98).

Abnormal angiogenesis is associated with numerous conditions,

and the role of LRG1 in this pathology has become evident. Thus, as

discussed in more detail below, it has been reported to be involved

in neovascular dysfunction in ocular disease, diabetes, kidney

disease, lung disease, impaired wound healing, inflammatory

conditions, gestational diabetes and cancer. In addition, LRG1 may

also contribute to destabilization of existing vessels by impacting on

endothelial cell adhesion and permeability (Figure 3). Such
FIGURE 4

LRG1 cell-dependent signaling and outcome. LRG1 can induce signaling in al
of signaling receptors and downstream influences, LRG1 can cause the TGF-
smooth muscle cell. LRG1 has been shown to alter the canonical and non-c
endothelial to mesenchymal transition; EMT, epithelial to mesenchymal tran
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emerging evidence highlights the potential of targeting LRG1 with

novel therapeutic strategies to attenuate vascular disruption in

disease. In support of this, and as highlighted elsewhere in this

review, deletion of the Lrg1 gene or blocking LRG1 function has

been shown to partially reverse the vascular pathology in many

conditions. Thus, therapeutic blockade of the angiopathic properties

of LRG1 will therefore not only permit vessels to revascularize tissue

in a more physiological manner but has the potential to re-establish

a quiescent endothelial state in existing disrupted vessels.

In order to devise therapeutic strategies targeting LRG1, it is

important to understand the mode of action through which

LRG1 promotes defective angiogenesis or impairs the established

vasculature. To date, it is evident that TGF-β signaling is a key

downstream mediator of LRG1 activity. In endothelial cells,

TGF-β signals through binding to the TGF-βRII receptor

followed by initiation of signaling either via the ALK1 or ALK5

kinase. In homeostasis, TGF-β signaling maintains endothelial

cell quiescence by regulating ALK5 and the downstream

SMAD2/3 transcription factors (99). However, high levels of

LRG1 can shift the balance of endothelial TGF-β signaling

towards the ALK1 kinase, which associates with Endoglin (ENG)

to activate the pro-angiogenic SMAD1/5/8 arm of transcription

factors leading to endothelial cell proliferation, migration and

pathological angiogenesis (25, 26, 53, 99) (Figure 4). Indeed,
l cellular constituents of the vasculature. Depending on the configuration
β angiogenic switch through acting on the endothelial cell, pericyte and
anonical TGF-β signaling pathways in a cell-dependent manner. EndMT,
sition. Created with BioRender.com.
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ENG has been proposed as being essential to allow the interactions

between LRG1, TGF-β and ALK1 (25, 100) but evidence from

other cell types demonstrates that it can still elicit TGF-βRII

signaling in the absence of ENG. Nevertheless, this so called

TGFβ angiogenic switch is not a binary response as outcome is

more likely due to the relative balance between these two

canonical signaling arms that dictates the context-dependent

nuanced response. Moreover, LRG1 also activates the non-canonical

TGF-β pathway in various cells and settings (23), which may

influence vascular structure and function (Figure 4). Merely

promoting the pro-angiogenic TGF-β switch, therefore, is unlikely to

fully explain the complex angiopathic effects of LRG1. There also

exists the distinct possibility that LRG1 can modify BMP signaling

although this remains to be determined. Outside the TGF-β axis, an

alternative mechanism has been noted, whereby LRG1 binds to the

Latrophilin-2 receptor to promote LRG1-dependent angioneurin

effects in diabetes, where angiogenic and neurotrophic processes are

in place (85). Additionally, recent studies have provided evidence that

LRG1 disrupts vascular homeostasis by altering the fine balance

between endothelial cells and pericytes causing leaky and destabilized

vessels (26, 32). How this imbalance is achieved needs to be further

explored, but autocrine and paracrine signaling mechanisms between

the endothelium and pericytes appear to be critical. Those

mechanisms may involve the release of angiocrine factors including

Ang1 and Ang2, or LRG1-driven signaling in pericytes.
LRG1, tissue repair and wound healing

Postnatally, angiogenesis is an important part of the repair and

wound healing process. This involves a tightly regulated sequence

of events including the recruitment of many different cell types

driven in part by overlapping phases of inflammation and tissue

remodeling (101). Failure of wound healing can lead to chronic

wounds, which can be observed in many conditions such as eye

disease, lung and heart disease, and diabetes (102). Upregulation

of LRG1 in various cell types during the normal wound healing

process clearly suggests its involvement, possibly through the

promotion of new vessels and cell de-differentiation and migration

(Figure 1). Whilst the role of LRG1 in normal blood vessel

formation during wound healing is still unknown, reduced blood

vessel density has been observed in the wound bed of Lrg1−/−

mice (17), suggesting its involvement in post-developmental vessel

formation. In a murine skin wound healing model, LRG1 drives

keratinocyte migration and re-epithelization by improving HIF-1α

stability through ELK3 (103), whereas in a similar setting, LRG1

promoted endothelial cell proliferation, angiogenesis and EMT

(17). In the latter study, LRG1 expression within the wound was

also observed in bone-marrow-derived cells such as neutrophils,

monocytes, macrophages and dendritic cells. The presence of

LRG1 was shown to be essential for timely wound repair as Lrg1−/−

mice exhibited a significant delay in wound closure, which was

reversed when bone marrow-derived LRG1-expressing stem cells

were transfused into the knock-out animals (17). However, in

wounds from diabetic mice, as well as from patients with diabetes,

LRG1 expression was markedly enhanced and in mice was shown
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to result in delayed wound closure. LRG1 was also associated with

the adverse inflammatory response by stimulating excessive

neutrophil attraction and promoting NETosis in a TGF-β/ALK5/

ΑKT-dependent manner (17). The delay in wound healing in

diabetic mice was reversed in Lrg1−/− mice, demonstrating its

context dependent activity. In diabetic wounds in the rat, LRG1 has

also been shown to increase blood vessel density through activating

the WNT/β-catenin pathway, which, counterintuitively, may

exacerbate the wound healing process (86).

Whilst not entirely consistent, these studies suggest that under

normal conditions LRG1 promotes physiological tissue repair by

promoting angiogenesis and cell migration, but in a chronic

inflammatory setting, as seen in diabetes, LRG1 remains induced

prolonging the initiating stage of wound healing (Figure 2). Our

current understanding, therefore, is that LRG1 is induced as part of

the acute innate immune response mechanism that sequesters Cyt

c, and through modification of TGF-β signaling activates endothelial

cells and pericytes resulting in destabilized vessels and stimulation

of sprouting angiogenesis. We propose that through other switches

in the TGF-β signaling, LRG1 also drives EMT that permits loss of

epithelial junctional integrity, cell division and migration required

for wound closure. As the inflammatory response resolves under

normal conditions LRG1 expression is attenuated allowing for

cellular re-differentiation, wound stabilization, and maturation.

However, in the presence of a continuing chronic inflammatory

stimulus LRG1 expression is sustained, and even increased, which

maintains cells in a de-differentiated less mature state and thus

prevents wound resolution and tissue homeostasis (Figure 2).
LRG1, ischemia and stroke

A role for LRG1 has been reported to be part of the repair

mechanism in cerebral damage due to ischaemic injury.

Interestingly, high circulating LRG1 levels have been found

positively associated with stroke severity and poor functional

outcomes (104–106), as well as with poor cognitive impairment

and neurological function (107). In the brain, following ischemic

stroke injury a single cell transcriptomics study revealed the

emergence of a LRG1-positive endothelial cell subpopulation in

the brain infarct area, the expression profile of which suggests its

involvement in the complex regulation of angiogenesis, with both

pro- and anti-angiogenic factors expressed (108). In fact, in a

mouse cerebral artery occlusion model, LRG1 increased apoptosis

and autophagy through TGF-β and SMAD1/5 exacerbating the

ischemic injury (109). Similarly, increased LRG1 was found in

brain endothelial cells in a rat brain ischemia model with

expression correlating positively with VEGF, Ang2 and TGF-β

(92), indicating a protective role for LRG1 by promoting de novo

formation of blood vessels, possibly through TGF-β (92). De novo

vessel formation was confirmed, with CD34 staining showing

significantly increased microvessel density after stroke, which again

correlated with LRG1 expression (92). However, whilst new vessels

were observed which may confer survival benefit, the likelihood is

that these penumbral vessels are dysfunctional compromising their

beneficial effect (110). A more recent study employing a cerebral
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ischemia-reperfusion injury model in the mouse demonstrated that

in the Lrg1−/− mouse there was reduced cerebral oedema and

infarct size, which was accompanied by improvement in

neurological function (111). Crucially, this study showed that

following cerebral ischaemia, cells of the blood-brain barrier were

able to retain the expression of barrier function related genes, such

as claudin 11, integrin β5, protocadherin 9, and annexin A2, more

effectively in the absence of LRG1 (111). This demonstrates that

LRG1 has a detrimental effect on the blood-brain barrier and thus

contributes to vasogenic cerebral oedema. In its wider role, Lrg1

knockout also permitted a more anti-inflammatory and tissue-

repairing environment and reduced neuronal cell death. In a

different ischaemic setting, tissue remodeling after myocardial

infarction involved the infiltration of LRG1 expressing myeloid

cells that were reported to exert a cardioprotective role by

promoting signaling through the pro-angiogenic TGF-β/SMAD1/

5/8 axis and contributing to post-infarct vessel formation (89).
LRG1 and vascular pathology of the eye

Retinal neovascularization

Vascular problems of the eye, such as in diabetic retinopathy or

neovascular (exudative or wet) age-related macular degeneration

(nAMD), are characterized by vessel remodeling and angiogenesis

and can occur intraretinally, subretinally or at the vitreal interface.

Irrespective of the ocular disease, vascular dysfunction is often a

major contributing factor to loss of vision in the developed world

(112). The first evidence that LRG1 is actively implicated in

pathogenic neovascularization emerged from its identification as the

most up-regulated gene in a transcriptomics analysis of retinal

microvessels isolated from three different animal models (retinal

dystrophy 1, VLDLR knock out, Grhl13ct/J curly tail), each of which

showed marked retinal vascular remodeling and pathology (25).

This study went on to show that the Lrg1 transcript is almost

undetectable in the healthy mouse retina but in experimental retinal

vascular diseases such as experimental choroidal neovascularization

(CNV) (113) and oxygen-induced retinopathy (OIR) (114) that

model choroidal and retinal neovascularization respectively,

expression of LRG1 is induced in endothelial cells (25). In OIR, the

abnormal retinal neovascularization that occurs at the vitreous

interface is believed to be driven largely by hypoxia, whereas in

CNV the laser burn to the retinal pigment epithelium (RPE) results

in vessels sprouting from the choriocapillaris through the breached

RPE into the subretinal space as a result of injury-induced hypoxic

and inflammatory cues. Irrespective of the model system employed,

genetic deletion of Lrg1 led to a diminished pathogenic neovascular

response coupled with a reduction in vascular leakage as assessed by

fundus fluorescein angiography. Of note, however, revascularization

of the hyperoxia-induced vessel ablated region in OIR proceeds in a

more physiological patterned manner and is not affected by Lrg1

deletion (25, 94), further demonstrating that LRG1 contributes to

pathogenic, but not physiological, neovascularization. Similar

findings were seen when LRG1 activity was blocked by intravitreal

delivery of a specific function-blocking antibody, the application of
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which significantly reduced OIR and CNV lesion size (25, 94) and

lends credence to its potential as a therapeutic target.

In addition to the disease-associated induction of endothelial

LRG1 expression, myeloid cells have also been found to express

LRG1 in choroidal neovascularization. A recent study exploring

the transcriptional profiling of immunosenescence in myeloid

cells during the development of CNV showed that aged

senescent myeloid cells of CNV-induced animals exhibited an

upregulated angiogenic transcriptional profile with significantly

elevated Lrg1 and Arg1 expression compared to young cells

(115). This is the first study to provide evidence of upregulated

Lrg1 expression in cells other than the endothelium contributing

to choroidal neovascularization. Although it is not clear yet

whether this is an epiphenomenon or there is a direct causal role

for LRG1 in CNV-related immunosenescence, the data suggest a

potential role for LRG1 and myeloid cells in the

immunoregulation of CNV that merits further investigation.

Corroborating the mouse studies above, elevated expression of

LRG1 has also been found in the aqueous and vitreous humour and

in retinal choroidal neovascular membranes of nAMD patients

(116–119), as well as in dry (atrophic) AMD (120). Mundo et al.,

showed that in ocular sections of nAMD membranes LRG1 is co-

localized not only with endothelial cells but also with myofibroblasts,

suggesting an alternative cell source through which LRG1 may exert

its pathological effects (118). Thus, myofibroblast-derived LRG1 may

contribute to endothelial dysfunction in the retina in a paracrine

manner, but it may also be involved in promoting retinal fibrosis

through autocrine mechanisms (118). This suggests that, two-way

LRG1 cross talk between endothelial cells and fibroblasts may drive

both vascular dysfunction and fibrosis. This is in accordance with

other findings showing that LRG1 promotes fibrosis in various

tissues and conditions including the skin (41), idiopathic pulmonary

fibrosis (42), renal fibrosis (34) as well as diabetic nephropathy (33,

121), by directly affecting the physiology and activity of fibroblast-

like tissue resident cells (Figure 1). Interestingly, a recent study

showed that exogenous LRG1 promotes the EMT of RPE cells as

evidenced through high levels of αSMA and fibronectin and low

levels of ZO-1 (122). The concept that vascular dysfunction can

contribute to fibrosis is not new (123) and it raises the interesting

possibility that endothelial derived LRG1 may also trigger the

fibrotic response in the eye. Similarly, endothelial cells have been

shown to contribute to matrix deposition when they undergo

phenotypic differentiation via EndMT, a process predominantly

regulated by TGF-β. EndMT is a hallmark of cardiovascular disease

and has been studied in a variety of experimental models (124).

Although there is no known link between EndMT and LRG1,

unpublished evidence from our laboratory suggests that LRG1 is

overexpressed in a cytokine induced EndMT model system and may

therefore play a role in the eye.
Diabetic retinopathy

In diabetic retinopathy, where retinal vascular dysfunction,

dropout and neovascularization are prominent, LRG1 has been

reported to be upregulated not only in the vitreous humour and
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in ocular tissues (25, 50, 125, 126), but also systemically in the

plasma of patients with proliferative diabetic retinopathy (PDR)

(50, 127). Diabetic retinopathy is the most common complication

of diabetes, leading to impaired vision and ultimately to vision

loss (128). The first stage of the disease is non-proliferative and

is characterized by microvascular abnormalities leading to

macular oedema, microaneurysms, micro-haemorrhages, and

poorly perfused, occluded, and de-endothelialized capillaries. In

PDR, the later stage of the disease, loss of vessels and subsequent

hypoxia results in the growth of abnormal neovessels leading to

vitreous haemorrhage, tractional detachment and eventually

blindness. Since LRG1 is almost undetectable in a healthy human

eye, its elevated expression in the vitreous in diabetes is most

likely to be due to activated local production in response to

disease, but it may also derive from the plasma as a consequence

of vascular leakage. Whether the upregulated expression drives

the vascular complications in the eye or contributes to other

diabetes-associated pathology remains to be elucidated. Indeed,

accumulating evidence indicates that LRG1 is upregulated in the

plasma (56, 129) and urine (130) of people with diabetes, hence

it can serve as a biomarker for PDR (131). However, LRG1 did

not offer a significant improvement when used in a risk

prediction model for PDR (57). Nevertheless, the greater

evidence so far implicates LRG1 in retinal neovascularization,

with its genetic deletion or inhibition of function through

antibody blockade ameliorating vascular pathology, lesion size

and leakage in animal models (25, 94). In addition, unpublished

data from our lab shows that LRG1 can promote the phenotypic

and functional differentiation of pericytes towards a fibrotic state

and that this contributes to vascular dysfunction in diabetic

retinopathy through both canonical and non-canonical TGF-β

signaling (20) (Figures 1, 4). This evidence highlights the

possibility that endothelial derived LRG1 may also impact retinal

function in a paracrine manner. Although our understanding of

diabetic retinopathy has increased substantially, and anti-VEGF

therapeutics have revolutionized diabetic macular oedema and

PDR treatment, a substantial number of patients remain or

become refractive which clearly implicates the involvement of

other players and highlights the need for further research. The

evidence to date suggests that LRG1 may be a contributing factor

to resistance to anti-VEGF strategies and thus LRG1 blockade

could improve outcome.
Corneal neovascularization

The angiogenic properties of LRG1 have also been described in

the context of corneal neovascularization in a corneal alkali burn

mouse model, where LRG1 promoted a significant outgrowth not

only of blood vessels, but also of lymphatic vessels (91). The

normal cornea is avascular in order to maintain transparency but

under pathological conditions, such as inflammation or trauma,

new vessels invade the avascular tissue causing visual impairment.

In Lrg1 knock down studies using siRNA, a limited angiogenic

and lymphangiogenic response was observed compared to control

mice (91). In this study, different members of the VEGF family
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were implicated in LRG1-driven corneal angiogenesis and

lymphangiogenesis, with VEGF-A/B and their receptors VEGFR-1/2

regulating the former and VEGF-C/D together with VEGFR-2/3

regulating the latter (91). How LRG1 impacts on this remains

unclear but it raises the possibility of cross regulation between

these pathways. Apart from neovascularization, LRG1 was also

found to promote corneal fibrosis by increased deposition of

αSMA, collagen type I and CTGF in the corneal epithelium (48).

This LRG1-driven effect was mediated by neutrophil infiltration at

the site of corneal injury through the phosphorylation of STAT3

and the upregulation of IL-6/STAT3 signaling (48). These data

point to LRG1 as a potential therapeutic target to ameliorate

pathogenesis in corneal disease.
LRG1 and chronic kidney disease

The role of LRG1 in kidney disease, in particular diabetic

nephropathy, is gaining interest (132) with growing evidence that

LRG1 contributes to vascular rarefaction and abnormal

neovascularization. In normal kidney, LRG1 expression is found in

glomerular endothelial cells co-localized with that of CD31, as well

as in the tubulointerstitium (53). The kidney is a highly

vascularized organ, where maintenance of normal blood flow is

crucial for renal function which, following pathological

complications such as vessel loss and fibrosis, may become

seriously compromised. Endothelial dysfunction coupled with

abnormal angiogenesis have long been known to contribute to the

pathogenesis of diabetic nephropathy and other chronic kidney

conditions, although the underlying molecular mechanisms are

poorly understood (33, 53, 133). Several studies show that in a

variety of chronic kidney disease (CKD) models LRG1 gene and

protein expression is significantly increased. Indeed, a

transcriptomics study has shown that in a model of diabetic

nephropathy, Lrg1 was upregulated in glomerular endothelial cells,

where it mediated high glucose-induced pathological angiogenesis

(87). Similarly, other studies have also shown that in experimental

diabetic kidney disease (DKD) Lrg1 gene expression induced in

glomerular endothelial cells is involved in vascular rarefication and

subsequent neovascularization and fibrosis, partly via activation of

the p38 and TGF-β-SMAD1/5/8 pathway (52, 53, 87, 88).

Consistent with these reports, LRG1 overexpression has also been

shown to result in exacerbation of disease (33, 53). What is

interesting, but needs further corroboration, is the suggestion that

the initiating mechanism driving vascular dysfunction is mediated

by LRG1 and is independent of VEGF. This is based on the

finding that LRG1 expression precedes the expression of VEGF

and its receptor VEGFR-2 in diabetic nephropathy (52) and that

VEGF is expressed mainly in the injured podocytes following

endothelial injury (134, 135). These data prompted the authors to

suggest that glomerular endothelial LRG1 may be an initiating

factor in vascular pathology in the diabetic kidney.

In various other in vivo models of CKD, including the albumin

overload model (136), unilateral ureteral obstruction (UUO) model

(34), and the aristolochic acid-induced nephrotoxicity (AAN)

model (33), LRG1 protein levels have also been shown to be
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higher, often correlating with increased pro-inflammatory and pro-

fibrotic cytokines. Such findings support the contention that LRG1

is not only induced by inflammatory cues but that it also promotes

the renal inflammatory response including the activation of

macrophages in a TGF-βR1-dependent manner (137).

In the kidney, endothelial cells are not the only source of LRG1,

as it has also been shown that renal tubular epithelial cells (33) and

HK-2 human proximal tubular epithelial cells (34) can be induced in

vitro to express LRG1. Tubular epithelial cell derived LRG1 has been

shown to activate the TGF-β-SMAD3 pathway in fibroblasts resulting

in increased renal fibrosis (33). This additional cellular source of

LRG1 may not only trigger fibrosis but also contribute further to

endothelial cell dysfunction. Indeed, it has also been proposed that

LRG1 mediated microvascular dysfunction in the kidney may

facilitate the onset and progression of fibrosis (34), supporting the

notion that these two phenomena are interrelated (123). What is

clear from these studies is that in the kidney LRG1 not only

stimulates vessel loss and the formation of abnormal neovessels, it

also drives the fibrotic response, all of which combine to reduce

glomerular filtration rates (121, 138). In accordance with the

studies above, increased renal LRG1 expression is reflected in the

urine, where significantly elevated levels correlate closely with the

degree of renal tubular dysfunction (136). Consistent with these

findings, Lrg1 knockout reduces the deterioration of kidney

function (33, 53). Similarly, suppression of LRG1 and ALK1-

dependent angiogenesis by metformin showed significant

renoprotective effects in a diabetic rat model (139).

Clinical evidence also points to LRG1 playing a role in the

pathogenesis of CKD. Thus, it has been shown that in people

with type 2 diabetes and DKD, plasma LRG1 levels predict both

albuminuria and CKD progression beyond traditional risk factors

(56, 140). Similarly, in children with type 1 diabetes a clear

relationship between plasma LRG1 and estimated glomerular

filtration rate (eGFR) decline suggests that LRG1 may be an early

marker of DKD progression (49). In separate studies, using

human DKD tissue, LRG1 gene expression has been found to be

increased in glomerular endothelial cells (53). Moreover, in other

forms of CKD, including lupus nephritis (36), IgA nephropathy

(34), and end-stage kidney disease dialysis patients (35),

increased LRG1 plasma and biopsy tissue levels correlate with

worse outcome, increased inflammatory markers, and greater

fibrosis. Of note, LRG1 levels correlated positively with IL-6, a

known activator of LRG1 gene expression, as well as with a more

advanced state of T cell differentiation and the presence of

cardiovascular disease and peripheral arterial occlusive disease

(35) demonstrating its potential systemic involvement.

In addition to plasma, increased urine LRG1 levels in diabetes is

also associated with an increased risk of progression to end stage

kidney disease independent of traditional cardiorenal risk factors

(55), and in kidney transplant recipients LRG1 has been considered

a potential kidney injury marker that correlates with other tubular

injury markers and functional deterioration (141). These human

data support the evidence from experimental studies that LRG1 is

an important factor in driving CKD through initial effects on the

kidney vasculature and the subsequent fibrotic response. One of

the most compelling pieces of clinical evidence that LRG1
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contributes to DKD, however, was a recently reported GWAS study

in people with type 2 diabetes and CKD, where a 5’UTR variant

(rs4806985) in the promoter region of LRG1 was found to

influence its gene expression resulting in elevated plasma LRG1

and a robust association with increased risk of rapid decline in

kidney function (51). This is the first study describing a

polymorphism risk to LRG1 circulating levels, suggesting a

potential use for LRG1 in stratifying patients with diabetes into

subsets based on their genetic predisposition. Additionally,

genetically influenced plasma LRG1 levels were also associated with

lower cognitive function, further supporting a role for LRG1 as a

novel biomarker for cognitive decline in type 2 diabetes mellitus

(142). The conclusion drawn in many of these studies is that LRG1

is a potentially important therapeutic target as it is seen as a

master upstream orchestrator of pathogenic TGF-β signaling. It is

well established that the TGF-β pathway has a critical role in

neovascular and fibrotic processes and that targeting constituents of

this pathway continues to be considered an attractive therapeutic

strategy. However, the need to retain homeostatic TGF-β signaling

remains a challenge but one which may be overcome by targeting

LRG1 as this is a key upstream factor in causing the switch from

quiescent housekeeping to pathogenic disruptive signaling.
LRG1 and lung disease

Inflammation, tissue repair, endothelial dysfunction and

increased interstitial pressure are common phenomena in

pulmonary disease leading to prominent vascular-related

complications such as pulmonary embolism, abnormal

microthrombi, and microvascular damage (143). Alveolar epithelial

and endothelial permeability are also compromised with impaired

gas exchange and vascular leakage due to loss or destabilization of

cell junctions. In addition, the damaged endothelium may disrupt

vascular tone and cause dysregulation of anti-inflammatory and

anti-thrombogenic endothelial properties, and together with

damaged epithelium can trigger the tissue repair process (144). To

date, evidence shows that LRG1 is involved in pulmonary vascular

dysfunction with increased expression seen in lung disease,

including chronic obstructive pulmonary disease (COPD),

interstitial pneumonia, airway inflammation in asthma, and active

tuberculosis, with LRG1 levels serving as a biomarker for early

diagnosis, progression, and prognosis (38, 66, 145–148).

Several reports show that LRG1 is upregulated in lung

epithelial and endothelial cells, mainly but not exclusively in

inflammation-induced pathology (37, 39, 66, 90). In particular, in

human COPD tissue, upregulated LRG1 was localized specifically

to the endothelium and correlated positively with marked airflow

obstruction, decline in lung function and severity of emphysema

(37). COPD is a heterogeneous long term lung disease

characterized by persistent airway inflammation, microvascular

dysfunction, dysregulated angiogenesis, and endothelial

apoptosis (149). Specific endothelial deletion of LRG1 in a

murine elastase model of COPD protected against severe

parenchymal destruction, highlighting a critical role for LRG1 in

promoting the development of maladaptive lung vasculature (37).
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Although the exact mechanism that mediates this process has not

yet been defined, it is possible that LRG1 impacts angiogenic

responses following endothelial injury either by promoting

defective angiogenesis or through the development of fibrosis.

Indeed, LRG1 has been shown to trigger a pro-fibrotic response

in the lung by activating lung fibroblasts and the subsequent

production and deposition of extracellular matrix via TGF-β

signaling and the phosphorylation of SMAD2 and SMAD3 in

mouse bleomycin models (42, 44). Strikingly, in a recent single

cell transcriptomics study, LRG1 was described as an extracellular

matrix coding gene and its expression was found increased and

maintained at high levels in aging lung, which associated LRG1

with age-related inflammation and tissue stiffness (150).

However, LRG1-mediated fibroblast activation and proliferation

was not regulated by SMAD2 or 3, the levels of which were

either unchanged or repressed, respectively, implying that other

signaling mechanisms, such as activation of alternative canonical

or non-canonical pathways, are in place (150). Indeed, consistent

with previously published data (25, 26, 53), in viral-induced lung

injury, LRG1 upregulation drives endothelial cell proliferation

and the angiogenic responses required for tissue repair by

activating SMAD1/5 signaling (90).

Elevated levels of circulating LRG1 have also been reported in

severe COVID-19 patients in blood, plasma, and tissue proteomic

studies (151–156). Although most of these studies associate

elevated LRG1 expression with an early immune and

inflammatory response, it is possible that LRG1 exerts an

angiopathic role in the pulmonary microvasculature related to

COVID-19. In fact, a dysregulated cytokine immune response,

known as a “cytokine storm”, has been established and studied

extensively in patients with COVID-19 (157). This includes

highly elevated expression of pro-inflammatory cytokines that

correlates with COVID-19 disease severity and requires

immediate attention, as excessive activation of immune cells can

lead to complicated and potentially lethal medical syndromes

(158). Among others, IL-6 is a key player in this cytokine

response with significantly elevated circulating levels in the

plasma of patients with COVID-19, and consequently it has been

reported to contribute to the related vascular pathology

(159, 160). Blocking IL-6 signaling as a therapeutic intervention

has been extensively studied in many diseases (161, 162), and

COVID-19 randomized controlled clinical trials with biologics

targeting the IL-6 receptor, including the Tocilizumab antibody,

have shown evidence of clinical benefit (163–166). Elevation of

both IL-6 and LRG1 in patients with COVID-19 suggests that

circulating pro-inflammatory IL-6 may induce systemic and local

upregulation of angiopathic LRG1 in the pulmonary

microvasculature. Indeed, IL-6 upregulates LRG1 expression in

human pulmonary microvascular endothelial cells, and this effect

is reversed when IL-6 signaling is blocked by the tocilizumab

antibody (26). Upregulated LRG1 in turn may contribute to the

development of a destabilized vasculature with prominent

endothelial dysfunction and vascular leakage during impaired

lung tissue wound healing (Figures 1, 4). This LRG1-dependent

microangiopathy may be mediated by the pro-angiogenic TGF-β-

SMAD1/5 signaling arm, as evidenced in other endothelial-
Frontiers in Cardiovascular Medicine 1262
related disease settings (25, 26, 90). As reported in experimental

CKD, and described above, dysregulated microvascular

endothelial cells in the lung in COVID may also be a driver of

fibrosis (37), linking LRG1 to these two key pathogenic processes.
LRG1 and inflammation-associated
disease

Over the past decade several studies have provided evidence that

LRG1 is involved in various inflammatory and autoimmune

diseases, and may act as a useful clinical and diagnostic biomarker

(23, 167–174). In such conditions, levels of LRG1 are upregulated

at the site of inflammation, with expression induced by pro-

inflammatory cytokines secreted by various cell types, followed by

the initiation of a series of downstream vascular events. During

inflammation, one of the key vascular responses is an increase in

vessel permeability that, alongside other inflammatory changes,

facilitates the extravasation of immune molecules and cells to the

site of injury (175). In addition to tissue resident cells, recruited

immune cells provide an additional source of angiogenic factors

that play a part in the inflammatory and reparative response. Over

time this response resolves but under certain chronic conditions

unresolved inflammation, including the persistence of LRG1

expression, continues through an imbalance of stimulatory,

inhibitory and disruptive factors, and can give rise to long-term

vasculopathic outcomes (176) (Figure 2).

Osteoarthritis (OA) is the most common inflammatory joint

disorder, with aberrant endothelial cell proliferation, vascular

penetration, and synovial fibrosis being the main disease leading

mechanisms that contribute to structural damage and pain (177).

Lrg1 transcript has been found to be upregulated in chondrocytes

upon IL-6 stimulation (178). In OA the pro-inflammatory

cytokine TNF-α, a key player in the pathophysiology of the

disease and major activator of pro-angiogenic factors (179, 180),

was also shown to induce LRG1 expression in the subchondral

bone and articular cartilage (64). In this setting it promoted

angiogenesis, mesenchymal stem cell migration and aberrant bone

formation via MAPK-dependent p38/p65 signaling. This highlights

a new potential mechanism through which LRG1 promotes

abnormal neovascularization coupled with de novo bone

formation. Supplementary to its role in angiogenesis in OA, LRG1

has also been shown to contribute to synovial fibrosis and joint

stiffness by promoting secretion of extracellular matrix in synovial

cells, cell migration and wound healing (46), further suggesting

that LRG1 not only affects endothelial cells but also other cells in

the cartilage exerting multiple parallel pathogenic responses.

Although LRG1has attracted substantial interest with regards to its

use as a clinical biomarker in a plethora of inflammatory conditions,

little is known about its mechanistic involvement in the development

and progression of vascular defects in these conditions. Nevertheless,

LRG1 has been implicated in Kawasaki disease, an acute systemic

vasculitis causing inflammation of small to medium sized blood

vessels resulting in cardiovascular complications (181, 182). The

main cytokines responsible for inducing LRG1, TFN-α and IL-6, are

elevated in the plasma of patients with Kawasaki disease, and a
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proteomic analysis of serum exosomes of patients with coronary artery

aneurysms caused by Kawasaki disease showed upregulated LRG1

levels, although no causal link with pathology was shown (183).

Similarly, another study on Kawasaki disease in children identified

LRG1 as a potential trigger of endothelial cell activation and cardiac

remodeling that closely associated with IL-1β signaling (184). The

cell source contributing to increased circulating LRG1 levels in these

conditions has not yet been identified but evidence from other

conditions suggests that upon inflammatory stimulation LRG1 is

most likely produced by endothelial cells, where it exerts its

vasculopathic effects via autocrine and paracrine pathways on the

endothelium and the adjacent mural cells, respectively. Although the

exact vascular pathogenesis in Kawasaki disease is not well

understood, vascular complications include necrotizing arteritis

associated with neutrophilic and immune cell infiltration, the release

of pro-inflammatory cytokines, luminal myofibroblast proliferation

and progressive obstruction of the coronary lumen have all been

linked with LRG1 in other conditions and so it is likely that it plays

a role in this and other vasculitides. In support of this, LRG1 has

also been found to be a promising serum biomarker for large vessel

vasculitis (LVV) (185), and antineutrophil cytoplasmic antibody

(ANCA)-associated vasculitis (AAV) (186, 187).

Inflammation is a hallmark of cardiovascular disease and

destabilized vasculature, and frequently serves as a trigger during

the early stages of disease, while increased expression of

inflammatory cytokines is associated with a higher risk of

cardiovascular diseases (188). Thus, LRG1 may be anticipated to

initiate or mediate inflammatory responses to some extent in

conditions with cardiovascular risk. In fact, LRG1 has been shown

to promote cardiovascular disease by regulating endothelial

dysfunction and inflammation through TGF-β and SMAD1/5/8

signaling in endothelial cells, interrupting normal endothelium-

dependent vasodilation and availability of nitric oxide (129).

Furthermore, in a recent study employing the Western diet

apolipoprotein E knockout (ApoE−/−) mouse model of

atherosclerosis, LRG1 was detected within the atherosclerotic

plaque, particularly in calcified regions (93). The cell source of

LRG1 was found to be endothelial cells that had been activated by

inflammatory mediators. Furthermore, this study demonstrated

that LRG1 was responsible for inducing vascular smooth muscle

cell activation and vessel calcification via a SMAD1/5 signaling

pathway (Figure 4). The authors conclude that LRG1 is a

significant contributor to the development of plaque

complications and therefore a potential therapeutic target. On the

other hand, and in contrast to most other studies, in arterial

stenosis it was suggested that endothelial LRG1 could serve as a

negative regulator of inflammation in response to TNF-α by

inhibiting expression of ICAM1 and VCAM1 and thus blocking

monocyte recruitment, offering a significant atheroprotective effect

(189). Interestingly, this is consistent with what has been observed

in cancer (see below) where endothelial anergy, as indicated by

ICAM1 and VCAM1 expression, is reversed upon LRG1 inhibition.

Exactly how LRG1 mediates vascular inflammation is not

clear although there is growing evidence for LRG1 regulating a

pro-inflammatory accumulation of immune cells. In particular,

LRG1 is involved in neutrophil function modulating NETosis,
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which is closely associated with inflammatory processes (17).

NETosis has been described as a form of necrosis and is

associated with many diseases including COVID, thrombosis

and CKD, as well as wound healing and other vascular

processes (190–192). As mentioned above, a recent study

suggested that LRG1 mediates NETosis and contributes to poor

wound healing in diabetic mice (17). Although future work is

required to unravel the role of LRG1 in regulating neutrophil

function, we speculate that NETosis might be an important

additional mechanism through which LRG1 may impact on

vascular structure and function.
LRG1 and cancer

LRG1 expression has been studied in a range of malignancies

where it has been shown to be elevated and to associate with

poor prognosis and survival (23, 61, 62, 193, 194). In addition,

raised blood LRG1 levels have been established as a tumor

biomarker with potential clinical value and also as a predictive

marker for cancer onset (30, 59, 60, 62, 193, 195–200). A

growing number of studies support an integral role for LRG1 in

cancer, where it has been shown to control cell viability and

apoptosis, and promote epithelial cells to undergo EMT, a crucial

step in tumor progression and metastasis (27, 28, 30, 31, 80–84,

201–203). In particular, LRG1 acts directly on tumor cell

proliferation, migration, and invasion contributing to tumor

growth and survival (Table 1), and these functions have been

described in detail elsewhere (23, 29, 193). Consistent with LRG1

playing a role in tumor progression, LRG1 blockade in different

tumor models inhibits growth and improves survival and thus

has been proposed as a potentially beneficial therapeutic target

(29, 32). There is also accumulating evidence that LRG1 has

important angiocrine and angiopathic functions in cancer, not

only by promoting the development of destabilized and

immature neo-vessels, but also by impairing already established

co-opted vasculature (Figure 3). As widely acknowledged,

growing tumors require a constant supply of oxygen and

nutrients, and serving these needs often relies on a concomitant

developing vascular network. The tumor vasculature, however, is

typically abnormal exhibiting impaired structure and function. In

particular, tumor blood vessels are immature, tortuous and

chaotic in organisation, with an abnormal vessel wall

characterized by a discontinuous endothelium, incomplete

coverage of mural cells, and atypical basement membrane

structures leading to poor perfusion and leakiness (204). These

characteristics also create a hypoxic and acidic environment

within the tumor tissue that favours malignancy and metastasis

and combine to reduce immune cell infiltration and effective

immune responses, and restrict the delivery of therapeutics and

effectiveness of radiotherapy.

The angiogenic potential of LRG1 has been assessed and

described in various types of tumors, including colorectal, gastric,

pancreatic, ovarian, and non-small-cell lung cancer (193).

Specifically, LRG1 has been proposed to enhance the angiogenic

process through acting directly on endothelial cells to induce
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proliferation and migration, but also indirectly through stimulating

proangiogenic factors such as VEGFA (84). Moreover, LRG1 has

been associated with increased microvessel density, suggesting

that it impacts tumor vascular growth (26). As in other diseases,

the direct effect of LRG1 on vessel function is believed to be

mediated primarily through modification of canonical TGF-β and

SMAD signaling, but in all likelihood also through

hyperactivation of non-canonical TGF-β pathways. Alternative

mechanisms for LRG1-driven angiogenesis have been proposed

including regulation through HIF-1α, which is associated with

resistance to cancer chemotherapy and increased patient

mortality (205). HIF-1α knockdown was shown to block LRG1-

mediated angiogenesis, EMT, and tumor invasiveness, and is

consistent with LRG1 being induced in response to hypoxia (84).

In another study, ERK mediated phosphorylation of ELK4 in a

human colorectal cell line resulted in complex formation with

SP1/3 and the induction of LRG1 gene expression (69). This, it

was argued, results in enhanced tumor angiogenesis through

activation of the TGF-β-SMAD1/5 pathway in endothelial cells.

Whatever the mechanism, the evidence is clear that LRG1 plays

a central role in driving abnormal vessel formation in solid tumors.

In line with LRG1 driving vessel abnormalization, strong

evidence indicates that vessel structure and function in tumors can

be improved by knocking out Lrg1 or by its inhibition. Indeed,

restoring vessel function, a process referred to as vascular

normalization, represents a promising strategy to facilitate drug

delivery, enhance cytotoxic T cell function, and increase the tumor

response to standards of care and immunotherapies (206, 207). In

this context, Lrg1 gene deletion, or functional blockade of the

protein, has been shown to improve tumor vascular function as

manifested by better perfusion, reduced tumor hypoxia and

reduced vascular leakage (32). In particular, vessel size, basement

membrane and perivascular mural cell coverage of the endothelium

were all significantly increased in the absence of LRG1 (32). As a

likely consequence of vascular normalization, LRG1 inhibition not

only led to significant improvements in the delivery and efficacy of

anti-tumor therapies, but also improved immune-cell infiltration

(32). This may partly be explained by re-activation of anergic

endothelial cells to allow leukocyte infiltration, seen for example by

increased ICAM-1 and VCAM-1 expression. Collectively, these

data show that the angiopathic functions of LRG1 not only

promote a pro-oncogenic vascular microenvironment in primary

and metastatic tumors, but also contribute to immune modulation.

Unpublished data from our lab show that in addition to the

vascular normalization effects, inhibition of LRG1 also promotes

tumor infiltration of T-cells by modulating the immunosuppressive

tumor microenvironment, thereby supporting a switch from being

immunologically “cold” to “hot”.

Angiogenesis is not the only means through which tumors

obtain a vascular supply. Vessel co-option is a surrogate

mechanism whereby tumor cells employ the established

vasculature to support growth, survival, and metastasis. In a

recent study where, in the presence of sunitinib, tumor growth

escapes from VEGF-dependent angiogenesis through vessel co-

option, single cell transcriptomics revealed a surprisingly similar

signature between tumor co-opted endothelial cells and pericytes
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and their healthy non-tumor bearing counterparts (208). This

finding was further confirmed in other vessel co-opted tumor

metastatic models. The similarity in the cell transcriptome was

predominantly due to the lack of genes associated with

angiogenesis and pericyte activation that are observed in

angiogenic tumors. Intriguingly, however, Lrg1 was found to be

one of the top 10 genes that were differentially expressed in co-

opted postcapillary vein endothelial cells compared to normal

endothelium (208). This suggests that Lrg1 is one of the few

genes to be expressed in both tumor angiogenic and co-opted

endothelial cells. Further studies, however, will be required to

determine whether Lrg1 induction in co-opted vessels exerts

similar vasculopathic effects as observed in angiogenic tumor

vessels and in vessels of other diseases.

Aside from endothelial cells, a major cell source of LRG1 in

cancer is frequently the tumor cells (Figure 1) but this is not

always the case. As in other diseases, there is evidence that LRG1

is also expressed by other cell types including fibroblasts, and

immune cells. In all experimental studies conducted thus far,

however, LRG1 expression has been shown to co-localize with

vessel markers, such as CD31 and CD34 (60, 209) illustrating its

ubiquitous presence in tumor endothelial cells. Recent work on

the role of LRG1 in cancer showed that in some cancer models

Lrg1 expression was mostly restricted to the vascular

endothelium, with no expression detected in the perivascular

mural cell population or the cancer cells themselves (29, 32).

Nevertheless, this was sufficient to impact on tumor growth as

Lrg1 knock-out or antibody blockade were still effective in

reducing tumor growth. Interestingly, using similar tumor

models it has been shown that the primary tumor induces

systemic vascular LRG1 expression and that this primes the

vascular metastatic niche and promotes tumor metastasis (29).

This priming was also associated with an expansion of NG2+

perivascular mural cells, which have been described as effective

mediators of metastasis (210). LRG1 induction in the tumor

mass and systemically in cancer is most probably through IL-6

and STAT3, with contributions from other signaling pathways.

Indeed, in metastasis models the STAT3 signaling pathway has

been shown to mediate LRG1-driven tumor metastasis, and that

this can be significantly reduced in Lrg1 deficient mice or

following LRG1 antibody blockade (28, 29, 31). Through a

different mechanism, liver endothelium-derived LRG1 has been

shown to promote tumor growth and metastasis of colorectal

cancer in a paracrine manner through binding to the HER3

receptor, leading to its phosphorylation and activation (202). If

evidence from other diseases translates to cancer, other cell

sources of LRG1 are likely to impact the tumor

microenvironment. In particular, fibroblasts and neutrophils are

a key source in other disease settings and their contribution to

cancer merits further investigation.
Conclusion

Over the last 10 years our understanding of how the secreted

glycoprotein LRG1 contributes to physiological and pathological
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processes has grown exponentially and, in the latter case,

demonstrates beyond doubt that it plays a significant

contributing role in disease. Whilst we are only just beginning to

appreciate the extensive biological role of LRG1, it is clear that

much of its activity is mediated through its switching effect on

the ubiquitous and complex TGF-β signaling network. Not

surprisingly, therefore, the biological effect of LRG1 is wide

ranging and highly cell and context dependent, reflecting the

biological diversity of TGF-β activity. Accordingly, LRG1 exerts

pleiotropic effects depending on the cell target and the influence

of other environmental cues, affecting not only the vasculature

but also other cell types that are under the influence of TGF-β

including epithelial cells, cancer cells, immune cells, and

fibroblasts, that in turn may also feedback to affect vascular

function. Whilst much speculation remains surrounding the

normal physiological role of LRG1, the weight of evidence that it

exerts pathological effects is now compelling even though its

acceptance as a mainstream pathogenic effector molecule is only

just gaining traction. Amongst its effects, those it has on the

vasculature are likely to be of substantial clinical importance in a

wide range of diseases including cancer, chronic kidney disease,

diabetic retinopathy, and emphysema. Indeed, its potential role

as a major pathogenic mediator of systemic cardiovascular

disease is only just beginning to be considered.

LRG1 has been found to be over-expressed in many disease

tissues, where its local production, especially under chronic

inflammatory conditions, appears to exacerbate pathological

cell dysfunction. This is in line with its likely physiological role

as a component of the repair mechanism. Thus, LRG1 can

induce de-differentiation of epithelial, endothelial and pericyte

cells to support the wound healing process, but under

chronically stressed cell conditions, LRG1 is not switched off

and its persistence has destabilizing effects resulting in aberrant

pathological responses (Figure 2). In the context of vascular

function, LRG1 can act on endothelial cells and mural cells

affecting the fine interactive balance needed for a stable and

mature vasculature (Figure 4). In its sustained and heightened

presence, existing and new vessels become unstable and

reactive resulting in vascular leakage, fragility, and the failure

of new vessels to mature (Figure 3). It presents, therefore, an

intriguing and potentially valuable therapeutic target. Critically,

LRG1 is particularly attractive in the context of therapeutic

targeting of TGF-β signaling as this has been fraught with

setbacks, predominantly because TGF-β and its receptors all

have critical housekeeping roles. To date no essential

homeostatic role for LRG1 has been described rendering it a

potentially more suitable therapeutic target. Thus, we reason

that inhibiting LRG1 will block the pathogenic activity of TGF-

β without disturbing these key homeostatic functions. We

anticipate, therefore, that over the next decade our

understanding of LRG1 biology will be substantially enhanced

and that its therapeutic targeting in multiple indications will be

well advanced.
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Multimodality assessment of the
coronary microvasculature with
TIMI frame count versus
perfusion PET highlights coronary
changes characteristic of
coronary microvascular disease
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Scott D. Metzler3 and Marie A. Guerraty1*
1Department of Medicine, University of Pennsylvania Perelman School of Medicine, Philadelphia, PA,
United States, 2Center for Clinical Epidemiology and Biostatistics, University of Pennsylvania Perelman
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Pennsylvania Perelman School of Medicine, Philadelphia, PA, United States
Background: The diagnosis of coronary microvascular disease (CMVD) remains
challenging. Perfusion PET-derived myocardial blood flow (MBF) reserve (MBFR)
can quantify CMVD but is not widely available. Thrombolysis in Myocardial
Infarction (TIMI) frame count (TFC) is an angiography-based method that
has been proposed as a measure of CMVD. Here, we compare TFC and
PET-derived MBF measurements to establish the role of TFC in assessing for
CMVD. We use coronary modeling to elucidate the relationship between
MBFR and TFC and propose TFC thresholds for identifying CMVD.
Methods: In a cohort of 123 individuals (age 58 ± 12.1, 63% women, 41%
Caucasian) without obstructive coronary artery disease who had undergone
perfusion PET and coronary angiography for clinical indications, we compared
TFC and perfusion PET parameters using Pearson correlation (PCC) and linear
regression modeling. We used mathematical modeling of the coronary
circulation to understand the relationship between these parameters and
performed Receiver Operating Curve (ROC) analysis.
Results: We found a significant negative correlation between TFC and MBFR.
Sex, race and ethnicity, and nitroglycerin administration impact this
relationship. Coronary modeling showed an uncoupling between TFC and flow
in epicardial vessels. In ROC analysis, TFC performed well in women (AUC
0.84–0.89) and a moderately in men (AUC 0.68–0.78).
Conclusions: We established an inverse relationship between TFC and PET-derived
MBFR,which is affectedby patient selection andprocedural factors. TFC represents a
measure of the volume of the epicardial coronary compartment, which is increased
in patients with CMVD, and performs well in identifying women with CMVD.

KEYWORDS

TIMI frame count, cardiac perfusion PET, coronary microvascular disease, myocardial

blood flow (MBF), imaging
Abbreviations

TFC, thrombolysis in myocardial infarction frame count; PET, positron emission tomography; MBF(R),
myocardial blood flow (reserve); CMVD, coronary microvascular disease; PCC, pearson correlation
coefficient; NTG, nitroglycerin; RCA, right coronary artery; LCX, left circumflex artery; LAD, left anterior
descending artery.
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Introduction

Coronary microvascular disease (CMVD) leads to angina,

myocardial infarction, and heart failure (1, 2). CMVD also

worsens the prognosis in patients with coronary artery disease

(CAD) and is an independent risk factor for major adverse

cardiovascular events (3, 4). However, challenges in diagnosing

CMVD have limited both research efforts and clinical care of

individuals with suspected or confirmed CMVD. Furthermore,

although the prevalence of CMVD is similar in men and in

women (5), the under-diagnosis of CMVD in women contributes

to the discrepant burdens of untreated heart disease between

women and men (1, 2, 6, 7).

Recent advances in imaging technology have allowed researchers

to study and diagnose CMVD. Positron emission tomography (PET)

perfusion imaging allows for the quantification of myocardial blood

flow (MBF) and MBF reserve (MBFR), the ratio of MBF during

hyperemic or stress conditions and rest MBF. In the absence of

obstructive epicardial coronary stenoses, MBFR reflects coronary

microvascular function, or the ability of the coronary

microvasculature to vasodilate appropriately. PET is the current

gold standard for non-invasive diagnosis of CMVD, but its

availability is limited to selected tertiary care centers (8). Studies

have established PET imaging as a reliable tool for detecting

coronary microvascular dysfunction, and MBFR < 2 is often used as

a measure of CMVD (9–12), and predicts adverse cardiovascular

outcomes in patients (13). Other imaging modalities to diagnose

CMVD are actively being studied and developed, including

magnetic resonance imaging, echo doppler, and computed

tomography (CT)-based techniques (8, 14, 15).

Coronary-angiography-based techniques have also been

developed to assess the coronary microvasculature. Thrombolysis

in Myocardial Infarction (TIMI) frame count (TFC) estimates

the amount of time that contrast material takes to fill the

epicardial vessels during a coronary angiogram. High TFC is

associated with worse prognosis in the context of myocardial

infarction and has also been shown to be an independent

prognostic indicator of adverse events in women with signs and

symptoms of ischemia without obstructive CAD (3, 16, 17). TFC

also correlates well with invasive measures of coronary flow, such

as average peak velocity (15, 16, 18, 19) and is associated with

clinical outcomes, such as hospitalizations for chest pain (20).

Coronary Vasomotion Disorders International Study

recommendations recognize Coronary Slow Flow Phenomenon

(defined as corrected TFC > 27) as evidence of impaired

microvascular dysfunction which can be equated to a diagnosis

of CMVD (15, 19, 21). Furthermore, whereas access to perfusion

PET is limited by cost and availability, TFC is available for all

patients undergoing coronary angiography and provides gold-

standard epicardial CAD assessment along with measures of the

coronary microvasculature. However, a recent study found that

in patients with angina and non-obstructed coronary arteries,

corrected TFC was not diagnostic of CMVD (22). Another study

evaluated the correlation between coronary flow velocity reserve

and TFC in patients undergoing non-emergent percutaneous
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coronary intervention (PCI) and found no correlation (23). Thus,

despite the potential of TFC to be used in the diagnosis of

CMVD (3, 24), it has not been widely adopted.

In this study, we compare PET myocardial blood flow values to

TFC to gain insight into TFC measurements. We also use coronary

flow modeling to better understand the relationship between TFC

and flow parameters and reconcile disparate data. We then assess

the effect of sex, race and ethnicity, and nitroglycerin

administration on the relationship between TFC and flow

parameters. Finally, we propose TFC thresholds that may in time

be useful for clinically identifying CMVD and provide important

context for interpreting TFC.
Methods

Population

We identified 350 patients who underwent both Rubidium-82

(Rb-82) perfusion PET stress testing and coronary angiography

from 2012 to 2015 at the University of Pennsylvania Health

System for clinical indications as part of routine medical care.

We excluded those with prior heart transplantation, obstructive

CAD on angiography (defined as >50% stenosis according to

performing physician), or poor image quality on perfusion PET or

coronary angiogram. TFC and Perfusion PET data were collected

for the remaining 123 patients (age 58 ± 12.1, 63% women).
Consent

The study was approved by the University of Pennsylvania

Institutional Review Board and no informed consent was

required for this retrospective study using data from the

Electronic Health Record.
Rubidium-82 (Rb-82) cardiac PET perfusion
imaging

Patients underwent 82Rb cardiac PET perfusion imaging under

both rest and dipyridamole-induced stress conditions using a

Siemens Biograph mCT PET/CT scanner. Briefly, low dose CT

images were acquired for attenuation correction. Rest images

were obtained with a 6 min list-mode dynamic PET acquisition

imaging while 30 mCi of 82Rb was injected intravenously as a

fast bolus. Dipyridamole (0.56 mg/kg) was then administered and

dynamic PET imaging was repeated with an additional 30 mCi

of 82Rb three minutes after the completion of the infusion.

Iterative reconstruction was performed with 2 iterations and the

matrix size of 128 × 128 (25, 26). Global and regional MBF and

MBFR were calculated using Syngo® MBF software (27). MBF

was quantified using Syngo MBF, which uses a 2-compartement

model developed by Hutchins et al. (28).
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TIMI frame count (TFC)

Clinical coronary angiography images were used to measure

TFC using anatomic landmarks outlined in Gibson et al. (3)

Coronary angiograms were acquired during routine clinical care

with a frame rate of 15 frames per second, and multiplied by 2

to calculate TFC. Since TFC is determined for each of the three

coronary arteries, we included patients even when TFC was only

available for two coronary arteries. A TFC was not measured in

a coronary territory when image quality was poor or image

availability was limited. Coronary angiograms were acquired

within 12 months of PET scans. TFC was measured by an

investigator blinded to PET parameters. TFC was measured using

the coronary angiographic projection that best visualized

proximal and distal landmarks.
Computational coronary modeling

We implemented a modified version of the Zhou-Kassab-

Molloi (ZKM) symmetric coronary-tree model, including 24

Strahler levels (or vessel sizes) with coronary branching based on

anatomical observations (29) (more details of the implementation

are in Supplementary Figure S1). Our implementation of this

model included 24 Strahler levels (or vessel sizes), where the

length and volume of each was estimated (Supplementary

Figure S1A–C). The flow is computed as MBF = P/R, where P is

the driving pressure (100 mmHg) and R is the tree resistance. R

is calculated using Poiseuille’s Law to determine the resistance of

each Strahler level and combining segments of the same level in

parallel and different levels in series. TFC is modeled as the time

to fill the two largest Strahler levels. The model was modified

from ZKM (29) by allowing the individual levels to contract and

dilate from their nominal vessel diameters to determine the

impact of MBF and TFC.
TABLE 1 Population demographics.

Characteristic Total:
N = 124 (%)

Men:
N = 46 (%)

Women:
N = 78 (%)

Age 58 ± 12.1 58 ± 12.5 59 ± 12.0

Race

Asian 3 (2.42%) 1 (2.2%) 2 (2.6%)

Hispanic 3 (2.42%) 0 (0%) 3 (3.8%)

Black 67 (54.03%) 23 (50%) 44 (56.4%)

White 51 (41.13%) 27 (58.7%) 24 (30.8%)

BMI (mean ± SD) 38.1 ± 9.7 36.3 ± 9.7 39.1 ± 9.8

Hyperlipidemia 97 (78.23%) 36 (78.3%) 60 (76.9%)

Hypertension 115 (92.74%) 39 (84.8%) 76 (97.4%)

Diabetes Mellitus 57 (45.97%) 20 (43.5%) 37 (47.4%)

Tobacco use (ever) 36 (29.03%) 14 (30.4%) 22 (28.2%)

Abnormal global MBFR
(defined as MBFR < 2)

69 (55.6%) 24 (52.2%) 45 (57.7%)

LAD mean TFC (mean ± SD) 36 ± 9.1 39.4 ± 11.6 33.9 ± 6.6

LCX mean TFC (mean ± SD) 34 ± 7.5 35.3 ± 9.0 32.9 ± 6.5

RCA mean TFC (mean ± SD) 36 ± 8.2 38.3 ± 10.2 34.4 ± 6.5
Statistics

The relationship between TFC from different territories was

analyzed using Pearson correlation coefficient (PCC). The

relationship between TFC and MBF/MBFR was analyzed using

linear regression analysis, and stratified by sex, race and

ethnicity, and whether nitroglycerin was used during the

procedure. Multivariant linear regression modeling was

performed using SAS Version 9.4. Absolute numbers and

percentages were used to describe the patient population.

Continuous variables were expressed as mean ± standard

deviation. T-test was used to compare groups, and P < 0.05 was

considered significant. Adjusting MBF by heart rate-blood

pressure product did not alter the results, and therefore the

unadjusted MBF values are presented. Receiver operating curves

(ROC) were generated and fitted using the maximum-likelihood

approach (30) implemented in the program LABROC, which is

available as part of the Metz ROC Software (University of
Frontiers in Cardiovascular Medicine 0373
Chicago). The ROC data were fitted using a semi-parametric

method, “proper” binormal model (31), and the inverse

information matrix was used to estimate parameter uncertainties.

Area Under the Curve (AUC) is presented and P < 0.05 was

considered significant.
Results

We identified a cohort of 123 patients (age 58 ± 12.1, 63%

women) who were eligible for this study (Table 1). This

population was racially and ethnically diverse (54% black) with

high prevalence of cardiovascular risk factors. There were a

similar number of patients with and without CMVD. CMVD

was defined as MBFR <2 on perfusion PET stress test.

Because patients with CAD were excluded, there was a strong

positive correlation between the global MBFR and regional MBFR

for each coronary territory, with PCC 0.91, 0.96, and 0.97 for the

right coronary artery (RCA), left circumflex artery (LCX) and left

anterior descending artery (LAD), respectively. There was a

positive, although weaker, correlation in TFC between different

regions (LAD vs. LCx: PCC = 0.76; LAD vs. RCA: PCC = 0.67; LCx

vs. RCA: PCC = 0.65) (p < 0.0001 for all territories) (Figure 1).

We next compared the relationship between TFC for each

coronary artery and corresponding regional MBFR. We found an

inverse relationship with PCC −0.51, −0.54, and −0.51 for RCA,

LCX, and LAD, respectively (Figure 2A, p < 0.0001 for all). We

next examined the two components that comprise MBFR: rest

MBF and stress MBF. There was no statistically significant

correlation between TFC and rest MBF in all patients, but there

was a trend towards increasing TFC with higher rest MBF in

LAD and LCX. PCC between TFC and rest MBF were 0.127

(p = 0.17), −0.04 (p = 0.67), and 0.108 (p = 0.24) for LAD, RCA,

and LCX, respectively (Figure 2B). There was a slight negative

relationship between TFC and stress flows with correlations of

−0.364, −0.512, −0.384 in LAD, RCA, and LCX, respectively

(Figure 2C, p < 0.0001 for all).
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FIGURE 1

Correlation between TFC measured from different coronary territories. There is a high correlation between TFC obtained from LAD vs. RCA [(A) PCC =
0.67], LAD vs. LCX [(B) PCC = 0.76], and RCA vs. LCX [(C) PCC = 0.65].
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The strong inverse relationship between MBFR and TFC was

counterintuitive. TFC is a measure of how much time is required

for epicardial coronary arteries to fill with contrast and has been

linked to coronary flow measurements. Depending on the dose

and type of moderate sedation used during the coronary

angiogram, this may represent a rest or stress (hyperemic) state.

However, we found a stronger association with MBFR, which is a

unitless ratio and reflects the ability of the coronary

microvasculature to vasodilate. To better understand the association

between MBFR and TFC, and to reconcile disparate results with

prior published work (22), we turned to coronary flow modeling.

We used a modified Zhou-Kassab-Molloi (ZKM) model (29) of

the coronary circulation to investigate the association between

MBFR and TFC. Figure 3 shows how TFC and flow varied as the

diameters of the two largest and two smallest vessel levels are

varied, with all other levels unchanged. In the largest vessels,

there was minimal change in flow over a large range of diameters

(Figures 3C,D), consistent with known coronary physiology

where the large epicardial vessels are not the primary regulators

of coronary flow. When looking at all 24 Strahler levels (or

coronary vessel diameters), we found that TFC and blood flow

were inversely correlated at all levels except the two largest

diameter vessel compartments (Supplementary Figure S2). These

are the epicardial coronaries visualized by coronary angiography
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and in which TFC is measured. Coronary modeling shows an

uncoupling of blood flow and TFC in these largest vessels,

suggesting TFC is predominantly affected by the volume of the

epicardial coronary compartment rather than the flow rate. Thus,

CMVD may result in larger proximal vessels due to remodeling,

so that even though the flow rate is larger at rest (as measured

by MBF), the clearance of contrast from the epicardial vessels (as

measured by TFC) is decreased (Figure 3E).

Based on this model, we expect the relationship between TFC

and MBFR to be stronger in patients with CMVD (MBFR <2).

We therefore determined whether the degree of CMVD (defined

as MBFR < 2) affected the correlation between MBFR and TFC.

In all coronary territories, the correlation between MBFR and

TFC was stronger in those with MBFR < 2 (LAD PCC −0.371 vs.

−0.217, LCx PCC −0.454 vs. −0.293, RCA PCC −0.572 vs.

−0.077; p < 0.0001 for MBFR < 2 vs. ≥2, respectively)

(Figures 4A–C). This result gives insight into discrepant results

between studies, since the relationship between TFC and MBFR

depends on the prevalence of cardiovascular risk factors and

CMVD (MBFR < 2) in the study population.

Since modeling showed that TFC is predominantly a measure

of the volume of the epicardial compartment, medications that

directly vasodilate the proximal coronaries, such as nitroglycerin

(NTG), may affect TFC measurements. Therefore, we analyzed
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FIGURE 2

Correlation between TFC and MBFR, rest MBF, and stress MBF in all patients. (A) Correlation between MBFR and TFC in all patients (p < 0.0001 for all 3
coronary territories). (B) Resting myocardial blood flow vs. TFC across coronary territories in all patients lacks a significant relationship. (C) Stress
myocardial blood flow vs. TFC across coronary territories in all patients shows a significant but only slight inverse relationship.
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whether the relationship between MBFR and TFC was reduced for

patients who had received NTG during coronary angiography. At

our institution before 2010, patients underwent cardiac

catheterization via femoral access and the vast majority of these

patients did not receive NTG. Between 2010 and 2015, the

institution transitioned from femoral to radial access and NTG

was commonly used. Overall, 31 patients in this cohort (30% of

men and 22% of women) received NTG. We re-evaluated the

association between TFC and MBFR in each coronary territory,

stratified by administration of NTG. In each coronary vessel, we

found that the correlation between TFC and MBFR was stronger

in patients who did not receive NTG than in those who did (NTG

vs. no NTG, respectively: LAD PCC −0.211 vs. −0.513, LCx PCC

−0.197 vs. −0.546, RCA PCC −0.234 vs. −0.605, p < 0.0001 for

all). To ensure that these differences were not due to differences in

sample sizes, we repeated the analysis with three randomly selected,

down-sampled populations. The results were unchanged.

Race and ethnicity are known to affect response to NTG (32).

We therefore assessed whether race and ethnicity impacted the

effect of NTG on the relationship between MBFR and TFC. We

found a moderate correlation between TFC and MBFR in white

individuals who did and did not received NTG (PCC −0.439 and

−0.753, respectively, p < 0.0001) (Figure 5A). However, in black

individuals, there was no correlation between TFC and MBFR in

those who received NTG (PCC 0.050, and only a mild correlation

in those who did not PCC −0.378, P < 0.0001) (Figure 5B).
Frontiers in Cardiovascular Medicine 0575
Prior studies have identified sex-based differences in

remodeling (33). Thus, we looked at the effect of sex on the

relationship between MBFR and TFC. Interestingly, there was a

strong sex difference in the negative correlation between TFC

and regional MBFR. In women, correlations between TFC and

MBFR were −0.73, −0.74, and −0.78 for RCA, LCX, and LAD,

respectively (Figure 5C, p < 0.0001 for all). The relationship

between TFC and regional MBFR also existed in men but was

weaker, with PCC −0.41, −0.38, and −0.35 for RCA, LCX, and

LAD, respectively (Figure 5D, p < 0.0001 for all). As above, we

repeated the analysis with three randomly down-sampled

populations, and the results remained consistent. To formally

establish whether these confounding factors interacted with TFC,

we used multivariate linear regression analysis including sex, race

and ethnicity, and nitroglycerin use. We found that all of these

variables have a significant impact on the relationship between

TFC and MBFR (Figures 5E–G).

Lastly, we sought to assess the ability of TFC to identify

patients with CMVD, defined as MBFR < 2 (13). We performed

receiver operating characteristic (ROC) analysis for each territory

separately and all together, stratified by sex (Figures 6A–D). TFC

showed excellent performance in identifying CMVD in women

with some slight variability among territories (AUC = 0.86, 0.84,

and 0.89 for LAD, RCA and LCX, respectively). TFC performed

less well in men in all territories (AUC = 0.75, 0.78, and 0.68 for

LAD, RCA and LCX, respectively). In women, TFC thresholds
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FIGURE 3

Modified ZKM model of the coronary circulation. There is an inverse relationship between flow (red) and TFC (black) in the two smallest vessel levels:
(A) level 0 and (B) level 1. In the two largest vessels, there is an uncoupling of flow and TFC: (C) level 23 and (D) level 24. (E) Diagram demonstrating the
relationship between MBFR and TFC via epicardial remodeling.
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for identifying CMVD were 33 for the LAD (sensitivity 80.5%,

specificity 83.9%), 33 for the RCA (sensitivity 82.5%, specificity

72.4%), and 31 for the LCx (sensitivity 82.9%, specificity 77.4%).

In men, TFC thresholds for identifying CMVD were 31 for the

LAD (sensitivity 61.9%, specificity 48%), 35 for the RCA
Frontiers in Cardiovascular Medicine 0676
(sensitivity 81.8%, specificity 60%), and 29 for the LCx

(sensitivity 90.5%, specificity 52%) (Figures 6E–H). When all

territories were considered, there was a statistically significant

difference in TFC performance between women and men

(AUC = 0.86 vs. 0.72, p = 0.003). Based on ROC curves, we
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FIGURE 4

Relationship between TFC and MBFR in patients with and without CMVD (MBFR ≥ 2). (A–C) TFC vs. MBFR for participants with (MBFR < 2) and without
CMVD in the (A) LAD, (B) LCx, and (C) RCA, respectively, highlights the strong relationship between TFC and MBFR present in those with CMVD (blue)
and a more blunted slope in patients without CMVD (orange).
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established TFC thresholds that identify CMVD with sensitivity

> 80% in women for all three coronary arteries (Figures 6E,G).

The high territory-specific variability limited the sensitivity in

men (Figures 6F,H).
Discussion

In a diverse cohort of patients, we demonstrated a relationship

between TFC from clinical coronary angiograms and perfusion PET

MBFR. Using computational modeling, we show how the relationship

between coronary flow and TFC breaks down in the larger epicardial

vessels that are used for TFC measurement. These data support a

model where TFC is predominantly driven by epicardial coronary

volume and reflects underlying disease rather than a physiologic

parameter. We also identified several variables that confound the

relationship between TFC and MBFR including sex, race and

ethnicity, and nitroglycerin administration. Finally, we show that

TFC has potential diagnostic utility in CMVD, especially in women.

We identified a strong relationship betweenTFCandMBFR,which

was not driven by rest or stress MBF. TFC is thought to be primarily

driven by coronary flow (18) and TFC correlated with coronary flow

velocity under adenosine-induced hyperemic conditions in a cohort

of 11 patients (34). In our study, there was a minimal relationship

between rest MBF and TFC and a slight inverse relationship between

TFC and stress MBF. Coronary modeling helps to explain these

disparate data. We show that there is an uncoupling between flow
Frontiers in Cardiovascular Medicine 0777
and TFC in larger vessels, which allows for increased TFC in the

presence of increased resting flow and/or decreased flow reserve. This

indicates that TFC is predominantly reflective of the volume of the

epicardial compartment, rather than the flow rate in the epicardial

coronary artery.

CMVD is associated with distal endothelial dysfunction leading

to impaired vasodilatory response to both pharmacological and

physiological stimuli (2, 35). Some studies suggest CMVD is

associated with vascular remodeling (33, 36). A recent study also

showed that patients with functional CMVD have increased

proximal epicardial vessel volume, suggestive of vascular

remodeling in response to more distal microvascular dysfunction

(37). These studies point to proximal remodeling in response to

microvascular dysfunction with increased epicardial vessel

volume, consistent with our findings. In summary, CMVD leads

to epicardial remodeling and changes in epicardial vessel volume,

which results in increased TFC (time to fill the vessel).

In support of this theory, we find that the relationship between

TFC and MBFR is stronger in patients with CMVD (MBFR < 2),

who are more likely to have remodeling. Additionally, the

relationship between TFC and MBFR is diminished in patients

who received nitroglycerin prior to catheterization. This would

serve to artificially dilate the proximal coronary arteries in those

without CMVD (MBFR > 2), artificially increase TFC, and obscure

the difference between normal individuals and those with CMVD.

In summary, TFC serves as a measure of disease in individuals

rather than a pure measure of coronary blood flow. At the patient
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FIGURE 5

Nitroglycerin (NTG) administration, race and ethnicity, and sex impact the relationship between TFC and MBFR. (A,B) Correlation between MBFR and
TFC in all coronary territories in white patients (A) and black patients (B) who received nitroglycerin versus those who did not. The inverse relationship
between TFC and MBFR is eliminated in Black patients who received NTG. (C,D) The association between TFC and MBFR was much stronger in women
(C) compared to men (D) (E–G) Multivariant linear regression modeling highlights the significant effect of these confounding variables on the
relationship between TFC and MBFR in the LAD (E), LCx (F), and RCA (G) territories.
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level, this result is consistent. TFC and MBFR are both measures of

CMVD, and patients with more severe CMVD have both lower

MBFR and higher TFC. This is further supported by the fact that

PET and coronary angiography were performed within days-

months of each other but not at the same time, suggesting that

this reflects underlying pathophysiology instead of a snapshot of

hemodynamic parameters.

Prior work by Gibson et al. has advocated for the use of TFC for

assessing the coronary microvasculature in patients undergoing

coronary angiography (3, 24). Petersen et al. have shown that
Frontiers in Cardiovascular Medicine 0878
resting TFC independently predicts rates of hospitalization for

angina in women with signs of ischemia without obstructive CAD

(16). Our data support that these two groups of patients may have

CMVD as the link between increased TFC and adverse outcomes.

Our results further support the use of TFC as a measure of the

coronary microvasculature by establishing the feasibility of

quantifying TFC from clinical angiograms rather than angiograms

performed as part of research protocols.

Recent studies have reported conflicting results. Dutta et al.

measured CMVD using coronary pressure and flow velocity
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FIGURE 6

ROC analysis. (A–D) ROC analyses for TFC in LAD (A), RCA (B), LCX (C), and all territories combined (D) show that TFC performs better in women than
in men. (E, F) Sensitivity and specificity for TFC values chosen from ROC analyses as diagnostic thresholds for CMVD in women (E) and in men (F) (G,H)
Contingency table demonstrating true positives, true negatives, false positives, and false negatives for women (G) and men (H); CMVD is defined as
MBFR < 2 and TFC≥ cutoff is defined as TFC above defined threshold (E,F) in one or more coronary territory.
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before and after adenosine administration and concluded that

Coronary Slow Flow Phenomenon (defined as corrected TFC >

27) was a poor indicator of CMVD (22). However, individuals in

this study represented a generally healthier population, with

higher coronary flow reserve and lower rates of hypertension,

diabetes, and hypercholesterolemia, and also received NTG. Both
Frontiers in Cardiovascular Medicine 0979
of these weaken the relationship between TFC and flow reserve

measurements.

The underlying mechanism driving the sex-difference in the

relationship between TFC and MBFR is unclear. Our study

cohort is enriched for women, similar to prior studies that have

found larger proportions of women with symptoms and non-
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obstructive coronaries (38). However the weaker relationship

between TFC and MBFR in men appears to be at least partially

due to greater variance in TFC rather than smaller sample size

(Figures 5B). Additionally, in this cohort of patients, a greater

percentage of men received nitroglycerin than women, which

could contribute to the stronger correlation we see in women.

We tested the hypothesis that having larger epicardial coronaries

impacts the relationship between TFC and MBFR in coronary

modeling by increasing the Strahler levels, but saw no change in

the model’s behavior to explain the finding. Prior studies have

identified sex-based differences in plaque formation and

deposition and vascular remodeling (33). Specifically, the

Women’s Ischemia Syndrome Evaluation (WISE) intravascular

ultrasound (IVUS) study showed that in women with symptoms

of ischemia but without luminal obstruction on catheterization,

there was a high prevalence of positive remodeling which

maintained the coronary lumen via compensatory enlargement

secondary to external elastic membrane expansion (33). It is

possible than men and women have differential outward

remodeling, which may differentially change the epicardial

volumes and thus the TFC. Lastly, non-obstructive

atherosclerosis in men may also have subtle effects on flow and

lead to greater variability in TFC and MBFR measurements.

This study has several limitations. First, it is a single-center,

retrospective study, with a small population of men. Second, this

study links two distinct imaging biomarkers, and additional work

is needed to link the heterogenous pathophysiology of CMVD

with these biomarkers. Third, we use clinically-acquired coronary

angiograms. These prioritize clinical care and patient safety and

thus use less radiation, fewer frames, and are of poorer image

quality. Additionally, each institution has its own coronary

catheterization protocols, including use of NTG and other

vasodilators, which can affect TFC measurements.

Future studies are needed to understand differences due to sex

and race and ethnicity, to establish TFC as a diagnostic test for

CMVD, and to link TFC with adverse cardiovascular outcomes

in a large population without obstructive CAD. TFC has great

potential as an imaging biomarker to accelerate the research into

CMVD pathogenesis and may be helpful for screening patients

for CMVD trials. TFC may also be a useful imaging biomarker

for phenotyping CMVD in large cohorts and biobanks, such as

the PennMedicine Biobank, the UK Biobank, and the Veterans

Administration Million Veterans Program. However, we propose

that the greatest immediate impact of this work is to encourage

additional studies into the use of TFC as a simple, cost-effective,

and widely available tool that can be applied to clinical coronary

angiograms to assess for CMVD, especially in women with

cardiac symptoms who may otherwise be falsely reassured by

non-obstructive coronary arteries.
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Christopher G. Kevil2,3 and Mohammad Alfrad Nobel Bhuiyan1,2,7*
1Department of Medicine, Louisiana State University Health Sciences Center at Shreveport, Shreveport,
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Health Sciences Center at Shreveport, Shreveport, LA, United States, 3Department of Molecular and
Cellular Physiology, Louisiana State University Health Sciences Center at Shreveport, Shreveport, LA,
United States, 4Department of Medicine, Sinai Hospital of Baltimore, Baltimore, MD, United States,
5Department of Pharmacology, Toxicology & Neuroscience, Louisiana State University Health Sciences
Center at Shreveport, Shreveport, LA, United States, 6Department of Psychiatry and Behavioral
Medicine, Louisiana State University Health Sciences Center at Shreveport, Shreveport, LA,
United States, 7Louisiana Addiction Research Center, Louisiana State University Health Sciences Center
at Shreveport, Shreveport, LA, United States, 8Department of Pediatric Cardiology, Bangabandhu Sheikh
Mujib Medical University, Dhaka, Bangladesh, 9Department of Pediatrics, Louisiana State University
Health Sciences Center at Shreveport, Shreveport, LA, United States
Background: Peripheral artery disease (PAD) is on the rise worldwide, ranking as
the third leading cause of atherosclerosis-related morbidity; much less is known
about its trends in hospitalizations among methamphetamine and cocaine users.
Objectives: We aim to evaluate the overall trend in the prevalence of hospital
admission for PAD with or without the use of stimulant abuse
(methamphetamine and cocaine) across the United States. Additionally, we
evaluated the PAD-related hospitalizations trend stratified by age, race, sex,
and geographic location.
Methods: We used the National Inpatient Sample (NIS) database from 2008 to
2020. The Cochran Armitage trend test was used to compare the trend between
groups. Multivariate logistic regression was used to examine adjusted odds for
PAD and CLI hospitalizations among methamphetamine and cocaine users.
Results: Between 2008 and 2020, PAD-related hospitalizations showed an
increasing trend in Hispanics, African Americans, and western states, while a
decreasing trend in southern and Midwestern states (p-trend <0.05). Among
methamphetamine users, an overall increasing trend was observed in men,
women, western, southern, and midwestern states (p-trend <0.05). However,
among cocaine users, PAD-related hospitalization increased significantly for
White, African American, age group >64 years, southern and western states
(p-trend <0.05). Overall, CLI-related hospitalizations showed an encouraging
decreasing trend in men and women, age group >64 years, and CLI-related
amputations declined for women, White patient population, age group >40,
and all regions (p-trend <0.05). However, among methamphetamine users, a
01 frontiersin.org82
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significantly increasing trend in CLI-related hospitalization was seen in men,
women, White & Hispanic population, age group 26–45, western, southern, and
midwestern regions.
Conclusions: There was an increasing trend in PAD-related hospitalizations
among methamphetamine and cocaine users for both males and females.
Although an overall decreasing trend in CLI-related hospitalization was observed
for both genders, an up-trend in CLI was seen among methamphetamine users.
The upward trends were more prominent for White, Hispanic & African
Americans, and southern and western states, highlighting racial and geographic
variations over the study period.

KEYWORDS

critical limb ischemia, peripheral arterial disease, cocaine, methamphetamine, trends
Introduction

Peripheral arterial disease (PAD) is an obstructive atherosclerotic

and microvascular disease mainly affecting vessels in the lower

extremities (1–4). PAD is well recognized as an important cause of

cardiovascular morbidity and mortality, affecting more than 230

million adults worldwide and 8–12 million adults in the US (4–6).

Critical limb ischemia (CLI), a severe stage of PAD, is associated

with a high amputation rate and manifested by resting pain and

non-healing wounds (7). The global and national prevalence

continues to rise, mainly affecting people above 65 (5). PAD is

known to be a significant cause of non-traumatic amputation in

the US, significantly impacting patients and healthcare systems (8).

In addition, PAD is the third most common clinical manifestation

of atherosclerosis after coronary artery disease (CAD) and stroke

(1, 9). However, PAD has traditionally been understudied

compared to other atherosclerotic diseases, leading to significant

lags in overall awareness regarding PAD-related hospitalizations

and essential geographical, ethnic, and sex-based disparities in the

US and worldwide (1).

Substance use is among the modifiable risk factors associated

with atherosclerotic cardiovascular disease (ASCVD) (10–13).

Despite tremendous efforts to legalize some drugs and stem the

availability of illegal drugs, substance use is rising.

Methamphetamine and cocaine use are strongly associated with

ASCVD development and progression (10, 14, 15). Yet the

underlying mechanisms remain elusive (16). Surprisingly, the

biological and clinical effects of methamphetamine and cocaine

on PAD have received considerably little attention (10, 17).

In contrast to coronary and cerebrovascular diseases, the

geographical, ethnic, and socioeconomic variations among PAD

patients are less well-defined. While prior studies showed a

marked prevalence of PAD among the non-Hispanic Black

population compared to the non-Hispanic White and non-

Hispanic population, recent research has contradicted this,

demonstrating a difference of less than 10% (1, 3, 18, 19).

However, the risk of non-traumatic amputation is 20% higher

among non-Hispanic Black than non-Hispanic White patients

(19). Prior studies have reported PAD to be a male-predominant

disease, with one study reporting PAD incidence to be 50%

lower in women than men among VA patients (19).
0283
The geographical and temporal association data for PAD-related

hospitalizations in the US is minimal. While the overall rate of

non-traumatic lower extremity amputations declined between

2000 and 2008, compared to the South Atlantic region, the rates

of amputation were generally higher in East South Central and

West South Central and lower in the Middle Atlantic region

(20). However, temporal and geographical trends for PAD in the

US are poorly characterized.

To address this knowledge deficit, we investigate the temporal,

geographical, and sociodemographic trends in PAD-related

hospitalizations in the general population as well as among

cocaine and methamphetamine users in the US (2008–2020).
Methods

Study design and population

The Healthcare Cost and Utilization Project (HCUP) created

the extensive deidentified National Inpatient Database (NIS)

database. With more than 7 million hospital admissions

annually, the NIS is one of the nation’s most extensive and most

used healthcare databases. Since more states have recently joined

the HCUP, the NIS now covers −97% of all Americans. The

information is gathered from hospitals throughout all 50 states.

The HCUP website provides access to the NIS data, freely

available to the public. The standard International Classification

of Disease Clinical Modifications codes were used to identify all

adults (>18 years of age) hospitalized for PAD, CLI,

methamphetamine, or cocaine use. A complete list of the ICD 9

and 10 codes for PAD, CLI, amputation, methamphetamine, and

cocaine use and the states in each region are presented in

Supplementary Tables S1–S3, respectively. Hospitalizations

related to PAD or CLI were defined as instances where patients

were admitted to the hospital with PAD or CLI listed as primary

or secondary diagnoses during their index hospitalization.

Traumatic amputations and users of any other substances were

omitted from the data we collected; only non-traumatic

amputations, methamphetamine, and cocaine users were

identified and retained for analysis. The NIS database was

deidentified; hence, our study was exempt from requiring an
frontiersin.org
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institutional review board (IRB) approval. Helsinki guideline was

followed for reporting the results.
Study outcomes

The primary outcome of the study was demographic, racial,

and regional trends of PAD-related hospitalizations in the

general population of cocaine and methamphetamine users. The

secondary outcomes included demographic, racial, and regional

trends of CLI-related hospitalizations and amputations among

the general population, cocaine and methamphetamine users in

the US from 2008 to 2020.
Statistical analysis

We examined the trends of hospital admissions due to PAD in

general and PAD among methamphetamine and cocaine users

separately. Similar trends of hospital admissions for CLI and

amputations in the general population, methamphetamine

and cocaine users among US adults categorized using

sociodemographic characteristics based on 2008–2020 NIS data.

Trend analysis was conducted to test the rates of hospital

admissions, and the Cochran Armitage trend test was used to
FIGURE 1

Sex-based, racial, ethical, Age-based, and region-based prevalence trends o
and 2020. NIS, national inpatient sample database; PAD, peripheral arterial di
MW, midwest. Che-square test was used to compare the categorical and t-t
***P < 0.001. ↑, increasing trend; ↓, decreasing trend; “−”, no significant cha
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compare the trend between groups. We used hospital and patient-

level weights to calculate the national estimates. Descriptive

statistics were used to summarize continuous and categorical

variables. The frequency of missing values was summarized, and

Little’s MCAR (missing completely at random) was used to screen

for missing data patterns. A non-significant p-value (P > 0.05)

represented randomly missing, while a significant P-value

(P < 0.05) indicated missing not at random (MNAR). Variables

with missing data were identified, and overall missing data was less

than 5%; we marked it missing and excluded it from the analysis.

Multivariate logistic regression was used to examine adjusted odds

for PAD and CLI hospitalizations among methamphetamine and

cocaine users between 2008 and 2020. Covariates were selected

based on clinical correlation with PAD and CLI. We utilized

univariate screening for building the regression model; p-value <0.2

was used as cut off for the covariates to be included in the final

regression analysis ref. The multicollinearity among independent

variables was assessed by measuring the variance inflation factor

(VIF) and tolerance (1/VIF). VIF ≥5 and tolerance value ≤0.2 was

taken as a marker of significant correlation among independent

variables ref. We included more than 18 covariates for multivariate

analysis, listed in Supplementary Table S4. All analyses used the

open-source software R (version 4.3.1) to account for NIS complex

sample design and sample weights. P < 0.05 (2-tailed) was

considered statistically significant for each analysis.
f PAD- and CLI-related hospitalizations and amputations between 2008
sease; CLI, critical limb ischemia; AA, African American; W, west; S, south;
est was used to compare the numerical values. *P < 0.05, **P < 0.01, and
nge. Created with Biorender.com.

frontiersin.org

https://www.biorender.com/
https://doi.org/10.3389/fcvm.2024.1412867
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


T
A
B
LE

1
D
e
m
o
g
ra
p
h
ic

ch
ar
ac

te
ri
st
ic
s
o
f
P
A
D
,
C
LI
,
w
h
o
w
e
re

al
so

d
ia
g
n
o
se
d
as

m
e
th
am

p
h
e
ta
m
in
e
an

d
co

ca
in
e
u
se
rs

ag
e
d
18

o
r
h
ig
h
e
r
fr
o
m

2
0
0
8
to

2
0
2
0
in

th
e
U
S
.

C
ha

ra
ct
er
is
tic
s

G
ro
up

PA
D
,n

(%
)
(9
5%

C
I)

C
LI

n
(%

)
(9
5%

C
I)

PA
D
am

on
g
M
et
h
us
er
s
n
(%

)
(9
5%

C
I)

PA
D
am

on
g
Co

ca
in
e
us
er
s
n
(%

)
(9
5%

C
I)

N
IS

da
ta

20
08
–2
02
0

N
6,
43
6,
61
2

1,
59
1,
29
1

8,
01
1

13
,7
53

Se
x

M
en

3,
41
3,
48
5
(5
3.
04
)
(5
3–
53
.0
8)

94
3,
86
2
(5
9.
32
)
(5
9.
24
–5
9.
4)

5,
04
3
(6
2.
99
)
(6
1.
93
–6
4.
05
)

9,
10
7
(6
6.
22
)
(6
5.
43
–6
7.
01
)

W
om

en
3,
02
2,
48
7
(4
6.
96
)
(4
6.
92
–4
7)

64
7,
29
5
(4
0.
68
)
(4
0.
6–
40
.7
6)

2,
96
3
(3
7.
01
)
(3
5.
95
–3
8.
07
)

4,
64
6
(3
3.
78
)
(3
2.
99
–3
4.
57
)

A
ge

(y
ea
rs
)

M
ea
n,

SD
72
,
12
.0
2

69
.6
1,

12
.3
7

59
.7
6,

11
.8
5

56
.2
5,

9.
13

18
–2
5

5,
10
1
(0
.0
8)

(0
.0
8–
0.
08
)

62
3
(0
.0
4)

(0
.0
4–
0.
04
)

26
(0
.3
2)

(0
.2
–0
.4
4)

45
(0
.3
3)

(0
.2
3–
0.
43
)

26
–4
0

57
,1
75

(0
.8
9)

(0
.8
8–
0.
9)

17
,7
08

(1
.1
1)

(1
.1
–1
.1
3)

38
3
(4
.7
8)

(4
.3
2–
5.
25
)

62
0
(4
.5
1)

(4
.1
6–
4.
85
)

41
–6
4

1,
68
1,
92
9
(2
6.
13
)
(2
6.
1–
26
.1
6)

53
2,
90
7
(3
3.
49
)
(3
3.
42
–3
3.
56
)

5,
13
4
(6
4.
09
)
(6
3.
04
–6
5.
14
)

10
,6
15

(7
7.
19
)
(7
6.
48
–7
7.
89
)

≥
65

4,
69
2,
40
6
(7
2.
9)

(7
2.
87
–7
2.
94
)

1,
04
0,
05
3
(6
5.
36
)
(6
5.
29
–6
5.
43
)

2,
46
8
(3
0.
81
)
(2
9.
8–
31
.8
2)

2,
47
3
(1
7.
98
)
(1
7.
34
–1
8.
62
)

R
ac
e/
E
th
ni
ci
ty

a
W
hi
te

4,
29
1,
99
2
(7
0.
93
)
(7
0.
89
–7
0.
97
)

95
2,
24
4
(6
3.
94
)
(6
3.
86
–6
4.
01
)

5,
60
7
(7
3.
04
)
(7
2.
04
–7
4.
03
)

3,
32
2
(2
5.
31
)
(2
4.
57
–2
6.
05
)

B
la
ck

84
7,
53
4
(1
4.
01
)
(1
3.
98
–1
4.
03
)

31
4,
31
9
(2
1.
1)

(2
1.
04
–2
1.
17
)

63
3
(8
.2
5)

(7
.6
3–
8.
86
)

8,
38
2
(6
3.
87
)
(6
3.
04
–6
4.
69
)

H
is
pa
ni
c

55
8,
26
5
(9
.2
3)

(9
.2
–9
.2
5)

15
0,
33
0
(1
0.
09
)
(1
0.
05
–1
0.
14
)

87
3
(1
1.
38
)
(1
0.
67
–1
2.
09
)

96
4
(7
.3
5)

(6
.9
–7
.7
9)

A
si
an

or
Pa
ci
fi
c
Is
la
nd

er
18
7,
21
2
(3
.0
9)

(3
.0
8–
3.
11
)

22
,4
14

(1
.5
)
(1
.4
9–
1.
52
)

28
5
(3
.7
1)

(3
.2
8–
4.
13
)

71
(0
.5
4)

(0
.4
2–
0.
67
)

N
at
iv
e
A
m
er
ic
an

35
,0
24

(0
.5
8)

(0
.5
7–
0.
58
)

11
,1
13

(0
.7
5)

(0
.7
3–
0.
76
)

10
5
(1
.3
7)

(1
.1
1–
1.
63
)

79
(0
.6
)
(0
.4
7–
0.
74
)

O
th
er

13
1,
06
0
(2
.1
7)

(2
.1
5–
2.
18
)

38
,9
64

(2
.6
2)

(2
.5
9–
2.
64
)

17
4
(2
.2
6)

(1
.9
3–
2.
6)

30
6
(2
.3
3)

(2
.0
7–
2.
59
)

P
ri
m
ar
y
pa
ye
r

M
ed
ic
ar
e

4,
87
1,
16
3
(7
5.
76
)
(7
5.
72
–7
5.
79
)

1,
16
3,
86
8
(7
3.
24
)
(7
3.
17
–7
3.
31
)

3,
72
2
(4
6.
49
)
(4
5.
4–
47
.5
8)

5,
49
9
(3
9.
98
)
(3
9.
16
–4
0.
8)

M
ed
ic
ai
d

40
9,
84
5
(6
.3
7)

(6
.3
6–
6.
39
)

14
2,
70
5
(8
.9
8)

(8
.9
4–
9.
02
)

2,
48
8
(3
1.
07
)
(3
0.
06
–3
2.
09
)

5,
02
7
(3
6.
55
)
(3
5.
74
–3
7.
35
)

P
ri
va
te

In
su
ra
nc
e

92
7,
61
7
(1
4.
43
)
(1
4.
4–
14
.4
5)

21
7,
27
4
(1
3.
67
)
(1
3.
62
–1
3.
73
)

1,
08
8
(1
3.
59
)
(1
2.
84
–1
4.
34
)

1,
51
4
(1
1.
01
)
(1
0.
48
–1
1.
53
)

Se
lf-
pa
y

11
0,
53
5
(1
.7
2)

(1
.7
1–
1.
73
)

33
,8
77

(2
.1
3)

(2
.1
1–
2.
15
)

48
9
(6
.1
1)

(5
.5
9–
6.
64
)

1,
18
9
(8
.6
5)

(8
.1
8–
9.
12
)

N
o
ch
ar
ge

12
,5
60

(0
.2
)
(0
.1
9–
0.
2)

3,
54
1
(0
.2
2)

(0
.2
2–
0.
23
)

34
(0
.4
3)

(0
.2
9–
0.
57
)

14
7
(1
.0
7)

(0
.9
–1
.2
4)

O
th
er

98
,2
29

(1
.5
3)

(1
.5
2–
1.
54
)

27
,9
30

(1
.7
6)

(1
.7
4–
1.
78
)

18
4
(2
.3
)
(1
.9
7–
2.
63
)

37
7
(2
.7
4)

(2
.4
7–
3.
02
)

M
ed
ia
n
ho

us
eh
ol
d
In
co
m
eb

($
)

<5
0,
00
0

1,
81
1,
55
8
(2
8.
64
)
(2
8.
6–
28
.6
8)

53
7,
35
5
(3
4.
42
)
(3
4.
34
–3
4.
49
)

2,
32
4
(3
0.
89
)
(2
9.
85
–3
1.
94
)

7,
56
7
(5
6.
68
)
(5
5.
84
–5
7.
52
)

50
,0
00
–6
4,
99
9

1,
62
8,
02
1
(2
5.
74
)
(2
5.
7–
25
.7
7)

41
5,
61
9
(2
6.
62
)
(2
6.
55
–2
6.
69
)

1,
91
7
(2
5.
49
)
(2
4.
51
–2
6.
48
)

2,
80
6
(2
1.
02
)
(2
0.
33
–2
1.
71
)

65
,0
00
–8
5,
99
9

1,
51
7,
44
0
(2
3.
99
)
(2
3.
96
–2
4.
02
)

34
3,
89
7
(2
2.
03
)
(2
1.
96
–2
2.
09
)

1,
99
5
(2
6.
52
)
(2
5.
53
–2
7.
52
)

1,
95
2
(1
4.
62
)
(1
4.
02
–1
5.
22
)

>8
6,
00
0

1,
36
8,
20
3
(2
1.
63
)
(2
1.
6–
21
.6
6)

26
4,
46
8
(1
6.
94
)
(1
6.
88
–1
7)

1,
28
6
(1
7.
09
)
(1
6.
24
–1
7.
94
)

1,
02
6
(7
.6
9)

(7
.2
3–
8.
14
)

U
S
re
gi
on

N
or
th
ea
st

92
9,
27
9
(1
4.
44
)
(1
4.
41
–1
4.
46
)

32
0,
62
4
(2
0.
15
)
(2
0.
09
–2
0.
21
)

31
2
(3
.9
)
(3
.4
8–
4.
32
)

2,
36
7
(1
7.
21
)
(1
6.
58
–1
7.
84
)

M
id
w
es
t

1,
38
7,
16
4
(2
1.
55
)
(2
1.
52
–2
1.
58
)

35
8,
49
7
(2
2.
53
)
(2
2.
46
–2
2.
59
)

1,
12
8
(1
4.
07
)
(1
3.
31
–1
4.
84
)

2,
84
7
(2
0.
7)

(2
0.
03
–2
1.
38
)

So
ut
h

2,
24
5,
97
3
(3
4.
89
)
(3
4.
86
–3
4.
93
)

66
0,
94
4
(4
1.
54
)
(4
1.
46
–4
1.
61
)

1,
70
3
(2
1.
25
)
(2
0.
36
–2
2.
15
)

6,
19
9
(4
5.
07
)
(4
4.
24
–4
5.
9)

W
es
t

1,
87
4,
19
6
(2
9.
12
)
(2
9.
08
–2
9.
15
)

25
1,
22
5
(1
5.
79
)
(1
5.
73
–1
5.
84
)

4,
86
9
(6
0.
77
)
(5
9.
7–
61
.8
4)

2,
34
0
(1
7.
01
)
(1
6.
38
–1
7.
64
)

Le
ng
th

of
ho

sp
it
al

st
ay

(d
ay
s)

M
ea
n,

SD
6,

7.
26

9,
9.
41

7.
64
,
8.
23

7.
61
,
9.
29

0–
3

2,
72
5,
89
1
(4
2.
35
)
(4
2.
31
–4
2.
39
)

41
0,
34
9
(2
5.
79
)
(2
5.
72
–2
5.
86
)

2,
85
5
(3
5.
63
)
(3
4.
58
–3
6.
68
)

4,
98
4
(3
6.
24
)
(3
5.
44
–3
7.
05
)

4–
6

1,
66
3,
11
5
(2
5.
84
)
(2
5.
81
–2
5.
87
)

38
8,
72
4
(2
4.
43
)
(2
4.
36
–2
4.
5)

1,
98
2
(2
4.
74
)
(2
3.
79
–2
5.
68
)

3,
26
5
(2
3.
74
)
(2
3.
03
–2
4.
45
)

7–
9

88
9,
55
7
(1
3.
82
)
(1
3.
79
–1
3.
85
)

29
5,
79
0
(1
8.
59
)
(1
8.
53
– 1
8.
65
)

1,
28
0
(1
5.
97
)
(1
5.
17
–1
6.
77
)

2,
13
5
(1
5.
53
)
(1
4.
92
–1
6.
13
)

10
–1
2

44
2,
43
2
(6
.8
7)

(6
.8
5–
6.
89
)

16
8,
76
7
(1
0.
61
)
(1
0.
56
–1
0.
65
)

61
1
(7
.6
3)

(7
.0
5–
8.
21
)

1,
14
9
(8
.3
6)

(7
.8
9–
8.
82
)

>1
2

71
5,
31
0
(1
1.
11
)
(1
1.
09
–1
1.
14
)

32
7,
59
0
(2
0.
59
)
(2
0.
52
–2
0.
65
)

1,
28
4
(1
6.
03
)
(1
5.
22
–1
6.
83
)

2,
21
9
(1
6.
13
)
(1
5.
52
–1
6.
75
)

D
ie
d
du

ri
ng

ho
sp
it
al
iz
at
io
n

D
ie
d

20
8,
25
3
(3
.2
4)

(3
.2
2–
3.
25
)

52
,7
60

(3
.3
2)

(3
.2
9–
3.
35
)

35
2
(4
.3
9)

(3
.9
5–
4.
84
)

26
1
(1
.9
)
(1
.6
7–
2.
13
)

Co
m
or
bi
di
tie

s
A
ne
m
ia

Y
es

1,
21
0,
41
5
(2
1.
99
)
(2
1.
96
–2
2.
03
)

36
6,
31
9
(2
6.
5)

(2
6.
43
–2
6.
58
)

90
9
(1
5.
36
)
(1
4.
45
–1
6.
28
)

2,
37
7
(2
0.
59
)
(1
9.
85
–2
1.
32
)

A
rt
hr
it
is

Y
es

19
1,
50
5
(3
.4
8)

(3
.4
6–
3.
5)

46
,1
13

(3
.3
4)

(3
.3
1–
3.
37
)

20
3
(3
.4
3)

(2
.9
7–
3.
89
)

30
4
(2
.6
3)

(2
.3
4–
2.
92
)

C
hr
on

ic
pu

lm
on

ar
y
di
se
as
e

Y
es

1,
73
6,
29
2
(2
8.
86
)
(2
8.
82
–2
8.
89
)

36
6,
10
1
(2
4.
47
)
(2
4.
4–
24
.5
4)

2,
52
9
(3
3.
54
)
(3
2.
47
–3
4.
61
)

4,
24
9
(3
3.
1)

(3
2.
28
–3
3.
91
)

C
on

ge
st
iv
e
he
ar
t
fa
ilu

re
Y
es

87
2,
25
7
(1
5.
85
)
(1
5.
82
–1
5.
88
)

23
8,
66
8
(1
7.
27
)
(1
7.
2–
17
.3
3)

1,
53
5
(2
5.
95
)
(2
4.
84
–2
7.
07
)

2,
07
4
(1
7.
96
)
(1
7.
26
–1
8.
66
)

C
oa
gu
lo
pa
th
y

Y
es

31
0,
37
3
(5
.6
4)

(5
.6
2–
5.
66
)

59
,5
16

(4
.3
1)

(4
.2
7–
4.
34
)

40
3
(6
.8
)
(6
.1
6–
7.
45
)

56
0
(4
.8
5)

(4
.4
6–
5.
24
)

(C
on
ti
nu

ed
)

Ali et al. 10.3389/fcvm.2024.1412867

Frontiers in Cardiovascular Medicine 04 frontiersin.org85

https://doi.org/10.3389/fcvm.2024.1412867
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


T
A
B
LE

1
C
o
n
ti
n
u
e
d

C
ha

ra
ct
er
is
tic
s

G
ro
up

PA
D
,n

(%
)
(9
5%

C
I)

C
LI

n
(%

)
(9
5%

C
I)

PA
D
am

on
g
M
et
h
us
er
s
n
(%

)
(9
5%

C
I)

PA
D
am

on
g
Co

ca
in
e
us
er
s
n
(%

)
(9
5%

C
I)

D
ep
re
ss
io
n

Y
es

62
3,
17
3
(1
0.
36
)
(1
0.
33
–1
0.
38
)

13
7,
92
5
(9
.2
2)

(9
.1
7–
9.
27
)

1,
05
8
(1
4.
03
)
(1
3.
25
–1
4.
82
)

1,
81
1
(1
4.
1)

(1
3.
5–
14
.7
1)

D
ia
be
te
s

Y
es

2,
54
7,
01
5
(4
2.
33
)
(4
2.
29
–4
2.
37
)

78
6,
19
2
(5
2.
55
)
(5
2.
47
–5
2.
63
)

2,
98
2
(3
9.
54
)
(3
8.
44
–4
0.
65
)

5,
04
5
(3
9.
3)

(3
8.
45
–4
0.
14
)

H
yp
er
te
ns
io
n

Y
es

4,
57
7,
84
9
(7
6.
09
)
(7
6.
05
–7
6.
12
)

1,
16
7,
53
1
(7
8.
04
)
(7
7.
98
–7
8.
11
)

5,
09
7
(6
7.
59
)
(6
6.
53
–6
8.
65
)

9,
63
4
(7
5.
04
)
(7
4.
29
–7
5.
79
)

Li
ve
r
di
se
as
e

Y
es

15
8,
74
5
(2
.8
8)

(2
.8
7–
2.
9)

30
,0
07

(2
.1
7)

(2
.1
5–
2.
2)

47
0
(7
.9
4)

(7
.2
5–
8.
63
)

97
1
(8
.4
1)

(7
.9
1–
8.
92
)

O
be
si
ty

Y
es

76
1,
72
4
(1
2.
66
)
(1
2.
63
–1
2.
69
)

15
9,
86
5
(1
0.
69
)
(1
0.
64
–1
0.
74
)

1,
24
6
(1
6.
52
)
(1
5.
68
–1
7.
36
)

1,
46
2
(1
1.
39
)
(1
0.
84
–1
1.
94
)

P
er
ip
he
ra
l
va
sc
ul
ar

di
so
rd
er
s

Y
es

5,
04
7,
33
1
(8
3.
89
)
(8
3.
86
–8
3.
92
)

1,
02
7,
27
3
(6
8.
67
)
(6
8.
59
–6
8.
74
)

6,
87
8
(9
1.
2)

(9
0.
56
–9
1.
84
)

10
,9
90

(8
5.
61
)
(8
5–
86
.2
2)

P
ul
m
on

ar
y
ci
rc
ul
at
io
n
di
so
rd
er
s

Y
es

16
8,
33
0
(3
.0
6)

(3
.0
4–
3.
07
)

33
,9
16

(2
.4
5)

(2
.4
3–
2.
48
)

31
4
(5
.3
)
(4
.7
3–
5.
87
)

38
8
(3
.3
6)

(3
.0
3–
3.
69
)

R
en
al

fa
ilu

re
Y
es

1,
57
1,
34
6
(2
8.
55
)
(2
8.
51
–2
8.
59
)

47
2,
71
9
(3
4.
2)

(3
4.
12
–3
4.
28
)

1,
37
1
(2
3.
17
)
(2
2.
1–
24
.2
5)

3,
09
0
(2
6.
75
)
(2
5.
95
–2
7.
56
)

a
A
d
m
it
te
d
p
at
ie
n
ts

w
e
re

id
e
n
ti
fi
e
d
as

n
o
n
-H

is
p
an

ic
A
m
e
ri
ca

n
In
d
ia
n
o
r
A
la
sk
a
N
at
iv
e
,
n
o
n
-H

is
p
an

ic
A
si
an

,
n
o
n
-H

is
p
an

ic
B
la
ck

,
H
is
p
an

ic
,
an

d
n
o
n
-H

is
p
an

ic
W
h
it
e
.

b
M
e
d
ia
n
h
o
u
se
h
o
ld

in
co

m
e
o
f
re
si
d
e
n
ts

in
th
e
p
at
ie
n
t’
s
Z
IP

C
o
d
e
b
as
e
d
o
n
2
0
2
0
.

Ali et al. 10.3389/fcvm.2024.1412867

Frontiers in Cardiovascular Medicine 0586
Results

We identified 6,436,612 patients with peripheral arterial disease

(PAD), 1,591,291 patients with critical limb ischemia (CLI), 8,011

patients with PAD among methamphetamine users, and 13,753

patients with PAD among cocaine users admitted to US hospitals

between the years 2008 and 2020 using the National Inpatient

Sample (NIS) database. Overall, Sex-based, Racial, Ethical, Age-

based, and Region-based prevalence trends of PAD and CLI-

related hospitalizations and amputations between 2008 and 2020

are shown in Figure 1.
Baseline comorbidities and demographic
characteristics of PAD patients

Our study population was predominantly male, particularly in

groups with concomitant drug use: 53% vs. 46.9% among PAD

patients, 59.32% vs. 40.68% among CLI patients, 63% vs. 37% in

PAD patients with methamphetamine use, and 66.22% vs.

33.78% in PAD patients with cocaine use. Among these, 72.9%

and 65.36% were over the age of 65 years in the PAD and CLI

groups, respectively, while patients with PAD among

methamphetamine and cocaine users were predominantly 41–64

years old (64.09% and 77.1%, respectively). The White patient

population was predominant among PAD (70.9%), CLI (63.94%),

and PAD in methamphetamine users (73.04%), while the Black

patient population was predominant among PAD in cocaine

users (63.87%). Baseline comorbidities and demographics are

shown in Table 1.
Demographic characteristics of
methamphetamine and cocaine users

A total of 255,135 (unweighted) patients with

methamphetamine use were identified using data from the NIS

database 2008–2020. Our study population was predominantly

male (58.43% vs. 41.57%), belonged mainly to the age groups

26–40 years (37.17%) and 41–64 years (44.89%), and was

predominantly White population (68.8%). A total of 433,584

(unweighted) patients with cocaine use were identified. This

cohort was mostly male (60.77% vs. 39.2%), belonged mainly to

the age groups 26–40 years (27.2%) and 41–64 years (61.8%), and

predominantly Black patients (53.2%), followed by White patients

(32.9%). Demographic characteristics of patients diagnosed as

methamphetamine and cocaine users are shown in Table 2.
Demographic, race/ethnicity, sex-related,
and regional disparities of trends in PAD-
related hospitalizations from 2008 to 2020

In Figure 2, we observed an increasing trend among male,

female, Non-Hispanic White population, Non-Hispanic Black
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1412867
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


T
A
B
LE

2
D
e
m
o
g
ra
p
h
ic

ch
ar
ac

te
ri
st
ic
s
o
f
p
at
ie
n
ts

d
ia
g
n
o
se
d
as

m
e
th
am

p
h
e
ta
m
in
e
an

d
co

ca
in
e
u
se
rs

ag
e
d
18

o
r
h
ig
h
e
r
fr
o
m

2
0
0
8
to

2
0
2
0
in

th
e
U
S
.

C
ha

ra
ct
er
is
tic
s

G
ro
up

M
et
ha

m
ph

et
am

in
e
us
e

C
oc
ai
ne

us
e

U
nw

ei
gh

te
d

W
ei
gh

te
d

U
nw

ei
gh

te
d

W
ei
gh

te
d

n
(%

)
n
(%

)
n
(%

)
n
(%

)

(9
5%

C
I)

(9
5%

C
I)

(9
5%

C
I)

(9
5%

C
I)

20
08
–2
02
0

25
5,
13
5

1,
26
8,
58
4

43
3,
58
4

2,
13
3,
88
7

Se
x

M
en

14
9,
03
3
(5
8.
43
)

74
1,
66
9
(5
8.
48
)
(5
8.
39
,5
8.
56
)

26
3,
42
0
(6
0.
77
)
(6
0.
62
–6
0.
91
)

1,
29
7,
59
8
(6
0.
82
)
(6
0.
75
–6
0.
89
)

W
om

en
10
6,
03
8
(4
1.
57
)

52
6,
60
2
(4
1.
52
)
(4
1.
44
,4
1.
61
)

17
0,
08
5
(3
9.
23
)
(3
9.
09
–3
9.
38
)

83
5,
89
9
(3
9.
18
)
(3
9.
11
–3
9.
25
)

A
ge

(y
ea
r)

M
ea
n
(S
D
)

42
.8
,
14
.3
2

42
.8
,
14
.3
0

46
,
12
.2
7

46
,
12
.2
8

18
–2
5

27
,7
67

(1
0.
88
)

13
7,
98
9
(1
0.
88
)
(1
0.
82
,1
0.
93
)

27
,3
64

(6
.3
1)

(6
.2
4–
6.
38
)

13
4,
41
1
(6
.3
)
(6
.2
7–
6.
33
)

26
–4
0

94
,8
23

(3
7.
17
)

47
1,
71
8
(3
7.
18
)
(3
7.
1,
37
.2
7)

11
7,
92
1
(2
7.
2)

(2
7.
06
–2
7.
33
)

57
9,
56
8
(2
7.
16
)
(2
7.
1–
27
.2
2)

41
–6
4

11
4,
53
3
(4
4.
89
)

56
9,
76
8
(4
4.
91
)
(4
4.
83
,4
5)

26
8,
22
4
(6
1.
86
)
(6
1.
72
–6
2.
01
)

1,
32
0,
40
9
(6
1.
88
)
(6
1.
81
–6
1.
94
)

≥
65

18
,0
12

(7
.0
6)

89
,1
08

(7
.0
2)

(6
.9
8,
7.
07
)

20
,0
75

(4
.6
3)

(4
.5
7–
4.
69
)

99
,4
98

(4
.6
6)

(4
.6
3–
4.
69
)

R
ac
e/
E
th
ni
ci
ty

a
W
hi
te

16
6,
25
9
(6
8.
84
)

82
6,
65
6
(6
8.
81
)
(6
8.
72
,6
8.
89
)

13
4,
57
3
(3
2.
98
)
(3
2.
83
–3
3.
12
)

66
2,
36
8
(3
2.
93
)
(3
2.
87
–3
3)

B
la
ck

23
,6
14

(9
.7
8)

11
7,
49
8
(9
.7
8)

(9
.7
3,
9.
83
)

21
7,
26
8
(5
3.
24
)
(5
3.
09
–5
3.
39
)

1,
07
0,
67
4
(5
3.
24
)
(5
3.
17
–5
3.
3)

H
is
pa
ni
c

34
,2
95

(1
4.
2)

17
0,
85
8
(1
4.
22
)
(1
4.
16
,1
4.
28
)

39
,5
74

(9
.7
)
(9
.6
1–
9.
79
)

19
5,
74
9
(9
.7
3)

(9
.6
9–
9.
77
)

A
si
an

or
P
ac
ifi
c
Is
la
nd

er
6,
51
0
(2
.7
)

32
,4
05

(2
.7
)
(2
.6
7,
2.
73
)

2,
28
6
(0
.5
6)

(0
.5
4–
0.
58
)

11
,3
84

(0
.5
7)

(0
.5
6–
0.
58
)

N
at
iv
e
A
m
er
ic
an

4,
43
8
(1
.8
4)

22
,1
42

(1
.8
4)

(1
.8
2,
1.
87
)

2,
00
4
(0
.4
9)

(0
.4
7–
0.
51
)

10
,0
46

(0
.5
)
(0
.4
9–
0.
51
)

O
th
er

6,
40
3
(2
.6
5)

31
,8
41

(2
.6
5)

(2
.6
2,
2.
68
)

12
,3
81

(3
.0
3)

(2
.9
8–
3.
09
)

60
,9
77

(3
.0
3)

(3
.0
1–
3.
06
)

P
ri
m
ar
y
pa
ye
r

M
ed
ic
ar
e

48
,6
58

(1
9.
12
)

24
1,
43
0
(1
9.
08
)
(1
9.
01
–1
9.
15
)

98
,1
05

(2
2.
69
)
(2
2.
57
–2
2.
82
)

48
2,
66
6
(2
2.
68
)
(2
2.
63
–2
2.
74
)

M
ed
ic
ai
d

12
3,
43
6
(4
8.
51
)

61
5,
27
4
(4
8.
63
)
(4
8.
54
–4
8.
72
)

19
1,
28
4
(4
4.
25
)
(4
4.
1–
44
.3
9)

94
3,
90
8
(4
4.
36
)
(4
4.
29
–4
4.
43
)

P
ri
va
te

In
su
ra
nc
e

34
,2
01

(1
3.
44
)

16
9,
45
4
(1
3.
39
)
(1
3.
33
–1
3.
45
)

52
,7
08

(1
2.
19
)
(1
2.
09
–1
2.
29
)

25
9,
23
7
(1
2.
18
)
(1
2.
14
–1
2.
23
)

Se
lf-
pa
y

34
,3
96

(1
3.
52
)

17
0,
85
7
(1
3.
5)

(1
3.
44
–1
3.
56
)

64
,0
38

(1
4.
81
)
(1
4.
71
–1
4.
92
)

31
3,
40
5
(1
4.
73
)
(1
4.
68
–1
4.
78
)

N
o
ch
ar
ge

1,
95
1
(0
.7
7)

9,
70
7
(0
.7
7)

(0
.7
5–
0.
78
)

7,
58
2
(1
.7
5)

(1
.7
1–
1.
79
)

37
,3
01

(1
.7
5)

(1
.7
4–
1.
77
)

O
th
er

11
,8
06

(4
.6
4)

58
,4
60

(4
.6
2)

(4
.5
8–
4.
66
)

18
,6
08

(4
.3
)
(4
.2
4–
4.
36
)

91
,2
64

(4
.2
9)

(4
.2
6–
4.
32
)

M
ed
ia
n
ho

us
eh
ol
d
In
co
m
eb

($
)

<5
0,
00
0

85
,9
69

(3
6.
8)

42
8,
08
6
(3
6.
86
)
(3
6.
78
–3
6.
95
)

21
9,
19
8
(5
3.
24
)
(5
3.
09
–5
3.
39
)

1,
07
8,
43
2
(5
3.
24
)
(5
3.
17
–5
3.
31
)

50
,0
00
–6
4,
99
9

67
,0
32

(2
8.
69
)

33
3,
14
2
(2
8.
69
)
(2
8.
61
–2
8.
77
)

91
,2
19

(2
2.
16
)
(2
2.
03
–2
2.
28
)

44
8,
67
0
(2
2.
15
)
(2
2.
09
–2
2.
21
)

65
,0
00
–8
5,
99
9

51
,0
09

(2
1.
83
)

25
3,
12
6
(2
1.
8)

(2
1.
72
–2
1.
87
)

62
,3
84

(1
5.
15
)
(1
5.
04
–1
5.
26
)

30
6,
54
2
(1
5.
13
)
(1
5.
08
–1
5.
18
)

>8
6,
00
0

29
,6
11

(1
2.
67
)

14
6,
89
4
(1
2.
65
)
(1
2.
59
–1
2.
71
)

38
,9
15

(9
.4
5)

(9
.3
6–
9.
54
)

19
1,
85
1
(9
.4
7)

(9
.4
3–
9.
51
)

Le
ng
th

of
st
ay

(d
ay
s)

0–
3

12
6,
92
4
(4
9.
75
)

63
1,
00
1
(4
9.
74
)
(4
9.
66
–4
9.
83
)

21
9,
44
5
(5
0.
61
)
(5
0.
47
–5
0.
76
)

1,
07
9,
71
0
(5
0.
6)

(5
0.
53
–5
0.
67
)

4–
6

68
,0
39

(2
6.
67
)

33
8,
48
9
(2
6.
68
)
(2
6.
61
–2
6.
76
)

11
6,
20
4
(2
6.
8)

(2
6.
67
–2
6.
93
)

57
2,
27
8
(2
6.
82
)
(2
6.
76
–2
6.
88
)

7–
9

26
,9
05

(1
0.
55
)

13
3,
82
2
(1
0.
55
)
(1
0.
5–
10
.6
)

45
,5
00

(1
0.
49
)
(1
0.
4–
10
.5
9)

22
3,
88
3
(1
0.
49
)
(1
0.
45
–1
0.
53
)

10
–1
2

11
,6
11

(4
.5
5)

57
,6
88

(4
.5
5)

(4
.5
1–
4.
58
)

19
,5
01

(4
.5
)
(4
.4
4–
4.
56
)

96
,0
75

(4
.5
)
(4
.4
7–
4.
53
)

>1
2

21
,6
46

(8
.4
8)

10
7,
53
5
(8
.4
8)

(8
.4
3–
8.
53
)

32
,9
11

(7
.5
9)

(7
.5
1–
7.
67
)

16
1,
82
7
(7
.5
8)

(7
.5
5–
7.
62
)

U
S
re
gi
on

N
or
th
ea
st

11
,8
72

(4
.6
5)

58
,9
74

(4
.6
5)
(4
.6
1,
4.
69
)

10
8,
37
3
(2
4.
99
)
(2
4.
87
–2
5.
12
)

53
6,
28
5
(2
5.
13
)
(2
5.
07
–2
5.
19
)

M
id
w
es
t

44
,6
72

(1
7.
51
)

22
1,
88
6
(1
7.
49
)(
17
.4
2,
17
.5
6)

89
,8
85

(2
0.
73
)
(2
0.
61
–2
0.
85
)

44
2,
53
4
(2
0.
74
)
(2
0.
68
–2
0.
79
)

So
ut
h

69
,4
02

(2
7.
2)

34
5,
32
4
(2
7.
22
)(
27
.1
4,
27
.3
)

19
0,
15
5
(4
3.
86
)
(4
3.
71
–4
4)

93
2,
45
2
(4
3.
7)

(4
3.
63
–4
3.
76
)

W
es
t

12
9,
18
9
(5
0.
64
)

64
2,
50
1
(5
0.
64
)(
50
.5
5,
50
.7
3)

45
,1
71

(1
0.
42
)
(1
0.
33
–1
0.
51
)

22
2,
61
5
(1
0.
43
)
(1
0.
39
–1
0.
47
)

a
A
d
m
it
te
d
p
at
ie
n
ts

w
e
re

id
e
n
ti
fi
e
d
as

n
o
n
-H

is
p
an

ic
A
m
e
ri
ca

n
In
d
ia
n
o
r
A
la
sk
a
N
at
iv
e
,
n
o
n
-H

is
p
an

ic
A
si
an

,
n
o
n
-H

is
p
an

ic
B
la
ck

,
H
is
p
an

ic
,
an

d
n
o
n
-H

is
p
an

ic
W
h
it
e
.

b
M
e
d
ia
n
h
o
u
se
h
o
ld

in
co

m
e
o
f
re
si
d
e
n
ts

in
th
e
p
at
ie
n
t’
s
Z
IP

C
o
d
e
b
as
e
d
o
n
2
,0
2
0
.

Ali et al. 10.3389/fcvm.2024.1412867

Frontiers in Cardiovascular Medicine 06 frontiersin.org87

https://doi.org/10.3389/fcvm.2024.1412867
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 2

Trends in prevalence of PAD-related hospitalizations from 2008 to 2020 by sex (A), race/ethnicity (B), age groups (C), and region (D) in the US. Linear
trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the group trends. *P < 0.05, **P < 0.01,
and ***P < 0.001.

Ali et al. 10.3389/fcvm.2024.1412867
population, and age groups (26–40, 41–64, and ≥65 years old) that

did not achieve statistical significance (p-trend >0.05). On the other

hand, a statistically significant increasing trend in PAD-related

hospitalization was observed in Hispanics (p-trend <0.001),

Asian or Pacific Islanders (p-trend <0.001), patients 18–25 years

old (p-trend <0.05), the western region (p-trend <0.001). At the

same time, a decreasing trend in PAD-related hospitalization was

observed in the midwestern region (p-trend <0.001) and the

southern region (p-trend <0.01). Trends in the prevalence of

PAD-related hospitalizations and in-hospital mortality from 2008

to 2020 by sex (A), race/ethnicity (B), age groups (C), region

(D), and all-cause mortality in the US are shown in Figure 2.
Demographic, race/ethnicity, sex-related,
and regional disparities of trends in CLI-
related hospitalizations from 2008 to 2020

In Figure 3, we observed an overall decreasing trend in

CLI-related hospitalization among men (p-trend <0.001), women

(p-trend: 0.036), and patients ≥65 years old (p-trend <0.001),

and in the northeastern (P-trend <0.05), midwestern (p-trend
Frontiers in Cardiovascular Medicine 0788
<0.001), southern (p-trend <0.01), and western regions (p-trend

<0.001). At the same time, an overall increasing trend was seen

for the age group 26–40 years (p < 0.05). Trends in the

prevalence of CLI-related hospitalizations from 2008 to 2020 by

sex (A), race/ethnicity (B), age groups (C), region (D), and

all-cause mortality in the US are shown in Figure 3.
Demographic, race/ethnicity, sex-related,
and regional disparities of trends in
amputations among CLI-related
hospitalizations in PAD patients from
2008 to 2020

In Figure 4, We observed an increasing trend in CLI-related

amputations in hospitalized patients from 2008 to 2020 for men,

women, White, African American, Asian or Pacific islanders,

Hispanic, and Native Americans (p-trend <0.001). Similarly,

CLI-related amputations significantly increased in all age groups

except age 18–25 years (p-trend <0.05) and in the northeastern,

midwestern, western, and southern regions (p-trend <0.001).

Trends in the prevalence of CLI-related amputations among the
frontiersin.org
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FIGURE 3

Trends in prevalence of CLI-related hospitalizations from 2008 to 2020 by sex (A), race/ethnicity (B), age groups (C), and region (D) in the US. Linear
trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the group trends. *P < 0.05, **P < 0.01,
and ***P < 0.001.
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US population from 2008 to 2020 by sex (A), race/ethnicity (B), age

groups (C), and region (D) are shown in Figure 4.
Demographic, race/ethnicity, sex-related,
and regional disparities of trends
in PAD-related hospitalizations among
methamphetamine users from
2008 to 2020

In Figure 5, an overall increasing trend was observed in PAD-

related hospitalization among methamphetamine users in men and

women (p-trend <0.05), although it was more remarkable for men

than women. An overall increasing trend was observed in PAD-

related hospitalization among methamphetamine users for all

ethnic and racial groups (p-trend <0.05). However, the upward

trend was more pronounced for the White patient population.

Similarly, an upward trend in hospitalizations was seen for the

age groups 26–40, 41–64, and >64 years (p-trend <0.05), and the

midwestern, southern, and western regions (p-trend <0.05), with

an upward spike noticed in the age group 41–64 years and the

western region, particularly during the study period 2017–2020.

Trends in PAD-related hospitalizations among methamphetamine
Frontiers in Cardiovascular Medicine 0889
users (2008–2020) by sex (A), race/ethnicity (B), age groups (C),

and region (D) are shown in Figure 5.
Demographic, race/ethnicity, sex-related,
and regional disparities of trends in PAD-
related hospitalizations among cocaine
users from 2008 to 2020

In Figure 6, an overall increasing trend was observed in PAD-

related hospitalization among cocaine users for men and women

(p-trend <0.05). A similar uptrend was observed for both Black/

African American and White patient populations (p-trend

<0.05), but the upward trend was more pronounced in African

Americans. No significant change in the overall trend was

observed in other ethnic/racial groups (p-trend >0.05).

Furthermore, an upward trend in hospitalizations was seen for

the age group >64 years (p-trend <0.05) and in the southern and

western regions (p-trend <0.05). However, these trends did not

change significantly for other age groups and US regions (p-

trend >0.05). Trends in PAD-related hospitalizations among

cocaine users (2008–2020) by sex (A), race/ethnicity (B), age

groups (C), and region (D) are shown in Figure 6.
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FIGURE 4

Trends in prevalence of amputations among CLI-related hospitalization patients from 2008 to 2020 by sex (A), race/ethnicity (B), age groups (C), and
region in the US. Linear trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the group
trends. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Demographic, race/ethnicity, sex-related,
and regional disparities of trends in
CLI-related hospitalizations among
methamphetamine users from 2008
to 2020

In Figure 7, we observed an overall increasing trend in CLI-

related hospitalization among methamphetamine users for both

males and females from 2008 to 2017, which showed a

concerning rapid upward spike from 2018 to 2020 (p-trend

<0.01). A similar upward trend in CLI-related hospitalization in

methamphetamine users was observed for the White population

(p-trend <0.01), African Americans (p-trend <0.01), Hispanics

(p-trend <0.01), Asian/PI (p-trend <0.01), Native Americans

(p-trend <0.05) and population belong to age groups 26–40, 41–

64 & >64 years (p-trend <0.01). Geographically, we observed an

increasing trend in the midwestern (p-trend <0.01), the southern

(p-trend <0.01), and the western regions (p-trend <0.01). An

upward change, particularly after the study period 2017, was

noticed in these trends. Trends in CLI-related hospitalizations

among methamphetamine users (2008–2020) by sex (A), race/

ethnicity (B), age groups (C), and region (D) are shown in Figure 7.
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Demographic, race/ethnicity, sex-related,
and regional disparities of trends in
CLI-related hospitalizations among
cocaine users from 2008 to 2020

CLI-related hospitalization among cocaine users in patients

≥65 years old showed an overall increasing trend (p-trend

<0.01). The other trends based on sex, ethnic/racial groups, and

regions did not achieve statistical significance (p-trend >0.05).

Trends in CLI-related hospitalizations among cocaine users

(2008–2020) by sex (A), race/ethnicity (B), age groups (C), and

region (D) are shown in Figure 8.
The unadjusted and adjusted odds ratios for
PAD and CLI among methamphetamine
users from 2008 to 2020 in the adult
population in the US

In Table 3, among methamphetamine users, there was no

significant difference in the adjusted odds of PAD and CLI for

women compared to men (aOR 0.79, 95% CI 0.6–1.04). Older
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1412867
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 5

Trends in prevalence of PAD-related hospitalizations among methamphetamine users from 2008 to 2020 by sex (A), race/ethnicity (B), age groups (C),
and region (D) in the US. Linear trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the
group trends. *P < 0.05, **P < 0.01, and ***P < 0.001.
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age was significantly associated with higher adjusted odds of PAD

and CLI among methamphetamine users; compared to the age

group 18–25 years, patients in the age group 41–64 years had

higher odds of PAD (aOR 5.57, 95% CI 3.1–11) and CLI (aOR

10.69, 95% CI 2.35–189). Similarly, patients in the age group

≥65 years had higher adjusted odds of PAD (aOR 8.18, 95% CI

4.46- 16.8) and CLI (aOR 10.2, 95% CI 2.12–183.5) compared to

the patients in the age group 18–25 years. Methamphetamine-

related hospitalizations from the western region had significantly

higher adjusted odds of PAD (aOR 1.93, 95% CI 1.48–2.55)

compared to those in the northeastern region, while there were

no other significant regional differences for the adjusted odds of

CLI in this cohort. Among various comorbidities identified in

the methamphetamine-related hospitalizations, we observed

higher adjusted odds of PAD in patients with arthritis (aOR 1.43,

95% CI 1.02–1.98), PAD (aOR 1.43, 95% CI 1.26–1.62), and CLI

(aOR 2.69, 95% CI 2.07–3.5) in diabetics and PAD (aOR 1.16,

95% CI 1.02–1.31) in patients with hypertension. The unadjusted

and adjusted odds ratios for PAD and CLI among

methamphetamine users from 2008 to 2020 in the adult

population in the US are presented in Table 3.
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Unadjusted and adjusted odds ratios for
PAD and CLI among cocaine users from
2008 to 2020 in the adult population
in the US

In Table 4, we observed women had significantly higher

adjusted odds of CLI (aOR 1.2, 95% CI 1.1–1.3) compared to

men, while there was no significant difference for PAD (aOR

0.94, 95% CI 0.8–1.09) among patients hospitalized with cocaine

use. Older age was significantly associated with higher adjusted

odds of PAD and CLI among cocaine users; compared to the age

group 18–25 years, patients in the age group 26–40 years had

higher adjusted odds of PAD (aOR 3.49, 95% CI 1.07–21.4) and

CLI (aOR 2.4, 95% CI 1.36–4.73). Similarly, patients with

cocaine use belonging to the age groups 41–64 and ≥65 years

had higher adjusted odds of PAD (aOR 11.7, 95% CI 3.7–71 and

aOR 14.3, 95% CI 4.4–87 respectively) and CLI (aOR 7, 95% CI

4–13.7 and aOR 9.7, 95% CI 5.5–18.97 respectively) when

compared to patients in the age group 18–25 years. Non-

Hispanic Blacks hospitalized with cocaine use had significantly

higher adjusted odds of CLI compared to Non-Hispanic Whites
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FIGURE 6

Trends in prevalence of PAD-related hospitalizations among cocaine users from 2008 to 2020 by sex (A), race/ethnicity (B), age groups (C), and region
(D) in the US. Linear trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the group trends.
*P < 0.05, **P < 0.01, and ***P < 0.001.
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(aOR 1.1, 95% CI 1.01–1.21), while there was no significant

difference when comparing the other ethnic/racial groups.

Similarly, cocaine-related hospitalizations from the southern

(aOR 1.22, 95% CI 1.11–1.36) and western regions (2.35, 95% CI

2.08–2.67) had significantly higher adjusted odds of CLI

compared to the northeastern region. In all age groups, among

various comorbidities identified in this cohort, diabetes had a

higher adjusted odds of PAD (aOR 1.85, 95% CI 1.61–2.12) and

CLI (aOR 1.36, 95% CI 1.25–1.47). Similarly, in all age groups,

hypertension was associated with higher adjusted odds of PAD

(aOR 1.4, 95% CI 1.2- 1.65) and CLI (aOR 1.31, 95% CI 1.2–

1.43). The unadjusted and adjusted odds ratios for PAD and CLI

among cocaine users from 2008 to 2020 in the US adult

population are presented in Table 4.
Discussion

PAD is a disease with an increasingly global reach that has

risen in incidence every year since 1990. In the US, 8.5 million
Frontiers in Cardiovascular Medicine 1192
individuals (7.2% of the overall population) were affected by

PAD in 2000 (5). In our study, we comprehensively investigated

the prevalence and trends of PAD from 2008 to 2020. Our study

showed a moderate increase in PAD prevalence with a

consistently increased male-to-female ratio over the last decade.

The geographical distribution of PAD in the US has dramatically

changed. Specifically, the western region exhibited a more than

twofold rise in PAD in 2020 compared to other areas of the

country. Within this, Pacific Islanders and Hispanics showed a

striking increase ranging from 2 to 3.6 times in PAD cases

compared to other races and ethnicities. However, CLI remained

relatively consistent overall. Notably, we observed a substantial

surge in PAD cases among methamphetamine users during the

study period, particularly in the western region.

Previous studies have shown that the prevalence of PAD

increased by 13.1% in high-income countries and more than

doubled (28.7%) in low/middle-income countries between 2000

and 2010 (5, 9). In the year 2000, US population-based estimates

suggest that over 8 million people aged 40 years and older have

been affected by PAD (3). However, some studies showed that
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FIGURE 7

Trends in prevalence of CLI-related hospitalizations among methamphetamine users from 2008 to 2020 by sex (A), race/ethnicity (B), age groups (C),
and region (D) in the US. Linear trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the
group trends. *P < 0.05, **P < 0.01, and ***P < 0.001.
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PAD as a primary discharge diagnosis declined between 2006 and

2016 (21), we provide data revealing temporal trends in PAD

prevalence between 2008 and 2020. Conversely, while the

incidence of CLI remained steady between 2003 and 2011 (22),

our analysis of the NIS data showed a decrease in the first half of

the last decade before it began to rise again in 2018, with a 1.21-

fold increase between 2017 and 2020. Interestingly, previous

reports indicated that lower extremity amputation decreased

between 2000 and 2008, while diabetic patients showed an

overall increase in non-traumatic amputations between 2009 and

2015 (20, 23). However, our results revealed a striking increase in

the rate of amputation among PAD patients, up to 133-fold in

2020 compared to 2008 in the US.

The demographic profile of PAD is less clear compared to other

ASCVD risk factors. Studies have shown that men have almost

double the incidence of PAD compared to women based on

intermittent claudication (24–26). However, when objective

measures [e.g., ankle-brachial index (ABI)] were used, the sex

discrepancy was much less drastic (25, 27). Our findings

consistently show slight sex differences in PAD prevalence

between men and women. However, our analysis showed that
Frontiers in Cardiovascular Medicine 1293
60% of CLI reported between 2008 and 2020 were men.

Furthermore, this gap increased across the last decade (the male-

to-female ratio = 1.27 in 2008 compared to 1.62 in 2020). This

may explain why symptomatic PAD tends to be more common

among men. Additionally, the Multi-Ethnic Study of

Atherosclerosis (MESA) found that borderline ABI (ABI 0.9–0.99)

was more common in women while true PAD (ABI <0.9) tended

to be equally represented in both sexes (28–30).

The prevalence of PAD varies heavily based on race and

ethnicity. Prior studies showed that Non-Hispanic Blacks tend to

have higher rates of PAD, with the highest prevalence after age

50 years in men and 60 years in women (3, 31–34). After the

fifth decade, the incidence of PAD among Non-Hispanic Blacks

is almost twice as high as that of other races and nearly three

times higher in the eighth decade (3). However, a recent study

among veterans reported that between 2008 and 2016, the

incidence of PAD was less than 10% higher among Non-

Hispanic Blacks compared to non-Hispanic whites at the mean

age of 60.2 years (19). These inconsistent data are likely due to

study design, ABI vs. symptomatic PAD, and different study

lengths. Consistently, our study showed that while most PAD
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FIGURE 8

Trends in prevalence of CLI-related hospitalizations among cocaine users from 2008 to 2020 by sex (A), race/ethnicity (B), Age groups (C), and region
(D) in the US. Linear trend test was used to compare the trend from 2008 to 2020 and Cochran-Armitage test was used to compare the group trends.
*P < 0.05, **P < 0.01, and ***P < 0.001.
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cases were reported among non-Hispanic whites, Asians or Pacific

Islanders exhibited the most significant rise in PAD between 2008

and 2020. However, CLI was more than 1.5-fold higher among

Non-Hispanic Blacks, followed by Native Americans (1.23-fold),

compared to Non-Hispanic Whites.

The geographical distribution and trends associated with

PAD have been poorly studied. Non-traumatic amputations

showed significant regional variations, with higher rates tending

to concentrate in the east south-central, west south-central, and

south Atlantic regions (southeastern regions) compared to the

mountain, New England, and west north-central regions of the

US (20). Moreover, amputations were disproportionally higher

among Non-Hispanic Blacks in the high amputation regions

compared to other races (20). Our study provides the first data

regarding the geographical disparity of PAD in the US. As we

mentioned earlier, our findings show a significant increase in

the incidence of PAD in the western region from 2008 to 2020.

Interestingly, we observed that in 2008, the southern region had

over twice the incidence of PAD compared to the western
Frontiers in Cardiovascular Medicine 1394
region. However, by 2020, the incidence of PAD in the western

region had surpassed that of the southern region and the rest

of the country.

Although the association between substance use, particularly

methamphetamine and cocaine, and coronary artery disease and

cerebrovascular diseases has been well studied (14, 17, 35–38),

the epidemiological, clinical, and biological aspects of these

drugs in relation to PAD are poorly characterized (39, 40). Our

study showed that PAD among methamphetamine users is

increasing annually, with an almost 6-fold change between 2008

and 2020. The incidence of PAD among methamphetamine

users is predominantly concentrated in the western region of the

US (60%), which increased significantly between 2008 and 2020.

The observed increase in PAD among methamphetamine users

in the western region could be a contributing factor to the

geographical shift in PAD. In contrast, PAD among cocaine

users is more prevalent in the southern region and has shown a

modest increase over the last decade. It is noteworthy to state

that methamphetamine has a much longer half-life compared to
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TABLE 3 Unadjusted and adjusted odds ratio for PAD and CLI among methamphetamine users from 2,008–2,020 in the US.

PAD patients with meth use CLI patients with meth use

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Gender Men [Reference] [Reference] [Reference] [Reference]

Women 0.82 (0.75, 0.89) 1.1 (0.97, 1.24) 0.64 (0.52, 0.78) 0.79 (0.6, 1.04)

Age (year) 18–25 [Reference] [Reference] [Reference] [Reference]

26–40 3.21 (1.81, 6.31) 1.45 (0.78, 3.02) 8.39 (1.8, 149.43) 2.66 (0.53, 48.15)

41–64 35.56 (20.71, 68.61) 5.57 (3.1, 11.3) 79.78 (18.04, 1,401.1) 10.69 (2.35, 189.19)

≥65 127.96 (74.26, 247.47) 8.18 (4.46, 16.83) 164.92 (36.68, 2,909.27) 10.2 (2.12, 183.51)

Race/Ethnicitya White patients [Reference] [Reference] [Reference] [Reference]

Black patients 0.83 (0.72, 0.96) 0.88 (0.72, 1.07) 0.94 (0.67, 1.29) 0.69 (0.44, 1.04)

Hispanic patients 0.81 (0.71, 0.93) 0.9 (0.74, 1.08) 0.86 (0.63, 1.15) 0.68 (0.45, 1.02)

Asian or Pacific
Islander patients

1.37 (1.07, 1.74) 1.01 (0.72, 1.4) 1.33 (0.7, 2.26) 0.95 (0.45, 1.79)

Native American
patients

0.7 (0.48, 0.97) 1.03 (0.61, 1.64) 0.7 (0.27, 1.43) 0.93 (0.28, 2.28)

Other patients 0.76 (0.56, 1) 0.81 (0.52, 1.22) 0.54 (0.21, 1.11) 0.44 (0.11, 1.2)

Primary payer Medicare [Reference] [Reference] [Reference] [Reference]

Medicaid 0.26 (0.24, 0.29) 0.76 (0.65, 0.9) 0.41 ( 0.33, 0.51) 1.26 (0.91, 1.76)

Private insurance 0.37 (0.32, 0.42) 1.12 (0.92, 1.36) 0.27 (0.18, 0.39) 0.66 (0.37, 1.09)

Self-pay 0.17 (0.14, 0.2) 1.02 (0.79, 1.32) 0.23 (0.15, 0.33) 1.18 (0.67, 2)

No charge 0.29 (0.17, 0.47) 2.15 (1.08, 4.02) 0.38 (0.09, 0.99) 1.67 (0.26, 5.74)

Other 0.23 (0.17, 0.29) 0.89 (0.63, 1.23) 0.31 (0.17, 0.51) 1.13 (0.54, 2.15)

Median household
incomeb ($)

<50,000 [Reference] [Reference] [Reference] [Reference]

50,000–64,999 1.05 (0.93, 1.17) 0.88 (0.76, 1.03) 0.88 (0.69, 1.13) 0.81 (0.59, 1.11)

65,000–85,999 1.38 (1.24, 1.55) 1.07 (0.92, 1.26) 0.87 (0.67, 1.14) 0.8 (0.57, 1.13)

>86,000 1.44 (1.26, 1.64) 1.04 (0.86, 1.25) 0.67 (0.46, 0.95) 0.67 (0.43, 1.01)

US region Northeast [Reference] [Reference] [Reference] [Reference]

Midwest 1.05 (0.83, 1.34) 1.05 (0.78, 1.44) 0.83 (0.49, 1.5) 0.54 (0.28, 1.08)

South 1.1 (0.88, 1.4) 1.26 (0.95, 1.69) 1.42 (0.88, 2.45) 0.92 (0.52, 1.73)

West 1.91 (1.55, 2.39) 1.93 (1.48, 2.55) 1.59 (1.01, 2.71) 1.04 (0.61, 1.9)

Length of hospital stay
(days)

0–3 [Reference] [Reference] [Reference] [Reference]

4–6 1.28 (1.15, 1.43) 1.06 (0.91, 1.22) 2.86 (2.08, 3.97) 2.03 (1.37, 3.04)

7–9 1.92 (1.69, 2.17) 1.4 (1.17, 1.67) 6.37 (4.58, 8.9) 4.35 (2.91, 6.56)

10–12 2.35 (1.99, 2.75) 1.49 (1.19, 1.87) 8.89 (6.1, 12.91) 4.63 (2.81, 7.5)

>12 2.45 (2.16, 2.77) 1.32 (1.1, 1.59) 11.91 (8.81, 16.29) 6.86 (4.71, 10.11)

Anemia No [Reference] [Reference] [Reference] [Reference]

Yes 2.12 (1.86, 2.42) 1.17 (0.99, 1.39) 2.58 (1.9, 3.43) 1.23 (0.87, 1.72)

Arthritis No [Reference] [Reference] [Reference] [Reference]

Yes 2.48 (1.87, 3.22) 1.43 (1.02, 1.98) 1.78 (0.76, 3.49) 1.45 (0.6, 2.97)

Chronic pulmonary
disease

No [Reference] [Reference] [Reference] [Reference]

Yes 2.36 (2.16, 2.58) 0.99 (0.88, 1.12) 2.03 (1.64, 2.5) 0.88 (0.66, 1.16)

Congestive heart failure No [Reference] [Reference] [Reference] [Reference]

Yes 3.37 (3.01, 3.77) 0.62 (0.54, 0.72) 4.58 (3.56, 5.84) 1.17 (0.87, 1.57)

Coagulopathy No [Reference] [Reference] [Reference] [Reference]

Yes 2.02 (1.68, 2.41) 0.92 (0.73, 1.15) 1.87 (1.16, 2.84) 0.6 (0.34, 0.99)

Depression No [Reference] [Reference] [Reference] [Reference]

Yes 0.92 (0.82, 1.04) 0.98 (0.83, 1.15) 0.71 (0.52, 0.95) 0.89 (0.61, 1.26)

Diabetes No [Reference] [Reference] [Reference] [Reference]

Yes 3.49 (3.2, 3.81) 1.43 (1.26, 1.62) 6.48 (5.32, 7.9) 2.69 (2.07, 3.5)

Hypertension No [Reference] [Reference] [Reference] [Reference]

Yes 4.6 (4.2, 5.03) 1.16 (1.02, 1.31) 4.56 (3.71, 5.64) 1.13 (0.86, 1.51)

Liver disease No [Reference] [Reference] [Reference] [Reference]

Yes 1.36 (1.15, 1.6) 0.98 (0.8, 1.2) 1.37 (0.9, 2) 0.94 (0.59, 1.42)

Obesity No [Reference] [Reference] [Reference] [Reference]

Yes 1.69 (1.5, 1.9) 1.04 (0.88, 1.23) 1.3 (0.94, 1.74) 0.77 (0.52, 1.11)

Peripheral vascular
disorders

No [Reference] [Reference] [Reference] [Reference]

Yes 503.71 (436.06, 585.11) 259.05 (219.12, 308.13) 175 (137.15, 226.12) 64.99 (48.39, 88.41)

Pulmonary circulation
disorders

No [Reference] [Reference] [Reference] [Reference]

Yes 2.85 (2.27, 3.52) 0.92 (0.7, 1.19) 2.26 (1.2, 3.85) 0.57 (0.29, 1.03)

(Continued)
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TABLE 3 Continued

PAD patients with meth use CLI patients with meth use

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Renal failure No [Reference] [Reference] [Reference] [Reference]

Yes 4.77 (4.24, 5.35) 1.15 (0.98, 1.34) 6.3 (4.85, 8.12) 1.65 (1.2, 2.24)

aAdmitted patients were identified as non-Hispanic American Indian or Alaska Native people, non-Hispanic Asian people, non-Hispanic Black people, Hispanic people, and

non-Hispanic White people.
bMedian household income of residents in the patient’s ZIP Code based on 2020.

TABLE 4 Unadjusted and adjusted odds ratio for PAD and CLI among cocaine users from 2008–2020 in the US.

PAD patients with cocaine use CLI patients with cocaine use

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Gender Male [Reference] [Reference] [Reference] [Reference]

Female 0.69 (0.61, 0.78) 0.94 (0.8, 1.09) 0.79 (0.74, 0.84) 1.2 (1.1, 1.3)

Age (year) 18–25 [Reference] [Reference] [Reference] [Reference]

26–40 6.77 (2.12, 41.33) 3.49 (1.07, 21.42) 3.33 (2.04, 5.87) 2.4 (1.36, 4.73)

41–64 58.79 (19.01, 353.98) 11.75 (3.76, 71.09) 28.11 (17.61, 48.9) 7.07 (4.08, 13.75)

≥65 175.64 (56.28, 1,061.18) 14.29 (4.47, 87.23) 105.97 (66.08, 184.88) 9.68 (5.51, 18.97)

Race/Ethnicitya White patients [Reference] [Reference] [Reference] [Reference]

Black patients 2.22 (1.94, 2.54) 1.14 (0.97, 1.34) 1.83 (1.72, 1.96) 1.1 (1.01, 1.21)

Hispanic patients 1.23 (0.97, 1.54) 0.92 (0.69, 1.2) 1.09 (0.96, 1.22) 0.99 (0.85, 1.15)

Asian or Pacific
Islander patients

0.51 (0.08, 1.59) 0 (0, 0) 1.38 (0.89, 2.03) 0.89 (0.49, 1.52)

Native American
patients

2.15 (1.03, 3.93) 1.73 (0.76, 3.43) 1.34 (0.87, 1.97) 1.02 (0.6, 1.67)

Other patients 1.46 (1.02, 2.02) 1.29 (0.86, 1.89) 1 (0.81, 1.21) 1.12 (0.87, 1.43)

Primary payer Medicare [Reference] [Reference] [Reference] [Reference]

Medicaid 0.48 (0.42, 0.54) 1 (0.85, 1.18) 0.43 (0.4, 0.46) 0.91 (0.83, 1)

Private insurance 0.33 (0.26, 0.4) 0.85 (0.66, 1.08) 0.43 (0.39, 0.48) 1.13 (1, 1.29)

Self-pay 0.25 (0.2, 0.31) 0.77 (0.58, 1.01) 0.29 (0.26, 0.32) 1.03 (0.89, 1.19)

No charge 0.2 (0.1, 0.37) 0.55 (0.23, 1.1) 0.32 (0.24, 0.41) 1.11 (0.79, 1.54)

Other 0.34 (0.24, 0.46) 0.79 (0.53, 1.15) 0.34 (0.28, 0.4) 0.82 (0.66, 1.01)

Median household
Incomeb ($)

<50,000 [Reference] [Reference] [Reference] [Reference]

50,000–64,999 0.82 (0.71, 0.95) 1.03 (0.87, 1.22) 0.88 (0.82, 0.95) 0.99 (0.9, 1.08)

65,000–85,999 0.71 (0.6, 0.84) 0.93 (0.76, 1.14) 0.82 (0.75, 0.89) 0.97 (0.87, 1.08)

>86,000 0.51 (0.4, 0.63) 0.78 (0.59, 1.02) 0.65 (0.58, 0.72) 0.93 (0.81, 1.08)

US region Northeast [Reference] [Reference] [Reference] [Reference]

Midwest 1.24 (1.05, 1.46) 0.83 (0.68, 1.01) 1.75 (1.6, 1.92) 1.09 (0.97, 1.22)

South 1.39 (1.21, 1.6) 1.06 (0.9, 1.26) 1.86 (1.71, 2.02) 1.22 (1.11, 1.36)

West 1.25 (1.02, 1.53) 0.96 (0.75, 1.22) 2.96 (2.69, 3.26) 2.35 (2.08, 2.67)

Length of hospital stay
(days)

0–3 [Reference] [Reference] [Reference] [Reference]

4–6 2.17 (1.82, 2.59) 2 (1.63, 2.44) 1.21 (1.12, 1.3) 1.12 (1.01, 1.23)

7–9 4.66 (3.88, 5.6) 3.6 (2.91, 4.45) 2.01 (1.84, 2.19) 1.57 (1.4, 1.76)

10–12 6.91 (5.61, 8.49) 4.76 (3.72, 6.05) 2.58 (2.31, 2.88) 1.68 (1.45, 1.94)

>12 9.08 (7.69, 10.73) 6.55 (5.39, 7.98) 2.72 (2.49, 2.96) 1.87 (1.67, 2.09)

Anemia No [Reference] [Reference] [Reference] [Reference]

Yes 2.78 (2.42, 3.19) 1.37 (1.17, 1.61) 2.17 (2.01, 2.35) 1.12 (1.02, 1.23)

Arthritis No [Reference] [Reference] [Reference] [Reference]

Yes 1.83 (1.19, 2.68) 1.01 (0.62, 1.54) 1.97 (1.6, 2.4) 1.03 (0.81, 1.3)

Chronic pulmonary
disease

No [Reference] [Reference] [Reference] [Reference]

Yes 1.35 (1.19, 1.53) 0.79 (0.68, 0.91) 1.78 (1.67, 1.9) 0.97 (0.9, 1.06)

Congestive heart failure No [Reference] [Reference] [Reference] [Reference]

Yes 3.07 (2.58, 3.62) 0.81 (0.67, 0.98) 3.38 (3.1, 3.68) 0.75 (0.68, 0.84)

Coagulopathy No [Reference] [Reference] [Reference] [Reference]

Yes 1.25 (0.92, 1.66) 0.6 (0.43, 0.81) 1.62 (1.41, 1.85) 0.82 (0.69, 0.96)

(Continued)
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TABLE 4 Continued

PAD patients with cocaine use CLI patients with cocaine use

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Unadjusted odds ratio
(95% CI)

Adjusted odds ratio
(95% CI)

Depression No [Reference] [Reference] [Reference] [Reference]

Yes 1.01 (0.86, 1.19) 0.96 (0.8, 1.16) 1.01 (0.92, 1.09) 0.97 (0.87, 1.07)

Diabetes No [Reference] [Reference] [Reference] [Reference]

Yes 4.4 (3.92, 4.94) 1.85 (1.61, 2.12) 3.27 (3.07, 3.48) 1.36 (1.25, 1.47)

Hypertension No [Reference] [Reference] [Reference] [Reference]

Yes 4.36 (3.83, 4.97) 1.4 (1.2, 1.65) 4.38 (4.1, 4.69) 1.31 (1.2, 1.43)

Liver disease No [Reference] [Reference] [Reference] [Reference]

Yes 1.57 (1.29, 1.89) 1.13 (0.91, 1.39) 1.56 (1.41, 1.73) 1.12 (0.99, 1.26)

Obesity No [Reference] [Reference] [Reference] [Reference]

Yes 1.15 (0.94, 1.39) 0.78 (0.61, 0.97) 1.29 (1.16, 1.42) 0.84 (0.74, 0.95)

Peripheral vascular
disorders

No [Reference] [Reference] [Reference] [Reference]

Yes 110.7 (97.63, 125.79) 59.72 (51.5, 69.4) 323.54 (297, 353.03) 217.5 (197.1, 240.45)

Pulmonary circulation
disorders

No 0 (0, 0) [Reference] [Reference] [Reference]

Yes 1.9 (1.21, 2.82) 0.66 (0.41, 1) 2.98 (2.48, 3.55) 0.93 (0.75, 1.15)

Renal failure No [Reference] [Reference] [Reference] [Reference]

Yes 4.27 (3.71, 4.9) 1.02 (0.86, 1.21) 3.96 (3.67, 4.27) 0.95 (0.86, 1.04)

aAdmitted patients were identified as non-Hispanic American Indian or Alaska Native people, non-Hispanic Asian people, non-Hispanic Black people, Hispanic people, and

non-Hispanic White people.
bMedian household income of residents in the patient’s ZIP Code based on 2020.
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cocaine. Additionally, methamphetamine causes a distinct pattern

of endothelial toxicity that affects multiple patterns of endothelial

activation compared to cocaine (10, 41).
Study strengths and limitations

The NIS data have both advantages and disadvantages. Among

their strengths, (i) the NIS data on hospitalizations cover an

extensive sample size, allowing for robust prevalence and trend

analysis; (ii) NIS hospitalization data span numerous years and

permit national and state-level estimates; (iii) they provide

insightful information about hospital usage and outcomes at the

national level in the US; and (iv) the NIS database makes use of

standardized diagnosis coding and classification methods, making

it possible to analyze trends in hospital usage caused by diseases

over time in a consistent and repeatable manner.

Being a cross-sectional study, we could only report temporal

association; no definitive conclusion regarding the casualty can

be made based on our findings. The selection bias may occur

given the retrospective design, ICD-based cohort creation, and

inherent errors related to ICD coding. The treatments received

by patients, the timing of the interventions, medications, and

post-discharge information are unavailable. Moreover, the lack of

screening methods to diagnose PAD or CLI among

methamphetamine or cocaine users or non-users and the

possibility of underestimating prevalence due to insufficient

documentation poses further limitations. The analysis in this

study focuses solely on PAD and CLI among methamphetamine

or cocaine users or non-users and does not discriminate based

on other biomarkers or routes of methamphetamine use. Other

limitations of the NIS database have been detailed in previous
Frontiers in Cardiovascular Medicine 1697
studies (42–44). A larger-scale randomized study followed up on

the prospective scale is needed to validate our findings further.
Conclusion

In conclusion, our paper showed increased PAD in the US with

significant geographical and demographic changes over the past

decade. We also showed a strong trend of PAD among substance

users, especially those who use methamphetamine. There was an

increasing trend in PAD-related hospitalizations among

methamphetamine and cocaine users for both males and females.

Although an overall decreasing trend in CLI-related

hospitalization was observed for both genders, an up-trend in

CLI was seen among methamphetamine users. These up-trends

were more prominent for White, Hispanic & African Americans,

and southern and western states, highlighting racial and

geographic variations over the study period. Moreover, substance

use, especially methamphetamine, needs further investigation to

identify risk factors and potential pathologies leading to

enhanced PAD.
Clinical perspective

Competency in patient care

Certain demographic characteristics such as male sex,

methamphetamine use, Pacific Islanders, and Hispanics have

higher PAD rates than other populations. Educating at-risk

populations and proactive measures might be needed to prevent

the rising trends of CLI.
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Translational Outlook

Prospective trials to identify the underlying risk factors in at-

risk demographic groups will help guide therapeutic

interventions and guidelines.
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The role of proprotein convertase
subtilisin/kexin 9 (PCSK9) in
macrophage activation: a focus
on its LDL receptor-independent
mechanisms
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1Department of Cardiovascular Medicine, Kyushu University Hospital, Fukuoka, Japan, 2Center for
Excellence in Vascular Biology, Cardiovascular Division, Department of Medicine, Brigham and
Women’s Hospital, Harvard Medical School, Boston, MA, United States, 3Center for Interdisciplinary
Cardiovascular Sciences, Cardiovascular Division, Department of Medicine, Brigham and Women’s
Hospital, Harvard Medical School, Boston, MA, United States, 4Channing Division of Network Medicine
(MA), Brigham and Women’s Hospital, Department of Medicine, Harvard Medical School, Boston, MA,
United States
Recent clinical trials demonstrated that proprotein convertase subtilisin/kexin 9
(PCSK9) inhibitors reduce cardiovascular events without affecting systemic
inflammation in the patients with coronary artery disease, as determined by
high sensitivity C-reactive protein (CRP) levels. However, its pro-inflammatory
effects in cardiovascular disease in humans and experimental animals beyond
the traditional cholesterol receptor-dependent lipid metabolism have also
called attention of the scientific community. PCSK9 may target receptors
associated with inflammation other than the low-density lipoprotein receptor
(LDLR) and members of the LDLR family. Accumulating evidence suggests
that PCSK9 promotes macrophage activation not only via lipid-
dependent mechanisms, but also lipid-independent and LDLR-dependent or
-independent mechanisms. In addition to dyslipidemia, PCSK9 may thus be a
potential therapeutic target for various pro-inflammatory diseases.

KEYWORDS

PCSK9 (proprotein convertase subtilisin/kexin type 9), macrophages, atherosclerosis,

inflammation, vascular biology, coronary artery disease, LDL receptor (LDLR), dyslipidemia

Introduction

PCSK9, the ninth member of the proprotein convertase family, belongs to a group of

serine proteases that hydrolyze peptide bonds in their cognate substrates for activation.

The discovery of gain- or loss-of-function mutations in PCSK9 in patients with

dyslipidemia led to the development of PCSK9 inhibitors with unprecedented lipid-

lowering properties (1). PCSK9 prevents LDLR recycling to the cell surface of

hepatocytes, leading to an impaired LDL-C clearance from the plasma (2). Several

molecules modulate the interaction between PCSK9 and LDLR. PCSK9 interacts with

heparan sulfate proteoglycans on the hepatocyte surface through the interaction of

surface-exposed basic residues with trisulfated heparan sulfate disaccharide repeats, which

promotes LDLR degradation (3). Cytosolic adenylyl cyclase-associated protein 1 (CAP1),

a surface receptor that binds the C-terminal domain of resistin (4), also binds the CHRD

of PCSK9 and enhances the degradation of the PCSK9-LDLR complex (5). Both the
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LDLR and PCSK9 are transcriptionally regulated by sterol regulatory

element binding protein-2 (SREBP-2) (6). Mitochondrial reactive

oxygen species increase PCSK9 secretion and associate with

mitochondrial fission, of which dynamin-related protein 1 (DRP1)

is a key driver (7). Rogers et al. of our group demonstrated that

DRP1 inhibition promoted hepatic proteasomal degradation of

PCSK9 to reduce hepatic PCSK9 secretion (8), by trafficking from

ER to proteasomes via ER chaperone glucose-regulated protein 94

(GRP94) (9). DRP-1 inhibition also suppressed PCSK9 mRNA

levels in HepG2 cells via reduced SREBP-1c.

Pivotal studies such as the FOURIER trial (10) and ODYSSEY

OUTCOMES trial (11) have demonstrated the efficacy of PCSK9

antibodies in reducing cardiovascular events in primary and

secondary prevention, respectively, representing recent advancements

in PCSK9-targeted intensive lipid lowering strategy. Building upon

these findings, the GLAGOV (12) and HUYGENS trial (13) revealed

that the LDL-C reduction by PCSK9 antibodies contributed to the

stabilization of plaques as gauged by intracoronary imaging, offering

a potential mechanism for their cardiovascular benefits. PACMAN-

AMI trial (14) further provided evidence that an early and aggressive

lipid lowering strategy with PCSK9 antibodies for high-risk patients

may be beneficial. Insights from the ORION trials (15) have

expanded the therapeutic landscape by indicating that a PCSK9

siRNA significantly lowers LDL-C levels. Lipoprotein (a) [Lp(a)] is a

strong risk factor for atherosclerotic cardiovascular disease regardless

of the reduction of LDL-C levels achieved by statins. Clinical trials

such as FOURIER and ODYSSEY OUTCOMES trials demonstrated

that PCSK9 inhibitors lower not only serum levels of LDL-C but also

Lp(a) (16). Notably, The ODYSSEY OUTCOMES trial with

alirocumab demonstrated for the first time that a reduction in Lp(a)

associated with less major adverse cardiovascular events (17).
Potential link between PCSK9 and
inflammation

Genetic evidence suggests lipid-dependent effects of PCSK9 in

gain-of-function and loss-of-function mutation carriers (18).

Moreover, clinical trials investigating the clinical benefit of

PCSK9 inhibitors using serial intracoronary imaging, such as

HUYGENS (13) and PACMAN-AMI (14) trials, have revealed

the relationship between achieved levels of LDL-C and change in

percent atheroma volume with more intensive lipid-lowering

therapies than statins or a statin plus ezetimibe (19). In addition,

PCSK9 inhibitors did not change high sensitivity C-reactive

protein (CRP) levels in the patients with coronary artery disease

(20, 21). However, CRP may not solely capture changes in local

inflammation produced by PCSK9 inhibition.

A recent clinical study showed that anti-inflammatory changes

in monocyte phenotype with PCSK9 antibodies were not

accompanied by a CRP reduction in patients with familial

hypercholesterolemia (22). In addition, the ATHEROREMO-IVUS

study (The European Collaborative Project on Inflammation and

Vascular Wall Remodeling in Atherosclerosis—Intravascular

Ultrasound) demonstrated a linear relationship between serum

levels of PCSK9 and the fraction or amount of the necrotic core
Frontiers in Cardiovascular Medicine 02101
in the non-culprit lesions of patients with acute coronary

syndrome, independently of serum levels of LDL-C. A recent

observational study demonstrated that treatment with a PCSK9

inhibitor monotherapy is associated with a decreased major

adverse cardiovascular events even after adjustment of multiple

variables including LDL-C, associated with the decreased

expression of inflammatory proteins within the atherosclerotic

plaque (23). Collectively, these data suggested anti-inflammatory

properties of PCSK9 inhibitors beyond lipid lowering (Figure 1).

PCSK9 of the hepatic origin binds to LDL particles and reaches

the atherosclerotic plaque via the circulating blood (24). An in vitro

experimental study suggested the possibility that PCSK9 released by

vascular smooth muscle cells in the human atherosclerotic plaque

could reduce LDLR expression in macrophages (25). Considering

the accumulating evidence from over decades of research that

macrophages play key roles in the initiation and the development

of atherosclerosis and the onset of its acute thrombotic

complications, these data indicate that circulating PCSK9 and/or

local PCSK9 may induce plaque inflammation via macrophage

activation. Our group reported that PCSK9 induces pro-

inflammatory activation of macrophages and accelerates vein graft

lesion development via LDLR-independent mechanisms (Figure 2)

(26). This article will provide an overview on the current evidence

that links PCSK9 and inflammation via (1) lipid-dependent, (2)

lipid-independent and LDL receptor-dependent, or (3) lipid-

independent and LDL receptor-independent mechanisms.
Lipid-dependent pro-inflammatory
effects of PCSK9

As described above, cholesterol-lowering with PCSK9 inhibitors

attenuates the pro-inflammatory profile of monocytes in patients

with hypercholesterolemia. LDL-C lowering with PCSK9 antibodies

reduced monocyte CCR2 expression and migratory capacity of

monocytes, which was correlated with intracellular lipid

accumulation in monocytes (22). This data suggested that LDL-C

lowering with PCSK9 inhibitors paralleled by reduced monocyte

lipid accumulation itself contributes to the anti-inflammatory effects.

In a preclinical study, weekly subcutaneous injection of

alirocumab dose-dependently decreased plasma lipids (27). In the

same study, alirocumab added to a statin therapy increased smooth

muscle and collagen content associated with decreased macrophage

accumulation and necrotic core formation in APOE*3Leiden.CETP

mice (27). A strong correlation between plasma total cholesterol

levels and atherosclerotic lesion area in the aortic root was

observed, suggesting cholesterol lowering with a PCSK9 inhibitor

itself leads to inhibition of atherosclerosis development and

improves plaque morphology.
Lipid-independent and LDL receptor-
dependent pro-inflammatory effects of
PCSK9

Again, PCSK9 released by vascular smooth muscle cells reduces

LDLR expression in macrophages in vitro (25). Evidence suggests
frontiersin.org
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FIGURE 2

The role of circulating PCSK9 in proinflammatory macrophage activation and vein graft lesion development via LDLR-independent mechanisms. (A)
mRNA levels of pro-inflammatory molecules and anti-inflammatory molecules were measured in murine peritoneal macrophages of Ldlr−/− mice 1
week (upper panels) or 4 weeks (lower panels) after intravenous injection with AAV-LacZ or AAV-PCSK9 (n= 7–8 per group). (B) Left panel: Masson’s
trichrome staining of vein grafts from Ldlr−/− mice treated with AAV-LacZ or AAV-PCSK9 28 days after implantation. Right panel: The quantitative
analysis of intimal area, intimal and media/adventitia thickness, and lumen and vessel diameter of vein grafts (n= 12 and 11 for AAV-LacZ and AAV-
PCSK9 group, respectively). Panels were reproduced from Katsuki et al. with permission of the publisher.

FIGURE 1

The vasculoprotective effects of PCSK9 inhibitors in humans. Lipid lowering effects of PCSK9 inhibitors include thickening of the fibrous cap thickness in
coronary plaque and reduced percent atheroma volume. PCSK9 inhibitors have anti-inflammatory properties in a lipid-dependent effects and lipid-
independent manner. Monocytes isolated from familial hypercholesterolemia show reduced intracellular lipid accumulation and lower CCR2 expression
associated with reduced migration capacity by PCSK9 inhibitors. Patients treated with PCSK9 inhibitors have a reduced macrophage accumulation and
pro-inflammatory molecules within the carotid plaque, leading to reduced collagen remodeling partially in a lipid-independent manner.

Katsuki et al. 10.3389/fcvm.2024.1431398
that pro-inflammatory responses to PCSK9 in macrophages and

arterial atherosclerotic lesions may primarily depend on LDLR.

Ricci et al. reported that recombinant PCSK9 induced a nuclear

translocation of p65, a subunit of the proinflammatory

transcription factor NF-κB, in macrophage-like THP-1 cells and
Frontiers in Cardiovascular Medicine 03102
pro-inflammatory cytokines and chemokines in THP-1 cells and

human macrophages. They also showed that recombinant PCSK9

induced TNFα mRNA in murine bone marrow-derived

macrophages mainly, but not exclusively, in an LDLR-dependent

fashion (28).
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The primary source of local PCSK9 production in

atherosclerotic plaques was reported to be smooth muscle cells

(25), but other vascular cells such as endothelial cells (29) and

macrophages (30) also express PCSK9 under inflammatory

stimuli. Giunzioni et al. detected PCSK9 expression in murine

macrophages and further reported that overexpression of human

PCSK9 in macrophages induced the accumulation of Ly-6Chigh

monocytes in the atheroma and promoted atherosclerotic lesions

in an LDLR-dependent mechanism, independently of blood lipid

levels (31, 32). In contrast, deletion of the PCSK9 gene in the

liver reduced atherosclerotic lesions without changing plasma

cholesterol levels, primarily via LDLR-dependent mechanisms

(33). These data suggest that PCSK9 exerts lipid-independent

pro-inflammatory effects in an LDLR-dependent fashion.
Lipid-independent and LDL receptor-
independent pro-inflammatory effects
of PCSK9

PCSK9 also targets other molecules than LDLR (e.g., very low-

density lipoprotein receptor (VLDLR), apolipoprotein E receptor 2

(ApoER2), LDLR-related protein 1 (LRP1), CD36). Emerging

evidence suggests that PCSK9 may have other targets associated

with inflammation including the Toll-like receptor 4 (TLR4)/NF-

κB signaling pathway and scavenger receptors.

The TLR4/NF-κB signaling pathway is one of the key signaling

pathways mediating PCSK9-induced pro-inflammatory effects.

PCSK9 silencing with lentivirus-mediated PCSK9 shRNA vector in

Apoe−/− mice ameliorated the development of atherosclerotic plaques

associated with reduced number of macrophages and decreased

expression of vascular inflammation regulators such as TNFα, IL-1β,

MCP-1, TLR4 and NF-κB. Silencing PCSK9 did not affect the

plasma lipid profiles in these mice. PCSK9 overexpression increased

TLR4 expression and increased p-IkBα degradation, and NF-κB

nuclear translocation in macrophages, but PCSK9 silencing had the

opposite effects in RAW264.7 cells treated by oxidized LDL (oxLDL)

(34). An important step in atherogenesis includes formation of ox-

LDL that is taken up by a host of scavenger receptors such as SR-A,

CD36, and LOX-1 on monocytes and macrophages (35). In an

inflammatory milieu, PCSK9 stimulates the expression of scavenger

receptors, principally LOX-1, and ox-LDL uptake in macrophages

and thus contribute to the process of atherogenesis (30).

No previous in vivo studies, however, have provided direct

evidence that demonstrates LDLR-independent pro-inflammatory

effects of PCSK9 in macrophage activation and vascular lesions.

We, thus, investigated LDLR-independent mechanisms by which

PCSK9 induces pro-inflammatory activation of macrophages and

accelerates vein graft lesion development using Ldlr−/− mice. AAV

vector encoding a gain-of-function mutant of PCSK9 (AAV-

PCSK9) increased circulating PCSK9 without changing serum

cholesterol and triglyceride levels (26). AAV-PCSK9 induced

mRNA expression of the pro-inflammatory mediators IL-1β,

TNFα, and MCP-1 in peritoneal macrophages, as underpinned by

an in vitro analysis using Ldlr−/− mouse macrophages stimulated

with endotoxin-free recombinant PCSK9 (Figure 2). AAV-PCSK9
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also promoted vein graft lesion development in experimental vein

grafts of Ldlr−/− mice. In vivo molecular imaging further

demonstrated that AAV-PCSK9 increased macrophage

accumulation and matrix metalloproteinase activity associated with

decreased fibrillar collagen, a molecular determinant of

atherosclerotic plaque stability. We then explored LDLR-

independent pro-inflammatory signaling pathways in an unbiased

manner, namely, a combination of unbiased global transcriptomics

and network-based hyperedge entanglement prediction analysis.

Potential targets of PCSK9 in macrophages include forementioned

NF-κB signaling pathway and LOX-1, as well as a novel target,

syndecan-4 (SDC4) (26). SDC4 is a heparan sulfate proteoglycan

expressed on the surface of human macrophages (36). In addition,

SDC4 mRNA is increased in bone marrow-derived macrophages

stimulated with LPS, but not IL-4/IL-13 or IL-10 (37), suggesting

a potential link between SDC4 and macrophage activation.

Although Sdc4 was not a high-ranking differential expressed

transcript when compared to NF-κB signaling molecules and Lox-

1, its fold change after stimulation with recombinant PCSK9 in

the transcriptomics was statistically significant. We performed

in vitro experiments involving siRNA silencing in primary

macrophages to substantiate our computational prediction

platform and demonstrated that SDC4 indeed binds to PCSK9

in vivo and mediates PCSK9-induced pro-inflammatory responses.

Understanding more detailed mechanisms by which SDC4

mediates the pro-inflammatory responses and their downstream

signaling induced by PCSK9 requires future investigations

(Figure 3). Collectively, we demonstrated LDLR-independent pro-

inflammatory effects of PCSK9 in macrophage activation and

vascular lesions, independently of serum lipid levels.
Clinical application of PCSK9 inhibition
in cardiovascular disease

Considering the role of PCSK9 in lipid metabolism, multiple

therapeutic option including monoclonal antibodies (10, 11),

small-molecule inhibitors (38), small interfering RNA (siRNA)

molecules (15), antisense oligonucleotides (39), peptide vaccines

(40, 41) and CRISPR/Cas9 editing (42) have been developed.

While PCSK9 antibodies are administered biweekly, the frequency

of PCSK9 siRNA administration is once every six months,

substantially alleviating the burden on patients. As of today, the

clinical impact caused by the distinction in the mechanisms of

PCSK9 inhibition between PCSK9 antibodies and PCSK9 siRNA

remains unknown. Elucidating this disparity requires further

investigations. Nevertheless, patients with dyslipidemia eagerly

await the development of orally administrable small molecular

compounds since they are generally better tolerated than

biotherapeutics, which require injection.

Over the past decade, we and other investigators have been

exploring the potential for the development of a small molecule

PCSK9 inhibitor. Miyosawa et al. from our group previously

demonstrated that a new cholesteryl ester transfer protein (CETP)

inhibitor, K-312, had dual inhibitory actions on CETP and PCSK9

(43). K-312 decreased the active forms of SREBP-1 and SREBP-2 by
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FIGURE 3

Lipid-independent and LDL receptor-independent pro-inflammatory effects of PCSK9 in macrophages. (A) Network analysis of the 24
overrepresented transcripts in Ldlr−/− mouse macrophages using STRING database. Nodes are colored according to k-means clustering (number
of clusters = 3). Only connected nodes are shown here. Panels were reproduced from Katsuki et al. with permission of the publisher. (B) Potential
signaling pathways involved in PCSK9-induced macrophage activation. oxLDL binds to scavenger receptors (LOX1, CD36 etc.), leading to the
phosphorylation and degradation of IκB and subsequent activation of NF-κB. PCSK9 promotes this process by enhancing scavenger receptor
expression and TLR4. SDC4 directly binds to PCSK9, thereby inducing the expression of pro-inflammatory cytokines possibly via the NF-κB
signaling pathway.
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regulating the occupancy of SREBP-1 and SREBP-2 on the sterol

regulatory element of the PCSK9 promoter. K-312 treatment

attenuates atherosclerotic lesions in hyperlipidemic rabbits.

Moreover, these K-312-treated rabbits possess decreased plasma

levels of PCSK9, providing the in vivo evidence for the impact of this

compound on PCSK9. Collectively, K-312 may serve as a potent add-

on therapy to existing LDL-C lowering drugs such as statins. Merck

& Co. has developed MK-0616, an oral PCSK9 inhibitor. In their

Phase 2b trial, oral administration of MK-0616 at daily doses ranging

from 6 mg to 30 mg resulted in significant reductions of plasma

levels of LDL-C, surpassing those achieved with a placebo, in

individuals with hypercholesterolemia with a broad spectrum of risks

associated with atherosclerotic cardiovascular disease and

background statin therapies. In addition, all doses of MK-0616 were

well tolerated, with a minimal occurrence of serious adverse events

and discontinuations due to adverse events, comparable to the

placebo group. They have recently started a phase III trial of its oral

macrocyclic peptide inhibitor of PCSK9 for atherosclerotic

cardiovascular disease (38). As Rogers et al. from our group

previously noted, the inhibition of DRP1 results in a reduction of

hepatic PCSK9 secretion through the induction of hepatic

proteasomal degradation of PCSK9 and the suppression of SREBP-1c

(9). Consequently, an alternative therapeutic approach for PCSK9

inhibition involves a DRP-1 inhibitor, such as mdivi-1.
Application of PCSK9 overexpression
in basic research

Investigating therapeutic targets requires in vivo pre-clinical

studies to demonstrate proof-of-concept. PCSK9 is not only a

promising therapeutic target for hypercholesterolemia, but also

applied in the development of experimental animal models for
Frontiers in Cardiovascular Medicine 05104
atherosclerosis. A single injection of an adeno-associated virus

vector (AAV) encoding a gain-of-function mutant form of PCSK9,

along with an atherogenic diet, induces atherosclerosis in mice and

hamsters without genetic modification (44, 45).

Vascular calcification is one of the major clinical concerns. We

typically use Ldlr−/− or Apoe−/− mice fed with a high-fat and

high-cholesterol diet for 15–20 weeks to induce intimal

calcification, a costly and time-consuming process. Recent studies

have reported that PCSK9 transgenic mice (46) and D374Y

PCSK9 transgenic pigs (47, 48) develop atherosclerotic lesions

with calcification. We further reported that a single injection of

D377Y PCSK9 AAV vector can induce experimental vascular

calcification in mice (49). After a single injection of PCSK9 AAV

to C57BL/6J mice fed a high-fat and high-cholesterol diet, serum

levels of PCSK9 remained elevated for 20 weeks and vascular

calcification progressed to the same extent as that in Ldlr−/− mice.

To validate the effectiveness of this experimental model of vascular

calcification, our group demonstrated a reduction of aortic

calcification in sortilin-deficient mice injected with PCSK9 AAV

(50). Subsequently, we also demonstrated that DRP1

haplodeficiency did not alter aortic calcification using the same

experimental approach (51). These data suggest that utilizing this

experimental vascular calcification will enhance the efficiency of

testing potential therapeutic agents for calcification in vivo without

genetic manipulation to induce susceptibility to atherosclerosis.
Summary and clinical perspective

Randomized clinical trials of PCSK9 inhibitors suggest that the

lipid-lowering effect of PCSK9 monoclonal antibodies may be a

major factor in the anti-inflammatory outcomes and reduction of

cardiovascular events. However, the anti-inflammatory effects on
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vascular lesions of PCSK9 inhibitors, specifically in ameliorating

macrophage activation beyond their lipid-lowering properties,

remain largely unknown. In this review, we introduced a series of

studies, including our own, that provide evidence supporting the

hypothesis that PCSK9 may process pro-inflammatory properties

independently of its lipid lowering effects. Part of the beneficial

effects of PCSK9 inhibitors on cardiovascular morbidity and

mortality in clinical trials might be attributed to a reduction in the

low-grade inflammation. Potential future research directions

include investigating whether PCSK9 inhibition can mitigate local

inflammation in vascular lesions among patients, and elucidating

the relative contributions of LDLR-dependent and independent

mechanisms underlying the pro-inflammatory effects of PCSK9. In

conclusion, the robust lipid-lowering effects of PCSK9 inhibitors

with anti-inflammatory properties suggest their potential as a

promising therapeutic option to treat cardiovascular diseases,

including coronary artery disease, vein graft disease, ischemic

stroke, peripheral artery disease, and other inflammatory disorders.
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The causal relationship between
human blood metabolites and
risk of peripheral artery disease: a
Mendelian randomization study
Zhiyong Dong and Qingyun Wang*

Department of Cardiothoracic Surgery, Beijing Shunyi Hospital, Beijing, China
Background: Peripheral Artery Disease (PAD) is a common vascular disorder
typically caused by atherosclerosis, leading to impaired blood supply to the
lower extremities, resulting in pain, necrosis, and even amputation. Despite
extensive research into the pathogenesis of PAD, many mysteries remain,
particularly regarding its association with human blood metabolites.
Methods: To explore the causal relationship between 1,400 serum metabolites
and PAD, a two-sample Mendelian randomization (MR) analysis was conducted.
The Inverse Variance-Weighted (IVW) method was the primary technique used
to estimate the causal impact of the metabolites on PAD. To enhance the
analysis, several additional methods were employed: MR-Egger regression,
weighted median, simple mode, and weighted mode. These methods provided
a comprehensive evaluation beyond the primary IVW estimation. To ensure the
validity of the MR findings, sensitivity analysis was performed. Furthermore, a
bidirectional MR approach was applied to explore the possibility of a reverse
causal effect between PAD and potential candidate metabolites.
Results: After rigorous selection, significant associations were found between
1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) and X-17653 levels with
PAD. 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) was positively
associated with increased PAD risk (IVW OR= 1.13, 95% CI, 1.06–1.21;
P < 0.001). X-17653 levels were associated with decreased PAD risk (IVW
OR= 0.88, 95% CI, 0.83–0.94; P < 0.001). In the reverse direction, PAD was
positively associated with increased 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE
(p-18:0/20:4) levels (IVW OR= 1.16, 95% CI, 1.01–1.34; P=0.036). PAD was
not associated with X-17653.
Conclusion: Among 1,400 blood metabolites, 1-(1-enyl-stearoyl)-2-
arachidonoyl-GPE (p-18:0/20:4) and X-17653 are significantly associated with
PAD risk. Importantly, in the reverse direction, PAD was found to be positively
associated with increased levels of 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE
(p-18:0/20:4). This highlights the bidirectional nature of the association and
suggests a potential feedback mechanism between PAD and this specific lipid
species. 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) may serve as
potential biomarkers for PAD, aiding early diagnosis and providing novel
avenues for personalized treatment and management. However, further
validation and research are warranted despite the promising results.
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1 Introduction

Peripheral artery disease (PAD) represents a prevalent vascular

ailment primarily instigated by atherosclerosis, precipitating

compromised blood perfusion to the lower extremities (1),

consequentially yielding symptoms of ischemic pain, necrosis,

and, in severe cases, necessitating limb amputation. Beyond

encumbering patients’ daily routines, PAD escalates susceptibility

to cardiovascular adversities such as myocardial infarction and

stroke (2), profoundly impinging upon their overall well-being.

Despite exhaustive inquiry into the pathophysiology of PAD,

numerous enigmas persist, particularly concerning its nexus with

human metabolic entities.

Human metabolites assume pivotal roles in sustaining vital

activities and modulating physiological processes. In recent years,

mounting empirical substantiation (3, 4) has underscored the

intimate correlation between specific blood-borne metabolites

and the etiology and progression of cardiovascular disorders.

Some investigations have posited that metabolites influence the

inception and advancement of diseases and emerge as plausible

targets for therapeutic modalities (5, 6). Nevertheless,

comprehension of the causative interplay between blood

metabolites and PAD remains circumscribed.

To elucidate the intricate interplay between blood metabolites

and PAD, this study employs the Mendelian randomization

(MR) technique (7), a robust framework leveraging genetic

variants to infer causality (8). Through amalgamating extensive

genetic repositories with clinical datasets, our endeavor is geared

towards unveiling latent causal connections between distinct

blood metabolites and PAD, thereby furnishing novel theoretical

underpinnings and clinical directives for the amelioration and

management of PAD.

This exposition delineates the intricacies of our research

blueprint, methodological approaches, and salient discoveries

while underscoring the import of these revelations in deciphering

the pathogenic mechanisms underpinning PAD and charting

trajectories for clinical interventions.
2 Materials and methods

2.1 Research design

The research utilized a two-sample Mendelian randomization

(MR) framework to methodically assess the causal link between

1,400 blood metabolites and the risk of PAD. Single nucleotide

polymorphisms (SNPs) served as instrumental variables to

mitigate the influence of confounders. The MR approach was

grounded in three core principles: (1) relevance assumption,

there must be a significant correlation between the SNPs and the

exposure variable; (2) independence assumption: the SNPs

should not be associated with any confounding variables; (3)

exclusion restriction assumption, the SNPs are presumed to

influence the outcome solely through the exposure variable. The

study’s adherence to these assumptions ensures the integrity of

the causal inferences drawn from the MR analysis (Figure 1).
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We employed a bidirectional Mendelian randomization (MR)

approach, assessing both the effect of metabolites on PAD and

the effect of PAD on potential candidate metabolites.
2.2 Data source

Previously, Shin and colleagues delved into the genetic

determinants of human metabolism through a genome-wide

association study (GWAS) focusing on untargeted metabolomics.

The study encompassed 7,824 individuals from two distinct

European cohorts. This extensive research led to the

identification of 486 metabolites that exhibit genetic associations

with human serum metabolite levels. Post rigorous quality

control protocols, these 486 metabolites were further categorized

into 309 known and 177 unknown entities (9). More recently

(5), a comprehensive GWAS scrutinized 1,091 blood metabolites

alongside the ratios pertaining to the aforementioned 309

metabolites. For those interested in exploring this data, it is

readily available in the GWAS Catalog database. The entries for

the extensive list of 1,400 blood metabolites are cataloged under

the numbers GCST90199621 to GCS90201020.

The information on PAD was derived from a genome-wide

association study (GWAS) spearheaded by Sakaue and colleagues

in 2021. This extensive analysis included a cohort of 7,114

individuals diagnosed with PAD alongside 475,964 control

subjects. The study meticulously analyzed over 24.18 million

Single Nucleotide Polymorphisms (SNPs). A key ethical aspect of

the original research was obtaining informed consent from every

participant involved (10). The dataset is accessible online at the

GWAS database (GWAS ID: ebi-a-GCST90018890).
2.3 Instrumental variable selection

We used standardized selection criteria to examine genetic

variations among 1,400 metabolites. Understanding the possible

constraints due to the limited number of SNPs achieving full

genome-wide significance for metabolites, we adjusted the

threshold by establishing a p-value of less than 1 × 10−5 (11).

Upon identifying significant SNPs corresponding to each

metabolite, we conducted a linkage disequilibrium analysis,

considering LD to be present if the LD parameter r2 was <0.001

and the SNP distance was within 10,000 kb (12). Furthermore, to

mitigate bias stemming from weak instrumental variables, we

calculated the F-value for each SNP, designating SNPs with an

F-value <10 as weak instruments (13).
2.4 MR analysis

In this study, the Inverse Variance-Weighted (IVW) method

(14) served as the primary approach for estimating the causal

relationship between metabolites and PAD (with a significance

threshold of p < 0.05). The IVW method computes weighted

estimates by leveraging the inverse of variances, assuming that all
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FIGURE 1

A summary of MR analysis and its three main hypotheses.
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instrumental variables are valid. Specifically, it combines the Wald

ratio associated with each Single Nucleotide Polymorphism (SNP)

to derive a summary estimate (15). Despite its prominence in

Mendelian randomization (MR) studies, it’s essential to

acknowledge that unknown confounding factors may still

introduce genetic pleiotropy and bias when estimating effect sizes.

We employed several additional MR analysis methods,

including weighted median (16), MR Egger (17), weighted mode

(18), and simple mode (19), to complement our primary

analysis. Heterogeneity was assessed using the Cochran Q-test

(20), where a Cochran-Q derived p-value < 0.05 and I² > 25%

indicated the presence of heterogeneity. To ascertain the stability

of our findings, we conducted an analysis to see if the removal of

any SNP would alter the results, thereby indicating the influence

of a specific SNP (21, 22). This step is crucial to ensure that no

individual SNP disproportionately affects the outcome.

Additionally, we assessed the presence of horizontal pleiotropy

by examining the Egger intercept (17). A p-value greater than

0.05 in this context was indicative of an absence of horizontal

pleiotropy (23), suggesting that the instrumental variables used

did not have pleiotropic effects that could bias the results. To

investigate this phenomenon further, we utilized the MR-

PRESSO global test to detect horizontal pleiotropy, where a

genetic variant may influence multiple traits and complicate

causal assessments. We also conducted heterogeneity tests on the

instrumental variables we used. If these tests showed a p-value

greater than 0.05, it meant that the heterogeneity wasn’t

significant and could be overlooked. All the Mendelian
Frontiers in Cardiovascular Medicine 03109
randomization (MR) analyses were carried out with the

TwoSampleMR package in R (version 4.3.0).

Consequently, potential candidate metabolites implicated in

the risk of PAD were selected based on the following criteria: (1)

consistent associations across the five MR methods; (2) absence

of detected pleiotropy; and (3) absence of high influence points

identified by Leave-one-out analysis.
2.5 Reverse MR analyses

For our study, we extracted SNPs associated with PAD from

GWAS summary statistics using a stringent significance threshold

(p-value < 5 × 10−8). We then chose SNPs that were independent

(with an r-squared value less than 0.001) within the European

panel. These independent SNPs were utilized as instrumental

variables (IVs) in Mendelian randomization (MR) analysis to

investigate potential candidate metabolites.
3 Results

We conducted a comprehensive Mendelian randomization (MR)

analysis for each of the 1,400 metabolites under investigation.

Subsequently, adhering to stringent IV selection criteria, we

incorporated an extensive set of 34,127 Single Nucleotide

Polymorphisms (SNPs) associated with Peripheral Artery Disease

(PAD) into our analysis. From the initial pool, 215 blood
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metabolites were singled out based on a significance threshold of

p < 0.05 in at least five MR analyses. A circular map visually

represented these metabolites (Figure 2). Our selection process

focused on identifying metabolites that consistently exhibited

significant associations across all five methods, with a significance

threshold of p < 0.05 in IVW analysis and a significance threshold

of pFDR < 0.2. Moreover, if the heterogeneity test result yielded a

p-value greater than 0.05, the influence of heterogeneity was

deemed negligible. Ultimately, we finally detected two metabolites

associated with peripheral artery disease (PAD), one known

(1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4)) and one

unknown (X-17653) (Figure 3). Levels of 1-(1-enyl-stearoyl)-2-
FIGURE 2

Circle map of the MR analysis results for metabolites and peripheral artery
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arachidonoyl-GPE (p-18:0/20:4) in blood showed a significant

association with PAD. Specifically, we observed a marked elevation

in 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) levels

among PAD patients compared to non-PAD patients, indicating

a significant difference (IVW OR= 1.13, 95% CI, 1.06–1.21;

P < 0.001) (Figure 4). This suggests a potential correlation between

this metabolite’s levels and PAD’s occurrence and progression.

Similarly, X-17653 levels significantly decreased in PAD patients

(IVW OR= 0.88, 95% CI, 0.83–0.94; P < 0.001). The correlation

between elevated X-17653 levels and reduced risk of PAD further

supports the potential role of blood metabolites in the

pathogenesis of PAD (Figure 5).
disease.
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FIGURE 3

Forest plot for the causal effect of metabolites on the risk of peripheral artery disease derived from three methods (inverse variance weighted,
weighted median, and weighted mode). OR, odds ratio; CI, confidence interval.

FIGURE 4

MR plots for the relationship of 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) with peripheral artery disease. (A) Scatter plot of SNP effects.
(B) Forest plot presenting effect sizes estimated by individual and combined SNP MR analyses. (C) Leave-one-out plot. (D) Funnel plot.

Dong and Wang 10.3389/fcvm.2024.1435106

Frontiers in Cardiovascular Medicine 05 frontiersin.org111

https://doi.org/10.3389/fcvm.2024.1435106
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 5

MR plots for the relationship of X-17653 with peripheral artery disease. (A) Scatter plot of SNP effects. (B) Forest plot presenting effect sizes estimated
by individual and combined SNP MR analyses. (C) Leave-one-out plot. (D) Funnel plot.
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To enhance the robustness of our findings and account for

potential confounding factors, we employed a comprehensive set

of statistical methods in our analysis. These methods included

MR-Egger regression, Weighted median, Simple mode, and

Weighted mode, in addition to the standard IVW analysis. We

also conducted multiple-effect and heterogeneity tests to validate

our results further (Tables 1, 2). By utilizing these rigorous
TABLE 1 Heterogeneity results from the Cochran’s Q test of significant causa

Id. exposure Outcome Method
GCST90200058 Peripheral artery disease MR egger

GCST90200058 Inverse variance weighted

GCST90200553 MR egger

GCST90200553 Inverse variance weighted

Frontiers in Cardiovascular Medicine 06112
approaches, we aimed to minimize potential biases and

strengthen the reliability of our research outcomes. The F

statistics of the genetic instruments indicated the absence of

weak instrument bias. MR-PRESSO (24) did not identify any

potential outliers.

In the context of reverse causation, where genetic

predisposition to PAD is considered as an exposure, we
l links between blood metabolites and peripheral artery disease.

Q Q_df Q_pval
13.81 22 0.91

14.39 23 0.92

17.46 24 0.83

17.76 25 0.85
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TABLE 3 Reverse MR analysis results for 2 specific blood metabolites.

Id. exposure OR (95%CI) Pval Q_pval_ IVW Q_pval_MR. egger Egger_intercept (pval) MR-presso global
GCST90200058 1.16 (1.01–1.34) 0.036 0.203 0.123 0.788 0.251

GCST90200553 1.07 (0.87–1.33) 0.52 0.010 0.004 0.853 0.036

TABLE 2 Pleiotropy results from egger intercept analysis and MR presso.

Id. exposure outcome MR egger_intercept pval MR-presso global
GCST90200058 Peripheral artery disease −0.007 0.452 0.871

GCST90200553 0.005 0.590 0.865
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conducted MR analyses to investigate the causal impact of

PAD on 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4)

(GCST90200058) and X-17653 (GCST90200553).

Across all MR methodologies employed (Table 3), no

indication of a causal association between PAD and X-17653

(GCST90200553) was observed (IVW OR = 1.07, 95% CI,

0.87–1.33; P = 0.52) (Figure 6). The F statistics of the genetic

instruments suggested no presence of weak instrument bias.

MR-PRESSO analysis did not uncover any potential outliers.

Consistent effect patterns were observed with the weighted

median, weighted mode, simple mode, and MR-Egger methods.

Leave-one-SNP-out analysis did not show any high leverage

points exerting substantial influence.

Utilizing inverse-variance weighted (IVW) methods, we

observed a notable increase in the likelihood of PAD and 1-(1-

enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) (GCST90200058)

(IVW OR = 1.16, 95% CI, 1.01 to 1.34; P = 0.036) (Figure 7).

However, other MR methodologies did not provide evidence of

causal relationships (P > 0.05). The F statistics for the genetic

instruments indicated the absence of weak instrument bias. MR-

PRESSO analysis did not identify any potential outliers. Leave-

one-SNP-out analysis did not reveal any high leverage points

exerting significant influence.
4 Discussion

Our research findings confirm a causal relationship between

two metabolites and PAD: 1-(1-enyl-stearoyl)-2-arachidonoyl-

GPE (p-18:0/20:4) and X-17653. This research utilized available

GWAS data and two-sample Mendelian randomization (MR)

techniques to examine the causal link between PAD and blood

metabolites. Rigorous sensitivity analyses were conducted to

address confounding factors and enhance the robustness of our

findings. Notably, this study represents an early endeavor to

integrate metabolomic and genomic data, shedding light on the

causal connections between serum metabolites and PAD.

Bidirectional Mendelian randomization analysis provides

evidence supporting causal relationships between 1-(1-enyl-

stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) and peripheral artery

disease (PAD). Also known as PC[P-18:0/20:4(5Z,8Z,11Z,14Z)],

1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) is a

phosphatidylcholine (PC or GPCho) consisting of two distinct

fatty acid chains: one comprising an 18-carbon atom acyl chain
Frontiers in Cardiovascular Medicine 07113
devoid of double bonds, and the other composed of a 20-carbon

atom arachidonic acid chain with four double bonds. Arachidonic

acid (25, 26), a polyunsaturated fatty acid, undergoes conversion

into various inflammatory mediators, including prostaglandins

(27), leukotrienes (28), and platelet-activating factors, capable of

modulating vascular contraction and relaxation (29), thereby

influencing blood pressure (4, 30). A recent study (31) found that

1-methylnicotinamide1-(1-enyl-stearoyl)-2-arachidonoyl-GPE was

independently associated with the incidence of cardiovascular

disease in fully adjusted models over a median period of 12.1 years

(OR, 0.76; 95% CI, 0.65–0.89)). This suggests a potential

mechanism whereby 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE

(p-18:0/20:4) may impact blood vessel tone and blood pressure by

influencing arachidonic acid metabolism. Arul et al. (32) identified

several key metabolites associated with acute ischemic stroke

thrombi, including D-glucose, diacylglycerol, phytosphingosine,

galabiosylceramide, glucosylceramide, and 4-hydroxynonenal. 1-(1-

enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) is a plasmalogen

involved in membrane composition and cell signaling. Compared to

these metabolites, it may have a closer relationship with

diacylglycerol and phytosphingosine because they all play important

roles in lipid metabolism and cell membrane dynamics.

Furthermore, the relationship between 1-(1-enyl-stearoyl)-2-

arachidonoyl-GPE (p-18:0/20:4) and the glycolytic phenotype

warrants further exploration. The glycolytic phenotype, characterized

by increased glycolysis and reduced oxidative phosphorylation, is

often associated with various pathological conditions, including

cardiovascular diseases. Changes in plasmalogen levels may

influence glycolytic activity, thereby contributing to the development

of PAD. Further research is warranted to elucidate the precise

molecular pathways linking 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE

(p-18:0/20:4) to PAD and to explore its therapeutic implications in

the management of this condition.

X-17653 stands out among the metabolites associated with

mitigated PAD risk, albeit its nature remains enigmatic,

warranting further inquiry. Both 1-(1-enyl-stearoyl)-2-

arachidonoyl-GPE (p-18:0/20:4) and X-17653 hold promise as

prospective PAD biomarkers, potentially enhancing early

diagnostic precision and offering innovative avenues for

personalized therapeutic interventions and management strategies.

One of the principal strengths of our study lies in its

comprehensive inclusion of a wide array of blood metabolites,

totaling 1,400 in sum, for MR analysis. This renders our

investigation the most extensive in probing the relationship
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FIGURE 6

MR plots for the relationship of peripheral artery disease with X-17653. (A) Scatter plot of SNP effects. (B) Forest plot presenting effect sizes estimated
by individual and combined SNP MR analyses. (C) Leave-one-out plot. (D) Funnel plot.
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between blood metabolites and PAD. Moreover, utilizing the MR

design helps reduce the impact of confounding variables and

reverse causation. Nevertheless, our study is not without its

limitations. Firstly, the GWAS datasets utilized in our analysis

were sourced from European populations, prompting inquiry

into the generalizability of our findings to other ethnic groups,

which warrants further exploration in future studies.

Additionally, delving into the specific metabolic pathways

associated with the identified metabolites exhibiting causal

relationships constitutes an essential avenue for future research.

Secondly, while MR methods facilitate the exploration of causal

relationships, it is imperative to acknowledge the intricate

interplay between genetic and environmental factors when

interpreting these results. Genetic predispositions and

environmental factors influence the regulation of blood
Frontiers in Cardiovascular Medicine 08114
metabolite levels, potentially impacting our understanding of

their causal association with PAD. Lastly, while our MR analysis

offers valuable insights into metabolites linked to PAD, it is

crucial to emphasize that validating our study results requires

rigorous randomized controlled trials, fundamental research

endeavors, and future replication studies employing larger GWAS

datasets focusing on PAD and metabolites.
5 Conclusion

In summary, this MR study identifies that 1-(1-enyl-stearoyl)-

2-arachidonoyl-GPE (p-18:0/20:4) and X-17653 are associated with

the risk of PAD. PAD is associated with increased 1-(1-enyl-

stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4) levels. This offers
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FIGURE 7

MR plots for the relationship of peripheral artery disease with 1-(1-enyl-stearoyl)-2-arachidonoyl-GPE (p-18:0/20:4). (A) Scatter plot of SNP effects.
(B) Forest plot presenting effect sizes estimated by individual and combined SNP MR analyses. (C) Leave-one-out plot. (D) Funnel plot.
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initial evidence regarding the influence of dysregulated blood

metabolites on the risk of PAD.
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Lower extremity peripheral artery disease (PAD) is a growing global health
problem. New methods to diagnose PAD have been explored in recent years.
At present, the majority of imaging methods for PAD focus on the
macrovascular blood flow, and the exploration of microcirculation and tissue
perfusion of PAD remains largely insufficient. In this report, we applied three
new imaging technologies, i.e., second near-infrared region (NIR-II, 900–
1,880 nm wavelengths) imaging, optical coherence tomography angiography
(OCTA), and laser speckle flowgraphy (LSFG), in a PAD patient with a healthy
human subject as control. Our results showed that the PAD patient had
poorer tissue perfusion than the control without observed adverse effects.
Moreover, compared with the first near-infrared region (NIR-I, 700–900 nm
wavelengths) imaging results, NIR-II imaging had a higher signal-to-
background ratio and resolution than NIR-I imaging and detected
microvessels that were not detected by NIR-I imaging. These observations
suggested that NIR-II imaging, OCTA, and LSFG are potentially safe and
effective methods for diagnosing PAD.

KEYWORDS

peripheral artery disease, NIR-II imaging, optical coherence tomography, laser speckle
flowgraphy, imaging technology

Introduction

Peripheral artery disease (PAD) has been poorly defined at present (1). The American

Heart Association (AHA) defines PAD as “atherosclerotic obstruction from the aortoiliac

segments to the pedal arteries” (2), and we adopted the same definition in this report. PAD

is the third leading cause of atherosclerotic morbidity, after coronary heart disease and

stroke (3). The large number of patients and the poor prognosis of PAD have caused a

heavy medical burden. PAD cases have risen each year since 1990 (4), and 238 million

people were living with PAD in 2015 (1). Individuals with PAD have a higher risk of

other cardiovascular diseases such as coronary heart disease, stroke, and abdominal

aortic aneurysm (5, 6). Appropriate imaging technologies are key to preventing and

treating PAD. The majority of imaging technologies for PAD detect vascular
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morphology on a macrovascular level. However, tissue oxygenation

depends on the state of microcirculation (7). The AHA has noted

PAD-related gaps, including new and non-invasive technologies to

visualize peripheral perfusion (2), which emphasize the significance

of evaluating microcirculation status in PAD patients.

We used three imaging technologies to evaluate microcirculation

status in a PAD patient and a healthy human subject as control:

second near-infrared region (NIR-II) imaging, optical coherence

tomography angiography (OCTA), and laser speckle flowgraphy

(LSFG) in this report. Previous studies of NIR imaging for

diagnosing PAD have focused on the field of NIR-I (8). However,

NIR-II imaging has shown lower scattering levels in tumor tissues

and higher imaging resolution than NIR-I imaging (9). We

applied NIR-II imaging to diagnose PAD for the first time and

found that it had a higher signal-to-background ratio (SBR) and

richer imaging details than NIR-I imaging. OCTA is a novel

imaging method and has been widely used in ophthalmology and

neuroscience research to observe retinal vessels and microvascular

systems (10, 11). In this study, it was the first time that OCTA

was applied to detect the microcirculatory system of the dorsal

skin of the foot, to explore the potential of OCTA in diagnosing

PAD. LSFG is a non-invasive detection technique for evaluating

tissue perfusion, which is mainly used in retinal lesions (12). This

study was also the first time that LSFG was used to detect the

perfusion level of the dorsal skin of the foot .

This study is reported in accordance with the CARE

guidelines (13).
Case description

A 62-year-old male, with hypertension and type 2 diabetes

mellitus, presented with intermittent claudication in both lower

limbs for 2 years and worsening on the left side for 15 days. The

patient was unable to walk more than 100 m at a time and was

unable to complete the treadmill test. He did not experience rest

pain or foot ulcers and did not receive any treatment for the

above symptoms. Based on the findings from the medical history

and examination, the patient was diagnosed with PAD, with

Rutherford Category 3. Physical examination showed that the

pulse of the popliteal artery, anterior tibial artery, and posterior

tibial artery in the left lower limb was not palpated. The pulse of

the posterior tibial artery in the right lower limb was not

palpated. The ankle-brachial index (ABI) was 0.45 for the left

and 0.81 for the right. Duplex ultrasound (DUS) showed severe

stenosis of the left external iliac and superficial femoral arteries,

multiple localized stenoses of the left popliteal artery, possible

complete occlusion of the entire left posterior tibial artery,

localized stenosis in the middle and lower segments of the right

superficial femoral and popliteal arteries, and severe stenosis in

the upper segment of the right posterior tibial artery. The results

of computed tomography angiography (CTA) were consistent

with DUS (Supplementary Figure S1).

A 52-year-old woman in good health was enrolled as a control.

Physical examination showed that the pulsation of the femoral,

popliteal, dorsalis pedis, and posterior tibial arteries in both
Frontiers in Cardiovascular Medicine 02119
lower limbs was palpated. DUS showed good blood flow filling in

the arteries of both lower limbs. No significant abnormalities

were observed in the spectral waveform or velocity of the blood

flow. ABI was 1.08 for the left and 1.07 for the right limb.
NIR imaging

NIR-II and NIR-I imaging were performed on both

participants using a Full Spectrum Opening in Vivo Fluorescence

Imaging System (DPM-IVFM-NIR-OF, Beijing Digital Precision

Medicine Technology Co., Ltd., Beijing, China). An indent needle

was placed in the basilic vein of the participants. The subject was

in the supine position with both knee joints bent 90° and both

feet put together. During NIR-II imaging, the selected filter was a

1,000 nm long pass. The power of the 808 nm wavelength laser

emitter was adjusted to 10,000 mW with the aperture size adjusted

to 2.0 and the exposure time set to 100 ms. The laser emitter was

fixed at 20 cm vertical to the dorsal foot. Indocyanine green (ICG)

solution (2.5 mg/ml, diluted with sterile water for injection)

(Dandong Yichuang Pharmaceutical, Dandong, China) was

administered intravenously via an indwelling needle. The dose of

ICG injected was determined according to body weight: 0.1 mg/kg.

The intensity of the fluorescence signal on both the dorsal feet

was recorded within 5 min after the ICG solution was injected.

The dorsal pedis region from the transverse tarsus joint to the

distal metatarsal bone was selected as the region of interest

(ROI). The ROI was analyzed to generate a time–intensity curve.

The NIR-I imaging was performed 30 min after the NIR-II

imaging. During NIR-I imaging, the xenon lamp was used as a

laser emitter, with a xenon lamp filter of 750 nm band-pass and

a NIR-I camera filter of 837 nm band-pass. The xenon lamp

power was adjusted to 2,000 mW with the aperture size adjusted

to 8.0 and the exposure time set to 200 ms. The laser emitter was

fixed at 30 cm vertical to the dorsal foot. It is important to

consider the impact of endogenous chromophores on NIR

imaging based on ICG, as well as the influence of different skin

tones on fluorescence intensity. Imaging parameters should be

adjusted in response to changes in these factors (14).

During NIR-II imaging, fluorescence images of the PAD

patient (Figures 1A,B) and the control (Figures 1C,D) were

captured at 2 min 30 s and 5 min, respectively. Microvessel

imaging and venous imaging were observed. Fluorescence

initially appeared (T start) in the dorsal pedis of the feet and

then gradually emerged in the microcirculation. Fluorescence

signals in both venous and microcirculatory imaging reflected the

perfusion levels. The arcus venosus dorsalis pedis was clearly

visible in both participants (yellow arrow). The microvessel

imaging in the left hallux of the PAD patient showed that the

blood flow had almost disappeared (orange rectangle), indicating

severe ischemia here. At 5 min 10 s, we observed the fluorescence

image of the right calf of the PAD patient (Figure 1E) and found

that the great saphenous vein (green arrow) continued with the

dorsalis pedis vein. At 10 min, we observed that the fluorescence

signal of the PAD patient had decreased significantly (Figure 1F).

At 5 min 10 s, we captured fluorescence images of the left foot
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FIGURE 1

NIR imaging of the PAD patient and control. NIR-II images of the feet of the PAD patient at (A) 2 min 30 s and (B) 5 min. NIR-II images of the feet of the
control at (C) 2 min 30 s and (D) 5 min. (E) NIR-II image of the right calf of the PAD patient at 5 min 10 s. (F) NIR-II image of the feet of the PAD patient
at 10 min. NIR-II images of the (G) left foot and (H) right foot of the control at 5 min 10 s. NIR-I images of the feet of the PAD patient at (I) 2 min 30 s
and (J) 5 min. NIR-I images of the (K) left foot and (L) right foot of the control at 5 min 10 s. (M) SBR of the left foot and right foot of the control under
NIR-I and NIR-II imaging at 5 min 10 s. (N) The diagram of NIR imaging. Yellow arrow: the arcus venosus dorsalis pedis of the two participants. Orange
rectangle: microvessel imaging in the left hallux of the PAD patient showed that the blood flow had almost disappeared. Green arrow: the great
saphenous vein of the PAD patient. Red arrow: NIR-II imaging could detect microvessels of the control that NIR-I could not.

Ning et al. 10.3389/fcvm.2024.1460708
(Figure 1G) and the right foot (Figure 1H) of the control, showing

that a larger range of fluorescence signals in the dorsal foot could

be observed by imaging with one foot. When imaging both feet, the

laser toward the outermost part of the foot was frequently blocked

by the slope of the dorsal foot, resulting in a lack of fluorescence

signal. However, imaging with both feet was more consistent

than imaging with one foot, by reducing the interference of

operational errors. Furthermore, the injection of ICG solution
Frontiers in Cardiovascular Medicine 03120
was required only once, so imaging with both feet was chosen to

record changes in fluorescence intensity. Imaging with one foot

may be more suitable in certain circumstances, such as surgical

operations. During NIR-I imaging, we observed that the

resolution of imaging in the PAD patient at 2 min 30 s

(Figure 1I) and 5 min (Figure 1J) was not as good as that of the

resolution of NIR-II imaging at the corresponding times

(Figures 1A,B). NIR-I fluorescence images of the left foot
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(Figure 1K) and the right foot (Figure 1L) of the control were

captured at 5 min 10 s, respectively. We found that NIR-II

imaging displayed microvessels that NIR-I imaging did not (red

arrow). Furthermore, the SBR of NIR-II imaging (left foot: 3.6,

right foot: 3.8) was higher than that of NIR-I imaging (left foot:

2.4, right foot: 2.1) within the ROI (Figure 1M). NIR-II and

NIR-I images of one foot of the PAD patient at 5 min 10 s are

shown in Supplementary Figures S2A,B. The SBR of NIR-II

imaging was higher than that of NIR-I imaging within the ROI

(2.9 vs. 1.8) (Supplementary Figure S2C). Furthermore, the SBR

of the PAD patient was lower than the corresponding SBR of the

control. The diagram of NIR imaging is shown in Figure 1N.

The time–intensity curve of NIR-II imaging was selected to

quantitatively analyze the imaging results. Eleven parameters

were used, including Imax, I start, I end, T start, Tmax, T 1/2,

TR, Ingress, Ingress rate, Egress, and Egress rate. The definitions

of the 11 parameters are detailed in Supplementary Table S1,

and the parameter values of the two participants are shown in

Table 1. According to the time–intensity curve of the PAD

patient (Supplementary Figure S3A), the T start of the left foot

(36.9 s) was significantly longer than that of the right foot

(26.1 s). The Imax of the left foot (107.9) was lower than that of

the right foot (137.9). The above data indicated that the

perfusion level of the right foot was higher than that of the left

foot in the PAD patient. Compared to the PAD patient, the

Tmax of both feet was shorter in the control (left foot: 30.7 s,

right foot: 42.3 s) (Supplementary Figure S3B). The ingress rate

of both feet (left: 2.52, right: 1.83) in the control was higher than

that of the PAD patient (left: 0.73, right: 0.76). The above data

indicated that the perfusion level of both feet in the control was

higher than that of the PAD patient, demonstrating the potential

of NIR-II imaging in diagnosing PAD.
OCTA

OCTA imaging was performed in both participants using a

Monitoring System of Vascular Microcirculation in vivo (Micro-

VCC, Optoprobe Science Ltd, Pontypridd, UK). The imaging

depth was 0–3 mm. The field of view scanned by OCTA was
TABLE 1 Time–intensity curve parameters of the two participants.

Parameter PAD patient Control

Left foot Right foot Left foot Right foot
Imax 107.9 137.9 162.1 160.9

I start 77.1 83.4 84.7 83.3

I end 89.5 98.5 113.1 113.3

T start 36.9 26.1 25.3 25.7

Tmax 42.3 74.7 30.7 42.3

T 1/2 14.0 20.9 18.4 19.0

TR 0.33 0.28 0.60 0.45

Ingress 30.8 54.5 77.4 77.6

Ingress rate 0.73 0.76 2.52 1.83

Egress 14.1 54.5 49.0 47.6

Egress rate 0.06 0.27 0.20 0.21
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9 mm × 9 mm. We selected the area between the first and second

metatarsal heads of the dorsal foot as the ROI. The detection

probe was adjusted to closely adhere to the skin of the ROI. The

detection time of each foot was approximately 60 s without the

injection of a developer. The diagram of OCTA imaging is

shown in Supplementary Figure S4A. Using the analysis software

Pyoct (version 8.0), we selected a depth of 300–1,000 um from

the skin to analyze the results, set the analysis threshold of the

image to 0.5, and then obtained a Gray Scale Image, Pseudocolor

Image, Skeleton Image, and four kinds of heat maps: Area Heat

Map, Complexity Heat Map, Diameter Heat Map, and Skeleton

Heat Map. The images of each foot were quantitatively analyzed

so that the average area, average complexity, average diameter,

and average skeleton density could be obtained. In addition, to

explore the influence of different imaging depths on the imaging

effect of OCTA, we observed the right foot of the control at

0–200, 200–300, and 1,000–1,200 μm imaging depths, respectively.

At an imaging depth of 300–1,000 um, by comparing the

images of the left foot (Figure 2A) and right foot (Figure 2B) of

the PAD patient with those of the left foot (Figure 2C) and right

foot (Figure 2D) of the control, we found that the microvessels

in the OCTA images of the control were more densely

distributed and larger in diameter. This was consistent with the

OCTA quantification results (Supplementary Table S2). The

average areas of the left and right feet of the PAD patient were

0.447 and 0.430, respectively, compared to 0.471 and 0.497 in the

control. The average diameters of the left and right feet in the

PAD patient were 34.157 and 32.790 μm, compared to 41.626

and 37.517 μm in the control. The average area and average

diameter of microvessels in the feet of the control were higher

than those of the PAD patient. We speculated that the average

area and average diameter have the potential to be the key

parameters in diagnosing PAD.

At an imaging depth of 0–200 μm, almost no microvessels

could be observed in the OCTA image of the right foot of the

control, while skin texture and hair could be observed

(Supplementary Figure S4B). At an imaging depth of 200–

300 μm, emerging microvessels in the papillary layer could be

observed, but the microvascular profile could not be observed

(Supplementary Figure S4C). At an imaging depth of 1,000–

1,200 um, the connective tissue of the hypodermis could be

observed, but it was difficult to observe the complete

microvascular structure (Supplementary Figure S4D). Therefore,

the appropriate depth for observing the microcirculatory system

of the dorsal foot with OCTA was 300–1,000 μm.
LSFG

LSFG was performed on both participants. The imaging device

used was the Laser Speckle Imaging System (RFILSI ZW, RWD Life

Science, Shenzhen, China) with an imaging depth of 0–1 mm. The

perfusion image and the intensity image were captured at the same

processing mode (Sliding mode), spatial filtering constant (3 s),

temporal filtering constant (250 frames), and frame rate (40 fps).

During the imaging, the participant sat on the examination chair,
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FIGURE 2

OCTA images in the PAD patient and the control at imaging depths of 300–1,000 μm. (A) The left foot of the PAD patient. (B) The right foot of the PAD
patient. (C) The left foot of the control. (D) The right foot of the control. Scale bar = 100 um.
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and the knee joint of the examination side was bent at 90° so that

the foot could be flat on the black cardboard on the examination

plane. The position of the speckle host was adjusted so that the

dorsal foot was fully exposed in the center of the field of vision.

The imaging diagram is shown in Supplementary Figure S5. The

working distance was adjusted to 25 cm. The dorsal foot from

the transverse tarsal joint to the distal metatarsal bone was

selected as the ROI, and the change in perfusion volume in

the ROI was observed. When the perfusion volume was

relatively stable, the measurement was performed for 5 s. RFLSI

Analysis software was used to obtain perfusion-related

parameters (maximum perfusion, minimum perfusion, mean

perfusion, and standard deviation) and intensity-related

parameters (maximum intensity, minimum intensity, mean

intensity, and standard deviation).

By comparing the gray images and pseudocolor images of the

two participants, we found that the perfusion level and intensity of

the left foot (Figure 3A) of the PAD patient were lower than those

of the right foot (Figure 3B). The perfusion levels of the left foot

(Figure 3C) and the right foot (Figure 3D) of the control were

almost the same, and both were higher than those of the PAD

patient. The perfusion volume results were consistent with the

quantitative results (Supplementary Table S3). The mean

perfusion of the left foot of the PAD patient was 156.44, which

was lower than 178.66 in the right foot. The mean perfusion of
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the left foot and the right foot of the control was 198.68 and

191.80, respectively (Figure 3E), higher than that of the PAD

patient, reflecting the consistency between the perfusion volume

of the dorsal foot and the degree of PAD lesions. However, the

mean intensity of the right foot of the control was 44.20, which

was lower than 45.67 of the PAD patient (Figure 3F). This may

be due to the different smoothness of the skin on the dorsal foot

between the two participants and the intensity measurement

being more easily affected by the smoothness of the skin.
Discussion

When PAD occurs, in addition to the decrease in the patency

of the large arteries, the microcirculatory system will also be

affected accordingly. In the presence of atherosclerosis, the

microcirculation function changes occur earlier than the

macrovascular status (15). In intermittent claudication, decreased

blood flow in the microcirculation is an important

pathophysiological change (16). Tissue oxygenation depends on

the state of microcirculation, and microcirculation-related

diagnostic techniques can help us identify areas of poor

perfusion, which has the potential to guide the surgery and

predict the prognosis (7, 17). Therefore, diagnostic techniques for

microcirculatory systems are as important as macrovascular
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FIGURE 3

LSFG of the PAD patient and the control. (A) LSFG images of the left foot of the PAD patient. (B) LSFG images of the right foot of the PAD patient.
(C) LSFG images of the left foot of the control. (D) LSFG images of the right foot of the control. (E) Mean perfusion of each foot of the two
participants. (F) Mean intensity of each foot of the two participants. The color bar represents perfusion levels, from blue (low) to red (high). ROIs
are framed with rectangles.
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diagnostic techniques for PAD. However, the diagnostic technology

for tissue perfusion still needs to be improved at present. Although

transcutaneous oxygen pressure (TcPO2) is the most commonly

used diagnostic technology for tissue perfusion in clinical

practice, it has shortcomings such as being time-consuming and

having a small detection range (18). We report the clinical

application of NIR-II imaging, OCTA, and LSFG, showing that

these three novel technologies have the potential to detect

microcirculatory structure and tissue perfusion levels in PAD.

Based on the imaging results of the two participants, NIR-II

imaging had a higher resolution and SBR than NIR-I imaging in

diagnosing PAD. NIR-II imaging could visualize the microvessels

that were not visualized by NIR-I imaging. Furthermore, NIR-II

imaging could visualize the poor perfusion area of the dorsal foot.

Due to the differences in imaging conditions between NIR-II and

NIR-I imaging (including imaging distance, imaging sequence,
Frontiers in Cardiovascular Medicine 06123
exposure time, and laser light source) and the limited sample size

of this study, it is not rigorous to conclude that NIR-II imaging is

better than NIR-I imaging. Future studies with larger sample sizes

are needed to explore the effects of both types of imaging. The

parameters of the time–intensity curve were significantly different

between the control and the PAD patient, indicating that NIR-II

imaging had a good ability to distinguish PAD. NIR-II imaging

could visualize the microvessels of the dorsal foot in a non-contact

manner in real-time, indicating its potential for intraoperative

applications. NIR imaging has a wide range of applications (19).

Previous studies have reported that NIR imaging could assess the

perfusion status in patients with chronic limb ischemia vs. control

patients (20). Meanwhile, NIR imaging could predict clinical

outcomes after revascularization for lower extremity arterial disease

(21). However, NIR-II imaging cannot determine the specific lesion

site in lower extremity arteries, and each part of the time–intensity
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curve may contain information about the lesion site or the degree of

the lesion, which needs to be explored with larger sample size studies.

In addition, sex-related differences need to be considered in the

evaluation of microcirculation, which may be due to differences in

blood pressure or hormones (22). The prevalence of PAD also

showed a sex difference, with men having a higher prevalence (23).

OCTA is widely used in ophthalmology and neuroscience

research (9, 10), and has also been reported to have been applied

to skin diseases (24). This study is the first to report the

application of OCTA in diagnosing PAD. We found that the

average area and average diameter were higher in the control

than in the PAD patient, suggesting that the two parameters

might be important for diagnosing PAD. The advantage of

OCTA is that the microcirculation structures at different depths

can be observed. Results showed that 300–1,000 nm was the

appropriate depth to observe microcirculation in PAD patients.

However, in OCTA imaging, the results can be interfered with by

slight movement from the patient, leading to re-examination, so

the skin in the ROI must be attached to the probe tightly.

LSFG has been used to observe the plantar skin for diagnosing

PAD in previous reports (25). Since the imaging depth of the

device is only 1 mm, the dorsal foot skin was selected as the ROI

in this study. LSFG can assess the perfusion level easily and

quickly, without touching the skin. The average perfusion of the

two participants showed a significant difference in grayscale. The

intensity-related parameters may be affected by the reflection of

the skin, and their accuracy is not as good as that of the

perfusion-related parameters. In the future, we will continue to

pay close attention to this issue and further explore the

diagnostic efficacy of intensity-related parameters.
Conclusions

In summary, this study reported the clinical application of

NIR-II imaging, OCTA, and LSFG for PAD. They showed

differences in perfusion levels between the PAD patient and the

control without adverse effects, suggesting promising potential

for clinical application. Further larger-sample studies are

warranted to determine the diagnostic thresholds for these three

novel diagnostic technologies.
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Inhibition of angiogenesis and
regenerative lung growth in
Lepob/ob mice through
adiponectin-VEGF/VEGFR2
signaling
Tendai Hunyenyiwa1,2, Priscilla Kyi1,2, Mikaela Scheer1,
Mrudula Joshi1,2, Mario Gasparri3, Tadanori Mammoto1,4* and
Akiko Mammoto1,2*
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Cell Biology, Neurobiology and Anatomy, Medical College of Wisconsin, Milwaukee, WI, United States,
3Department of Thoracic Surgery, Medical College of Wisconsin, Milwaukee, WI, United States,
4Department of Pharmacology and Toxicology, Medical College of Wisconsin, Milwaukee, WI, United States
Introduction: Obesity is associated with impairment of wound healing and
tissue regeneration. Angiogenesis, the formation of new blood capillaries, plays
a key role in regenerative lung growth after unilateral pneumonectomy (PNX).
We have reported that obesity inhibits angiogenesis. The effects of obesity on
post-PNX lung vascular and alveolar regeneration remain unclear.
Methods: Unilateral PNX is performed on Lepob/ob obese mice to examine
vascular and alveolar regeneration.
Results: Regenerative lung growth and expression of vascular endothelial
growth factor (VEGF) and its receptor VEGFR2 induced after PNX are inhibited
in Lepob/ob obese mice. The levels of adiponectin that exhibits pro-angiogenic
and vascular protective properties increase after unilateral PNX, while the
effects are attenuated in Lepob/ob obese mice. Post-PNX regenerative lung
growth and increases in the levels of VEGF and VEGFR2 are inhibited in
adiponectin knockout mice. Adiponectin stimulates angiogenic activities in
human lung endothelial cells (ECs), which is inhibited by decreasing the levels
of transcription factor Twist1. Adiponectin agonist, AdipoRon restores post-
PNX lung growth and vascular and alveolar regeneration in Lepob/ob obese mice.
Discussion: These findings suggest that obesity impairs lung vascular and
alveolar regeneration and adiponectin is one of the key factors to improve
lung regeneration in obese people.

KEYWORDS

angiogenesis, lung regeneration, obesity, adiponectin, VEGF

Introduction

Obese population is increasing worldwide (1). In the United States, approximately 40%

of the adult population is obese (2). Obesity is a risk factor for increased morbidity and

mortality through its association with cardiovascular disease, type 2 diabetes (T2D) and

certain types of cancer (2–4). Obesity is also a risk factor for respiratory diseases

including acute lung injury (5), asthma (6), obstructive sleep apnea (7), and pulmonary

hypertension (8). About 65% of the mild-moderate chronic obstructive pulmonary

disease (COPD) population is overweight or obese (9).
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Although lung transplantation is one of the strategies for end-

stage lung diseases including COPD, it is not optimal due to the

shortage of donor lungs, lower long-term survival rate, and

serious complications (10). In addition, there is an association

between obesity and poor outcomes in lung transplantation such

as mortality and primary graft dysfunction after transplantation;

obesity is currently a relative contraindication to adult lung

transplantation (11). It has been reported that compensatory

regenerative lung growth is induced after unilateral PNX in

humans and other species (12–19); the remaining lung tissues

grow to compensate for the initial loss. While it is known that

obesity impairs wound healing (20) and attenuates tissue

regeneration in other organs including muscle and liver (21, 22),

the effects of obesity on post-PNX lung vascular and alveolar

regeneration remain unknown. Understanding the mechanism by

which obesity inhibits lung’s regenerative ability will lead to the

development of better therapeutic strategies to restore structures

and functions in the end-stage lung diseases in obese patients.

We and other groups have demonstrated that endothelial cells

(ECs) and angiogenic signaling are necessary for regenerative

vascular and alveolar formation (13, 15, 17–19, 23, 24). In addition

to their primary function to deliver oxygen, nutrients and cellular

components, capillary ECs form the vascular niche and reciprocally

crosstalk with resident lung cells (e.g., epithelial cells, mesenchymal

cells, immune cells) to regulate lung homeostasis and regeneration

(24). We have reported that angiogenesis is inhibited in obese

adipose tissues (25). Insufficient blood vessels in obese animals

result in decreases in oxygen tension, collagen synthesis, and

immune responses, leading to suppression of wound healing and

tissue repair processes (20). Stimulating angiogenesis may restore

the regenerative program in the lungs in an obese condition.

One of the adipokines, adiponectin, exhibits pro-angiogenic

and vascular protective properties (26, 27). Adiponectin induces

angiogenesis through multiple signaling pathways [e.g., AMPK,

eNOS, VEGF (3, 26)] and stimulates regeneration of muscle (28)

and liver (29). The levels of adiponectin decrease in obese

animals, which contributes to obesity-related diseases, such as

type2 diabetes and cardiovascular diseases (26, 30). It has been

reported that obesity-induced imbalance of adipokines leads to

lung EC dysfunction and impairs injury repair (27). Although it

is known that adiponectin stimulates proliferation and migration

in human bronchial epithelial cells (31), the role of adiponectin

in regenerative lung growth remains unclear.

Transcription factor Twist1 controls expression of angiogenic

factors, including VEGFR2 and Tie2, and regulates angiogenesis (18,

32–34). We have demonstrated that Twist1 mediates age-dependent

inhibition of angiogenesis and lung regeneration (18). Twist1 is also

involved in pulmonary fibrosis (34) and endotoxin-induced

decreases in vascular integrity (32). The levels of TWIST1 are lower

in obese human subcutaneous adipose tissue ECs compared to that

in lean adipose tissues, which results in impairment of angiogenesis

in obese adipose tissues (25). The role of Twist1 in lung vascular

regeneration in the obese lungs has not been studied before.

Here, we found that post-PNX regenerative lung growth is

attenuated in Lepob/ob obese mice. Knockdown of adiponectin

decreases expression of Twist1, VEGF and VEGFR2, and inhibits
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post-PNX regenerative lung growth and vascular formation in the

mouse lung, while adiponectin agonist, AdipoRon restores post-PNX

lung growth in obese mice. Adiponectin could be one of the efficient

targets for lung vascular and alveolar regeneration in obese patients.
Materials and methods

Materials

AdipoRon hydrochloride was from Tocris (Minneapolis, MN).

Adiponectin was from R&D (Minneapolis, MN). Anti-CD31

antibody (553370) was from BD Pharmingen (San Jose, CA).

Anti-SPB (ab40876), -AQP5 (ab78486), -TWIST1 (ab50887) and

-ERG (ab92513) antibodies were from Abcam (Cambridge, MA).

Anti-VEGF164 (AF-493-NA) and -RAGE (MAB1179) antibodies

were from R&D. Anti-VEGFR2 antibody (2479) was from Cell

Signaling (Danvers, MA). Anti-adiponectin antibody (MA1-054)

was from Thermo Fisher Scientific (Waltham, MA). Anti-actin

antibody (A5441) was from Sigma (St. Louis, MO).
Molecular biological and biochemical
methods

Quantitative reverse transcription (qRT)-PCR was performed

with the iScript reverse transcription and iTaq SYBR Green

qPCR kit (BioRad, Hercules, CA) using the BioRad real time

PCR system. Cyclophilin and beta-2-microglobulin controlled for

overall cDNA content. The primers for mouse Vegf, Vegfr2,

Twist1 and cyclophilin and human TWIST1, VEGFR2, and beta-

2-microglobulin were previously described (18, 35). The primers

for mouse adiponectin forward; 5′-TGTTCCTCTTAATCCT
GCCCA-3′ and reverse; 5′-CCAACCTGCACAAGTTCCCTT-3′,
Adipor1 forward; 5’-AGACAACGACTACCTGCTACA-3’ and

reverse; 5’-GTGGATGCGGAAGATGCTCT-3’; Adipor2 forward;

5’-GCCAAACACCGATTGGGGT-3’ and reverse; 5’-GGCT

CCAAATCTCCTTGGTAGTT-3’. The protein levels of mouse

VEGF and adiponectin were measured using ELISA (R&D

systems). Immunoblotting was performed as we previously reported

(19, 36). Gene knockdown was performed using the RNA

interference technique as we previously reported (18, 35). In brief, we

used siLentfect transfection reagent (BioRad) with siRNA (10 nM)

following manufacturer instruction. The siRNA for human TWIST1

was previously described (18). As a control, siRNA duplex with an

irrelevant sequence (QIAGEN, Hilden, Germany) was used.
Mouse and human lung EC isolation

C57BL6 (stock# 664), adiponectin knockout (B6;129-

Adipoqtm1Chan/J; Adipoq−/−, stock# 8195) and control B6129SF2/J

(stock# 101045) mice were obtained from the Jackson Laboratory

(Bar Harbor, ME). Adiponectin mRNA expression decreased by

82% in lungs isolated from Adipoq−/− mice compared with those

from control B6129SF2/J mice (Figure 3A). Heterozygote
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TABLE 1 Sample demographics.

ID Age BMI Sex Race
Lean -1 60 26 Male N/A

Lean -2 75 23 Female White

Lean -3 68 21 Male White

Lean -4 34 26 Female White

Lean -5 65 27 Female Black

Obese -1 67 37 Female White

Obese -2 60 31 Female White

Obese -3 42 31 Male N/A

Obese -4 57 33 Male White

Obese -5 57 39 Male White
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B6.V-Lepob/J mice (stock# 632, Lepob/+) were obtained from the

Jackson Laboratory and bred to obtain homozygote (Lepob/ob).

Lepob/+ mice were maintained with standard diet (LabDiet 5LOD,

4.5% fat). For the PNX experiments, Lepob/+ and Lepob/ob mice

were fed with LabDiet 5K20 (10% fat) for 8 weeks, starting at 4

weeks of age. Human lung tissues were obtained as discarded

surgical specimens from patients [Medical College of Wisconsin

(MCW) tissue bank; Table 1]. De-identified patient demographic

data were collected using the Generic Clinical Research Database

at MCW. All protocols are approved by the Institutional Review

Board (IRB) of MCW and Froedtert Hospital and ECs isolated

from de-identified human lungs are determined as non-human

subjects (PRO00047689).

ECs from mouse lungs and human lung ECs were isolated

using anti-CD31 conjugated magnetic beads as previously

described (17, 19, 25, 36). Briefly, lung tissue was cut into small

pieces using small scissors and treated with collagenase A (1 mg/

ml) for 30 min at 37°C. The tissue suspension was filtered

through a 40 mm cell strainer (Falcon) to remove the undigested

cell clumps and separate single cells. Cells were centrifuged

(1,000 rpm, 5 min) at room temperature (RT) and the pellet was

resuspended into 0.5 ml RBC Lysis Buffer (sigma, 1 min, RT).

The lysis reaction was stopped by adding 10 ml 10% FBS/

DMEM, and centrifuged (1,000 rpm, 5 min, RT). For mouse lung

EC isolation, the pellet was resuspended into 0.5 ml 4% FBS/PBS

with APC anti-mouse CD31 antibody (Biolegend, San Diego,

CA, 1/100), incubated (20 min, on ice) and washed three times

with 4% FBS/PBS. Cells were centrifuged (1,000 rpm, 5 min, RT)

and resuspended into 0.1 ml 4% FBS/PBS with anti-APC

conjugated microbeads (Miltenyl Biotec, Bergisch Gladbach,

Germany), incubated (10 min, on ice) and washed three times

with 4% FBS/PBS. The cells were then resuspended in 0.5 ml 4%

FBS/PBS and CD31-positive mouse ECs were magnetically

separated using MACS column (Miltenyl Biotec) according to the

manufacturer’s instruction. To increase the purity of the

magnetically separated fraction, the eluted fraction was enriched

over a second new MACS column. For human lung EC isolation,

the cell pellet was resuspended into 1 ml 4% FBS/PBS with

CD31-conjugated Dynabeads (Invitrogen/Thermo Fisher),

incubated (30 min, 4°C), washed three times with 4% FBS/PBS,

and magnetically separated using a magnetic stand. FACS

analysis confirmed that more than 89% of isolated ECs cells are

CD31+ (Supplementary Figure S1A) (17, 19, 25, 36).
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Cell biological analysis

Human lung ECs were seeded (1 × 105 cells/35 mm dish) and

DNA synthesis was measured using the Click-iT EdU Cell

Proliferation Kit (ThermoFisher). Cells were imaged using a

Nikon A1R confocal laser scanning microscope and

quantification was performed using ImageJ software (NIH) (18,

25, 36). EC migration was analyzed by seeding human lung ECs

(1 × 105 cells/100 μl) on a trans-well chamber (Corning Costar)

coated with 0.5% gelatin. ECs migrating to 5% FBS for 16 h were

stained with Wright Giemsa solution (Fisher Scientific) and

counted (18, 25, 36).
Unilateral PNX

The in vivo animal study was carried out in strict accordance

with the recommendations in the Guide for the Care and Use of

Laboratory Animals of the National Institutes of Health. The

protocols were reviewed and approved by the Institutional

Animal Care and Use Committee of MCW (AUA 5598).

Unilateral PNX was performed as described (17–19). Briefly,

mice (C57BL6, Lepob/+, Lepob/ob, Adipoq−/−, or B6129SF2/J, 12–15

week old) were anesthetized with Ketamine (100 mg/kg)/Xylazine

(10 mg/kg, intraperitoneal injection), intubated and mechanically

ventilated using a rodent ventilator (MiniVent, Harvard

Apparatus, Holliston, MA). After ensuring adequate anesthesia,

thoracotomy was performed, and the left lung was lifted through

the incision and a 5-0 silk suture was passed around the hilum

and tied. The hilum was then transected distal to the tie. The

remaining portions of the hilum and tie were returned to the

thoracic cavity. Sham-operated mice underwent thoracotomy

without PNX.
Bulk RNA sequencing and analysis

RNA was collected from ECs isolated from C57BL6 mouse

lungs 7 days after PNX and sham-operated mouse lungs using

the RNeasy mini kit (Qiagen). The quantity and quality of RNA

isolated from mouse lung ECs (n = 3 per group, each n was

pooled from 2 mice) were measured by Agilent 2200

TapeStation, and all samples have an RNA integrity number

>9.3. Total RNA samples were submitted to the Institute for

Systems Biology Molecular and Cell Core (Seattle, WA) for RNA

sequencing. Library preparation was employed using the Illumina

TruSeq Stranded mRNA kit. Sequencing was performed using

the Illumina NextSeq500. Paired-end sequencing was performed

on a high output 150 cycle kit v2.5. The RNA sequencing reads

were aligned to the mouse genome (mm10 reference genome)

and read counting and differential gene expression analysis were

performed with Basepair Tech using the Deseq2 pipeline. 903

significantly differentially expressed genes defined as having a

|log2 fold change| >1, and a p-adjusted value with the FDR

cutoff of 0.01 calculated by the Benjamini-Hochberg adjustment
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and filtered to <0.01 were defined (Supplementary Table S1). Gene

ontology (GO) analysis of significant targets was done via The

Database for Annotation, Visualization and Integrated Discovery

(DAVID) v 6.8 using the Functional Annotation Chart tool.

Charts were filtered by Biological Processes Gene Ontology (BP

GO) Terms and sorted by p-value (Supplementary Table S2).

The 903 significantly differentially expressed genes generated 262

BP GO Term categories (Supplementary Table S2), which are

further categorized into two different GO Term charts; 117 GO

Term categories related to angiogenesis (Supplementary

Table S3) and 141 GO Term related to metabolic process

detected as appearing on a master list comprised of Gene Card

(Supplementary Table S5). These GO Terms categories were

color-coded into groups encompassing adhesion/migration, cell

cycle/apoptosis, inflammatory/immune response, and cell

signaling (Supplementary Tables S4, S6).

Network generation was performed on all genes from the top

50 GO Term categories by p-value related to angiogenic factors

or metabolic process with Ingenuity Pathway Analysis (IPA)

software (QIAGEN). The network of angiogenic genes was

constructed by starting with the shortest connections between

those connected to Twist1 and all others, and adding the shortest

connections between all genes connected to Twist1 and the

remaining unconnected genes. Genes were eliminated if they

were connected to less than 3 other genes. The network of

metabolic genes was constructed and interaction with

adiponectin was analyzed as described for Twist1. The resulting

IPA networks from the angiogenic factors and metabolic

processes were combined to create a network illustrating the

overlapping genes between the angiogenic factor and metabolic

processes categories. RNAseq results are available in NCBI

Geo (GSE179227).
Statistics

All phenotypic analysis was performed by masked observers

unaware of the identity of experimental groups. Error bars

(SEM) and p values were determined from the results of three or

more independent experiments. Student’s t-test was used for

statistical significance for two groups. For more than two groups,

one-way ANOVA with a post-hoc analysis using the Bonferroni

test was conducted.
Results

Post-PNX lung growth and vascular
formation are inhibited in obese mice

Angiogenic signaling is necessary for lung vascular and alveolar

regeneration after unilateral PNX (13, 15, 17–19, 23). Angiogenesis

is inhibited in obese adipose tissues (25). The effects of obesity on

regenerative ability of the lungs remain unknown. When we

performed unilateral PNX on C57BL6 mice under normal chaw

(4.5% fat, 5LOD) or on Lepob/+ or Lepob/ob mice fed with 10% fat
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diet (5K20), there was a significant increase in the ratio of the

weight of right lung lobe to mouse body length 7 days after left

unilateral PNX in C57BL6 or Lepob/+ mice as consistent with

previous reports (13, 15, 17–19); the ratio of lung weight to

mouse body length was 14.2 × 10−3 (g/cm) in the sham-operated

control mice, while the ratio increased by 1.5-fold in the lungs 7

days after PNX (Figure 1A). Although the lung weight was not

significantly different among C57BL6, Lepob/+ and Lepob/ob sham-

operated mice, the increases in the lung weight after PNX were

significantly reduced in Lepob/ob mice 7 days after PNX compared

to those in C57BL6 or Lepob/+ mice (Figure 1A). We also

analyzed the effects of obesity on blood vessel density in the lung

using EC marker, ETS-related gene (ERG) staining; ERG-positive

EC density was 2.2- or 2.1- times higher in the C57BL6 or

Lepob/+ mouse lungs after PNX compared to those in the sham-

operated control mouse lungs, while these effects were

suppressed in Lepob/ob mice after PNX (Figures 1B,C). These

findings suggest that post-PNX lung growth and vascular

regeneration are inhibited in obese mice.

A major angiogenic factor, VEGF is necessary for post-PNX

lung growth and vascular regeneration (13). The protein levels of

VEGF in the mouse lungs and the serum in C57BL6 mice and

Lepob/+ mice increased 7 days after PNX, while these effects were

attenuated in Lepob/ob mice after PNX (Figure 1D).

Immunohistochemical (IHC) analysis confirmed that VEGF

expression in AQP5-positive alveolar type1 (AT1) cells (37)

increased in the post-PNX C57BL6 and Lepob/+ mouse lungs. In

contrast, the post-PNX increases in the VEGF expression were

suppressed in Lepob/ob mice after PNX (Figures 1B,C). Similarly,

post-PNX increases in the VEGFR2 expression were inhibited in

Lepob/ob mice (Figures 1B,C; Supplementary Figure S1B). Among

three VEGF isoforms (VEGF120, 164, and 188), the mRNA

levels of Vegf164 increased after PNX in control Lepob/+ mouse

lungs, but not in the Lepob/ob mouse lungs (Supplementary

Figure S1C). The levels of Vegf120 and 188 did not significantly

change in the post-PNX mouse lungs (not shown). We have

reported that angiopoietin (Ang)-Tie2 signaling is stimulated

after PNX to control regenerative lung growth (17, 19, 38).

Thus, we also examined the expression of Ang-Tie2 in the post-

PNX mouse lungs. Ang2 and Tie2 expression significantly

increased in the control Lepob/+ mouse lungs after PNX; in

contrast, the effects were inhibited in Lepob/ob mouse lungs

(Supplementary Figure S1D).
Suppression of adiponectin mediates
obesity-dependent decline in angiogenesis
and post-PNX lung growth

Adiponectin induces angiogenesis (26, 27) and stimulates tissue

regeneration [muscle (28), liver (29)]. The levels of adiponectin

decrease in obese animals (26). The protein levels of adiponectin

in lungs and serum increased 7 days after PNX in Lepob/+ mice;

in contrast, the effects were suppressed in post-PNX Lepob/ob

mice (Figure 2A). IHC analysis confirmed that increases in the

levels of adiponectin in the post-PNX Lepob/+ mouse lungs were
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FIGURE 1

Post-PNX regenerative lung growth is inhibited in the Lepob/ob mouse lungs. (A) Graph showing the ratio of the weight of right lung lobe to mouse
body length in C57BL6 (WT), Lepob/+ or Lepob/ob mice 7 days after PNX (n= 8–9, mean ± s.e.m., *p < 0.05). (B) Immunofluorescence (IF) micrographs
showing ERG-positive ECs (top), VEGF expression, AQP5-positive alveolar epithelial cells and DAPI (middle) and CD31-positive blood vessels and
VEGFR2 expression and DAPI (bottom) in the C57BL6 (WT), Lepob/+ or Lepob/ob mouse lungs 7 days after PNX. Scale bar, 50 μm. (C) Graphs
showing the quantification of ERG-positive ECs (left), VEGF (middle) and VEGFR2 (right) expression in the C57BL6 (WT), Lepob/+ or Lepob/ob mouse
lungs 7 days after PNX (n= 6–7, mean ± s.e.m., *p < 0.05). (D) Graphs showing the VEGF protein levels in the C57BL6 (WT), Lepob/+ or Lepob/ob

mouse lungs (left) and serum (right) 7 days after PNX (n= 5–8, mean ± s.e.m., *p < 0.05).
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FIGURE 2

Post-PNX increases in the adiponectin (ADIPOQ) expression are suppressed in Lepob/ob mice. (A) Graphs showing the quantification of ADIPOQ
protein expression in the Lepob/+ or Lepob/ob mouse lungs (left) and serum (right) 7 days after PNX (n= 5–7, mean ± s.e.m., *p < 0.05). (B) IF
micrographs showing ADIPOQ expression in the Lepob/+or Lepob/ob mouse lungs 7 days after PNX. Scale bar, 50 μm. Graph showing the ADIPOQ
expression (n= 8, mean ± s.e.m., *p < 0.05). (C) Volcano plots of 903 significantly differentially expressed genes in ECs isolated from C57BL6
mouse lungs 7 days after PNX compared to those in sham-operated mouse lungs (GSE179227). Twist1 is a significantly differentially expressed
gene. (D) Gene expression profiles and networks in ECs isolated from post-PNX (day 7) vs. sham-operated mouse lungs. (E) IF micrographs
showing ERG-positive ECs, TWIST1 expression and DAPI in the Lepob/+ or Lepob/ob mouse lungs 7 days after PNX. Scale bar, 50 μm. Graph
showing the TWIST1 expression in the Lepob/+ or Lepob/ob mouse lungs 7 days after PNX (n= 6, mean ± s.e.m., *p < 0.05). (F) Graph showing the
Twist1 mRNA levels in the Lepob/+ or Lepob/ob mouse lung ECs 7 days after PNX (n= 4, mean ± s.e.m., *p < 0.05).
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attenuated in Lepob/ob mouse lungs (Figure 2B). Expression of the

adiponectin receptor, Adipor1 and Adipor2 did not change after

PNX as well as Lepob/+ vs. Lepob/ob mouse lungs (Supplementary

Figure S1E). These results suggest that obesity suppresses the

levels of adiponectin in the post-PNX mouse lungs.

Transcription factor Twist1 controls expression of angiogenic

factors to regulate angiogenesis (18, 32–34). We have reported

that the levels of TWIST1 are lower in obese human

subcutaneous adipose tissue ECs compared to that in lean

adipose tissues, which inhibits angiogenesis (25). Knockdown of

endothelial Twist1 inhibited post-PNX lung growth (18). In the

bulk RNAseq analysis (GSE179227, Supplementary Table S1), the

levels of Twist1 significantly increased in ECs isolated from the

post-PNX mouse lungs (7 days, Figure 2C). IPA network analysis

demonstrated that genes listed in the top 50 BP GO terms of

each category (129 genes in angiogenic and 131 genes in

metabolic processes) interacted with Twist1, and 88 genes were

present in both categories relating to angiogenic and metabolic

processes; 27 genes interacted directly (e.g., ADAM12, CXCL1,

MMP2, MMP13, COL3A, WNT5A) and 61 genes interacted

indirectly (e.g., LOXL2, COL6A, FOXM1, WT1, THBS2, CXCL5)

with adiponectin (Figure 2D).

Consistent with the RNAseq data, TWIST1 expression increased

in the post-PNX Lepob/+ mouse lungs, but not in the Lepob/ob mouse

lungs (Figure 2E). Twist1 mRNA expression was also 2.2-times

higher in ECs isolated from Lepob/+ mouse lungs 7 days after

PNX, while the levels of Twist1 did not significantly change in

post-PNX Lepob/ob mouse lung ECs (Figure 2F), suggesting that

obesity inhibits post-PNX induction of Twist1 expression.
Adiponectin is required for vascular and
alveolar regeneration in the mouse lungs

To analyze the effects of adiponectin on regenerative lung

growth, we performed unilateral PNX on Adipoq−/− mice, in

which the mRNA levels of adiponectin in the mouse lungs

were lower by 82% compared to those in the background

matched wild type (WT) B6129SF2/J mouse lungs (Figure 3A).

While the weight of the remaining right lung lobe increased

by 1.3-times in control WT B6129SF2/J mice 7 days after

PNX, the increase in the post-PNX lung weight was

suppressed in the Adipoq−/− mouse lungs (Figure 3B). Post-

PNX increases in the number of surfactant protein B (SPB)-

positive alveolar type-II (AT2) cells and ERG-positive ECs in

the WT mouse lungs were suppressed in the Adipoq−/− mouse

lungs (Figure 3C). Increases in the levels of VEGF, VEGFR2,

and TWIST1 after PNX were also attenuated in the Adipoq−/−

mouse lungs (Figures 3C,D; Supplementary Figure S1F).

To further examine the effects of adiponectin-TWIST1 signaling

on EC behaviors, we isolated ECs from lean (BMI < 30) or obese

(BMI > 30) human lungs as we reported (17, 19, 25, 36) (Table 1),

treated ECs with adiponectin (300 ng/ml) or in combination with

TWIST1 siRNA and investigated the effects. Adiponectin

increased the mRNA and protein levels of VEGFR2, as well as

stimulated DNA synthesis and migration in lean lung ECs; in
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contrast siRNA-based knockdown of TWIST1 attenuated the

effects (Figures 4A–C). Adiponectin also stimulated DNA

synthesis and migration in the obese lung ECs, which was

inhibited by TWIST1 knockdown; however, adiponectin failed to

increase VEGFR2 expression in the obese lung ECs (Figures 4A–C).

We then investigated whether stimulation of adiponectin

signaling induces angiogenesis and regenerative lung growth in

obese mice by treating mice with AdipoRon, an agonist of

adiponectin receptors AdipoR1 and AdipoR2 (39). AdipoRon

(oral gavage, 150 μg/mouse) stimulated post-PNX lung growth

and increased ERG+ EC density and expression of VEGF and

VEGFR2 in Lepob/ob obese mouse lungs after PNX when

analyzed by IHC (Figures 5A,B). AdipoRon also increased the

levels of VEGF and VEGFR2 in the post-PNX Lepob/ob mouse

lungs compared to that without treatment (Figure 5C). These

results suggest that adiponectin signaling increases VEGF-

VEGFR2 expression and restores lung vascular and alveolar

regeneration in obese mice.
Discussion

Here we have demonstrated that regenerative lung growth after

unilateral PNX mediated by adiponectin-VEGF/VEGFR2 signaling

is inhibited in Lepob/ob obese mice (Figure 6). The levels of

adiponectin, VEGF, and VEGFR2 increased after PNX were

suppressed in Lepob/ob obese mice, and post-PNX lung growth

was inhibited in Adipoq−/− mice. Post-PNX increases in the

levels of TWIST1 were also suppressed in Lepob/ob and Adipoq−/−

mouse lung ECs. Adiponectin stimulated angiogenic activities in

lean and obese human lung ECs in vitro, while these effects were

suppressed by TWIST1 knockdown. AdipoRon restored VEGF

and VEGFR2 expression, vascular formation, and regenerative

lung growth in post-PNX Lepob/ob mice. These findings suggest

that obesity impairs vascular and alveolar regeneration by

suppressing adiponectin-VEGF/VEGFR2 signaling, and

adiponectin may be one of the therapeutic targets to improve

regenerative ability in obese lungs.

It has been reported that obesity correlates with poorer

outcomes in respiratory diseases, including COVID-19 (40),

acute respiratory distress syndrome (5), and idiopathic

pulmonary fibrosis (IPF) (41), for which treatment options are

limited. Reduced levels of circulating adiponectin and other

adipokine are associated with COVID-19 severity (42).

Adiponectin signaling suppresses profibrotic activation of

fibroblast in IPF (43). Since impairment of angiogenesis and

regenerative/repair ability contributes to lung disease pathology

(24), modulating the adiponectin-VEGF/VEGFR2 signaling may

also improve the outcomes of obesity-related lung diseases.

Interaction between epithelial cells and capillary ECs is

necessary for organ regeneration and repair (24). Perturbation of

the levels of angiogenic factors (3) and suppression of

angiogenesis mediate impairment of wound healing and tissue

repair in obese animals (20). VEGF signaling is necessary for

regenerative lung growth after PNX (13). Since VEGF mainly

expresses in AT1 cells (37), while VEGFR2 in ECs (35), crosstalk
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FIGURE 3

Post-PNX regenerative lung growth is inhibited in the Adipoq−/− mouse lungs. (A) Graph showing the adiponectin mRNA levels in the Adipoq−/− or
control WT mouse lungs (n= 6, mean ± s.e.m., *p < 0.05). (B) Graph showing the ratio of the weight of right lung lobe to body weight (BW) in
Adipoq−/− or control WT mice 7 days after PNX (n= 7, mean ± s.e.m., *p < 0.05). (C) IF micrographs showing CD31-positive blood vessels, SPB-
positive AT2 cells and DAPI (top), ERG-positive ECs and DAPI (2nd), RAGE-positive alveolar epithelial cells, VEGF expression and DAPI (3rd),
CD31-positive blood vessels, VEGFR2 expression and DAPI (4th), and CD31-positive blood vessels, TWIST1 expression and DAPI (bottom) in the
Adipoq−/− or control WT mouse lungs 7 days after PNX. Scale bar, 50 μm. Graphs showing the quantification of SPB-positive AT2 cells (top), ERG-
positive ECs (2nd), VEGF expression (3rd), VEGFR2 expression (4th), and TWIST1 expression (bottom) in the Adipoq−/− or WT mouse lungs 7 days
after PNX (n= 7, mean ± s.e.m., *p < 0.05). (D) Graph showing the VEGF protein levels in the Adipoq−/− or control WT mouse lungs 7 days after
PNX (n= 6, mean ± s.e.m., *p < 0.05).
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FIGURE 4

Adiponectin mediates angiogenic abilities in human lung ECs in vitro. (A) Graphs showing the mRNA levels of VEGFR2 in lean (BMI < 30, left) or obese
(BMI≥ 30,middle) human lung ECs treated with adiponectin or in combination with TWIST1 siRNA (n= 5, mean ± s.e.m., *p < 0.05). Graph showing the
mRNA levels of TWIST1 in human lung ECs treated with TWIST1 siRNA (right, n= 6, mean ± s.e.m., *p < 0.05). IB showing the levels of VEGFR2 and
Actin in lean (left) or obese (right) human lung ECs treated with adiponectin or in combination with TWIST1 siRNA. (B) Graphs showing migration
of lean (left) or obese (right) human lung ECs treated with adiponectin or in combination with TWIST1 siRNA (n= 5, mean ± s.e.m., *p < 0.05).
Representative images of migrated ECs. (C) Graphs showing DNA synthesis of lean (left) or obese (right) human lung ECs treated with adiponectin
or in combination with TWIST1 siRNA (n= 5, mean ± s.e.m., *p < 0.05). Representative images of EdU+ ECs and DAPI.
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FIGURE 5

Adiporon restores post-PNX lung growth in the Lepob/ob mouse lungs. (A) Graph showing the ratio of the weight of right lung lobe to mouse body
length in Lepob/ob mice 7 days after PNX or in combination with treatment with AdipoRon (n= 6–8, mean ± s.e.m., *p < 0.05). (B) IF micrographs
showing ERG-positive ECs and DAPI (top), RAGE-positive alveolar epithelial cells, VEGF expression and DAPI (2nd), and CD31-positive blood
vessels, VEGFR2 expression and DAPI (bottom) in the Lepob/ob mice 7 days after PNX or in combination with treatment with AdipoRon. Scale bar,
50 μm. Graphs showing the quantification of ERG-positive ECs (left), VEGF expression (middle), and VEGFR2 expression (right) in the Lepob/ob

mouse lungs 7 days after PNX or in combination with treatment with AdipoRon (n= 7, mean ± s.e.m., *p < 0.05). (C) Graph showing the
VEGF protein levels in the Lepob/ob mouse lungs 7 days after PNX or in combination with treatment with AdipoRon (left, n= 5-7, mean ± s.e.m.,
*p < 0.05). Graph showing the Vegfr2 mRNA levels in the Lepob/ob mouse lungs 7 days after PNX or in combination with treatment with AdipoRon
(right, n= 4–5, mean ± s.e.m., *p < 0.05).
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FIGURE 6

Schematic illustration of the angiogenic signaling pathway in lean vs. obese lungs. Schematic illustration showing that angiogenesis and regenerative
lung growth after unilateral PNX mediated by adiponectin-TWIST1-VEGF/VEGFR2 signaling are inhibited in Lepob/ob obese mice; post-PNX increases in
the levels of adiponectin, TWIST1, VEGF, and VEGFR2 are suppressed in Lepob/ob obese mice.

Hunyenyiwa et al. 10.3389/fcvm.2024.1491971
of AT1 cells and ECs controls vascular regeneration after PNX.

Other angiogenic signaling may also be involved in the

mechanism. We have reported that angiopoietin (Ang)-Tie2

signaling mediates post-PNX lung growth (17). Ang2 and Tie2

expression increased after PNX in Lepob/+ mice, which was

inhibited in Lepob/ob obese mouse lungs (Supplementary

Figure S1D). Ang2 and Tie2 are involved in subcutaneous

adipose tissue remodeling and subsequently contribute to

systemic glucose tolerance and metabolic homeostasis (44). The

plasma levels of Ang2 and soluble Tie2 are increased in pediatric

obstructive sleep apnea and obesity (45). In addition, it is

reported that angiopoietin-like proteins (ANGPTL-2, -3, -4, -6,

-8), which potently control angiogenesis, regulate lipid, glucose

and energy metabolism independent of angiogenic effects (46).

For example, ANGPTL-2 mediates obesity and related metabolic

diseases (47). Thus, in addition to VEGF signaling, other

angiogenic and metabolic signaling may directly or indirectly

contribute to the inhibition of lung regeneration in obese people.

During lung development, VEGF is distributed uniformly

throughout the airway epithelium in the early embryonic stages,

while in the later stage the expression is restricted to the growing

tips of airway branches in the distal lung where new blood

vessels are recruited (48). Spatiotemporal changes in the

distribution of angiogenic factors may also mediate inhibition of

regenerative lung growth in the obese lungs.

Alternate splicing of the murine Vegf mRNA results in three

isoforms (120, 164, and 188). Vegf120 isoform is diffusible, while

Vegf164 and 188 isoforms bind to heparan sulfate on the cell

surface or in the extracellular matrix (49). It is reported that lung

vascular and alveolar structures are disrupted in mice only

expressing Vegf120 compared with wild-type littermates

expressing all three isoforms, suggesting the involvement of

Vegf164 and 188 isoforms in lung microvascular and alveolar

development (49, 50). In fact, the levels of Vegf164 significantly
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increased in the Lepob/+ lung after PNX; in contrast, it was

inhibited in Lepob/ob obese mice (Supplementary Figure S1C). In

the adult, Vegf188 expression is the highest in lung and heart

(49) and Vegf188 may also play active roles in lung regeneration;

however, the levels of Vegf120 or 188 did not significantly

change during lung growth after PNX (not shown). Although

isoform-specific antibodies/probes are not available due to only

24 amino acids difference, further time course analysis of mRNA

levels will elucidate the isoform-specific effects on obesity-

dependent inhibition of lung regeneration.

Our results suggest that adiponectin is necessary for the

expression of VEGF in AT1 cells and VEGFR2 in ECs,

mediating vascular and alveolar regeneration after PNX

(Figure 3). Adiponectin may induce angiogenesis through

other signaling pathways as well (e.g., AMPK, eNOS) (3, 26).

Suppression of adiponectin signaling also decreases PGC1α

expression, which inhibits angiogenesis and mitochondrial

biogenesis that suppresses tissue metabolism (18, 51). The

levels of adiponectin increased in the post-PNX mouse lungs

and interacted with angiogenesis- and metabolism-related

genes (Figure 2). It remains unknown the mechanism by

which adiponectin expression increases after PNX.

Adiponectin is produced mainly by adipocytes (30). Post-PNX

signaling in the lungs may control adiponectin expression in

adipose tissue, which controls angiogenic signaling in the lung.

Adiponectin is also produced by other cell types, such as

skeletal- and cardio-myocytes and ECs (30), and exhibits

energy metabolism, anti-diabetic, and anti-inflammatory

effects (26, 27). It is reported that lipids are stored in lipid-

laden adipocyte-like cells known as lipofibroblasts in the lung.

Lipofibroblasts in the lung may also secrete adiponectin and

regulate alveolar lipid homeostasis as well as pulmonary

surfactant production (52) to stimulate lung development and

regeneration, which may be impaired in obese animals.
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Obesity contributes to various diseases such as hypertension,

atherosclerosis and COPD, in which mechanical environment

and EC signaling are involved in the disease progression (9, 53).

TWIST1 is involved in the obesity- and angiogenesis-associated

diseases such as pulmonary fibrosis (34), pulmonary

hypertension (36), and atherosclerosis (53). TWIST1 regulates

vascular development and regeneration (18, 25, 33, 34) by

changing various angiogenic signaling (e.g., VEGF-VEGFR2,

Ang-Tie2). We have reported that angiogenesis is impaired in

obese human subcutaneous adipose tissue ECs through TWIST1-

SLIT2 signaling (25). Increased TWIST1 expression in aged ECs

decreases the expression of PGC1α to suppress mitochondrial

biogenesis, leading to inhibition of regenerative lung growth and

vascular formation in aged mouse lungs (18). TWIST1 is also

involved in cellular senescence (36) as well as epithelial/

endothelial to mesenchymal transition (EMT/EndMT), which is

involved in atherosclerosis (53, 54). It has been reported that

EMT/EndMT mediates lung development and regeneration (55).

Thus, TWIST1 may mediate inhibition of post-PNX lung growth

in obese mice by changing multiple signaling pathways.

In addition to chemical growth factors, the micromechanical

environment controls vascular formation and function (24, 35). It

has been demonstrated that mechanical forces change during post-

PNX lung growth (15, 16, 19). We have reported that hydrostatic

pressure increases after PNX, which stimulates post-PNX

angiogenesis in the lung (19). In fact, TWIST1 and another

mechanosensitive transcription co-activator YAP1 sense

mechanical stimuli (e.g., cell density, ECM stiffness, mechanical

tension, flow) (56) and control vascular and alveolar regeneration

after PNX (16–19, 53). In addition, a low serum adiponectin level

is associated with arterial stiffness in hypertensive patients (57).

Mechanical stretching also controls adiponectin protein expression

in mesenchymal stem cells (58). Here we have demonstrated that

(1) TWIST1 expression induced after PNX is inhibited in Lepob/ob

obese mouse or Adipoq−/− mouse lungs (Figures 2, 3) and (2)

adiponectin increases VEGFR2 expression and migration/

proliferation of human lung ECs, while the effects are inhibited by

TWIST1 knockdown (Figure 4). Thus, post-PNX changes in the

mechanical forces may stimulate adiponectin signaling and control

vascular and alveolar regeneration in the lung through TWIST1-

VEGFR2 signaling. Although AdipoRon restored VEGF and

VEGFR2 expression and lung vascular and alveolar regeneration

after PNX in obese mice (Figure 5), adiponectin did not induce

VEGFR2 expression in obese human lung ECs in culture even it

restores EC migration and proliferation (Figure 4). This may be

because of the differences in the experimental condition (human

and mouse lungs, in vitro and in vivo), in which mechanical and

chemical environment are altered. Alternatively, different

angiogenic signaling may be involved in the mechanism.

In this study, we used Lepob/ob obese mice, in which leptin gene

is mutated. Leptin is a neuroendocrine hormone that is secreted

mainly from adipose tissue and acts primarily on brain,

regulating metabolism and fat accumulation (52). Further

investigation using a more physiological high fat diet-induced

obese mouse model will uncover the direct metabolic effects on

regenerative lung growth.
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In summary, we have demonstrated that lung vascular and

alveolar regeneration after unilateral PNX is inhibited in Lepob/ob

obese mice through suppression of adiponectin-VEGF/VEGFR2

signaling. Post-PNX regenerative lung growth is inhibited in

Lepob/ob obese mice or Adipoq−/− mice, while AdipoRon restores

the effects. Modulation of adiponectin-VEGF/VEGFR2 signaling

may improve the way for lung regeneration and potentially lead

to the development of new therapeutic strategies for chronic lung

diseases in obese patients.
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SUPPLEMENTARY FIGURE S1

Vegf/Vegfr2 and Adipor expression in post-PNX mouse lungs. (A)
Representative FACS plots showing CD31+ cells (fraction P2) in the mouse
lungs. (B) Graph showing the Vegfr2 mRNA levels in the Lepob/+ or Lepob/
ob mouse lungs 7 days after PNX (n= 5–6, mean ± s.e.m., *p < 0.05). (C)
Graph showing the Vegf164 mRNA levels in the Lepob/+ or Lepob/ob mouse
lungs 7 days after PNX (n= 5, mean ± s.e.m., *p < 0.05). (D) Graph showing
the Ang2 and Tie2 mRNA levels in the Lepob/+ or Lepob/ob mouse lungs 7
days after PNX (n= 5–6, mean ± s.e.m.). (E) Graph showing the Adipor1
and 2 mRNA levels in the Lepob/+ or Lepob/ob mouse lungs 7 days after
PNX (n= 5–7, mean ± s.e.m.). (F) Graph showing the Vegfr2 mRNA levels in
the Adipoq−/− mouse lung ECs 7 days after PNX (n= 5–6, mean ± s.e.m.).

SUPPLEMENTARY FIGURE S2

Original gel images of Figure 4A.
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Gene expression profiles of
precursor cells identify
compounds that reduce NRP1
surface expression in
macrophages: Implication for
drug repositioning for COVID-19
Akira Iwata1†, Sarvesh Chelvanambi1†, Takaharu Asano1,
Mary Whelan1, Yuto Nakamura1, Elena Aikawa1,2, Yusuke Sasaki1

and Masanori Aikawa1,2,3*
1Center for Interdisciplinary Cardiovascular Sciences, Cardiovascular Division, Department of Medicine,
Brigham and Women’s Hospital, Harvard Medical School, Boston, MA, United States, 2Center for
Excellence in Vascular Biology, Cardiovascular Division, Department of Medicine, Brigham and
Women’s Hospital, Harvard Medical School, Boston, MA, United States, 3Channing Division of Network
Medicine, Department of Medicine, Brigham and Women’s Hospital, Harvard Medical School, Boston,
MA, United States
Coronavirus disease 2019 (COVID-19) is transitioning from a pandemic to an
endemic phase through recurring mutations. Initial efforts focused on
developing strategies to mitigate infection of lung epithelial cells which are the
primary targets of the SARS-CoV-2 virus using the affinity of the spike protein
to human ACE2 receptor. SARS-CoV-2, however, infects additional cell types
present in the lung such as macrophages through the alternate entry receptor
Neuropilin 1 (NRP1). Developing novel therapeutic strategies to prevent SARS-
CoV-2 infection of cells crucial for immunosurveillance could thus be integral
to treat post-acute sequelae of COVID-19 (PASC). Since traditional drug
development process takes a long time, it is imperative to establish new
strategies that can be rapidly deployed to combat the dynamic nature of
COVID-19 evolution and to contribute to prevention of future pandemics. We
obtained the gene expression profiles of THP-1 monocytes from L1000-based
Connectivity Map using CLUE, cloud- based software platform for the analysis
of perturbational datasets to identify compounds that could reduce the
expression level of NRP1. Out of 33,590 compounds, we analyzed the profiles
of 45 compounds for their ability to reduce NRP1 expression. We selected the
top five small molecule inhibitors predicted to decrease the expression of
NRP1 for validation studies. All five selected compounds showed low
cytotoxicity at tested doses and their ability to reduce NRP1 surface expression
was evaluated in THP-1 monocytes, THP-1-derived macrophage like cells and
human peripheral blood mononuclear cell (PBMC)-derived primary
macrophages. Five compounds with the largest predicted reduction of NRP1
expression decreased macrophage NRP1 surface expression measured using
flow cytometry and fluorescent microscopy assays in both cell line and
primary macrophages. Using our computational approach, we identified 45
compounds that could potentially decrease NRP1 surface expression in
macrophages based on their effect on THP-1 monocytes. Validation studies
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showed that such an approach can help to identify compounds for drug
repositioning in target cells that are absent in the L1000 database. Our
proposed approach can be applicable for the rapid compound exploration to
combat novel cell types that SARS-CoV-2 targets for infection and could
provide molecular bases for the development of new drugs.

KEYWORDS

COVID-19, L1000-based Connectivity Map, SARS-CoV-2, Neuropilin 1, drug screening,
drug development, gene expression profiling, macrophage
Introduction

A pandemic outbreak of severe acute respiratory syndrome

coronavirus 2 (SARS-CoV-2) has caused coronavirus disease 2019

(COVID-19), which spread throughout the world. Rapid mutation

of the virus gave rise to multiple variants that were circulating

within the global human population and made it challenging to

develop the COVID-19 treatment, despite the rapid development

and approval of various mRNA vaccines and antiviral drugs, such

as Nirmatrelvir and Ensitrelvir. In 2024, COVID-19 has turned

into an endemic phase. To develop the therapeutics remedy, the

initial research efforts were focused on identifying the host cell

receptors, such as angiotensin-converting enzyme 2 (ACE2) from

lung cells, to develop inhibitors (1). As COVID-19 becomes an

endemic disease, it has become increasingly important to redirect

efforts to prevent overactive immune inflammatory response,

caused by inflammatory macrophages. SARS-CoV2 induced

macrophage activation, reduced immune surveillance, and an

impaired ability to clear the SARS-CoV2 infection. Recent studies

showed that SARS-CoV2 uses an alternate entry receptor,

Neuropilin 1 (NRP1) to infect cells not expressing ACE2 (2–4).

NRP1 was found to be highly expressed in macrophages within

atherosclerotic lesions, particularly in plaque-associated foamy

macrophages (5). Experimental silencing of NRP1 gene reduced

SARS-CoV2 infectivity of human primary macrophages (5).

Overall, NRP1 is involved in mediating SARS-CoV-2 infection of

the atherosclerotic plaque, indicating its importance in viral

pathogenesis. Our previous reports also suggest that expression of

NRP1 could be associated with increased acute inflammatory

responses in coronavirus infection (6). Similarly, NRP1 has been

implicated in the infection of macrophage reservoirs in the nasal

epithelium (3) as well as astrocytes in the brain (7). This creates

the need for adaptable drug discovery pipelines to target specific

reservoirs of SARS-CoV2 infection to treat the diverse range of

outcomes seen in COVID-19 patients such as neurocognitive

disorders and cardiovascular complications.

The process of drug development involves several steps,

including compound discovery, screening, and clinical trials.

Developing hit compounds from screening into the lead candidate

compounds and conducting clinical trials may take more than 10

years, often due to unexpected off-target effects resulting in

adverse events. To address this issue, drug repositioning approach

has been gaining increased attention. This approach contributes to

discovering new indications for existing drugs, by saving time and

cost compared to traditional drug screening (8, 9). The main
02141
reason is that existing candidate compounds have already proven

their safety in preclinical and clinical trials. Moreover, they are

cost-effective due to their established synthesis methods. In

addition, computational drug repositioning has been evolved in

recent years (10). This approach requires the publicly available

large-scale biological data for existing drugs. Broad Institute

constructed a database of gene expression profiles induced by

exposing a variety of cell types to various perturbations including

small molecules, called the Connectivity MAP (CMap). The

expansion of this database has resulted in more than a million

gene expression profiles using more than 30,000 small molecules

and 200 cell types through the introduction of L1000 assay

technology (11, 12). L1000-based Connectivity Map is one of the

largest libraries of integrated network-based cellular signatures

available and many studies have been conducted using this

database. Candidate molecules could be predicted by comparing

L1000 perturbation profiles and the disease-specific profiles

obtained by the gene expression omnibus (GEO). An important

application of L1000-based CMap is rapid drug repositioning,

which is based on finding small molecules that cancel or mimic

differences in gene expression caused by diseases (13, 14). In

addition, these drug repositioning approaches using L1000-based

CMap can save time and cost during the drug development process.

Recently, we reported the in-silico drug screening approach

using L1000-Based Connectivity Map and its application to the

entry receptor for the SARS-CoV-2 virus, ACE2 (15) and

another disease context, including atherosclerosis (16). Using this

method, we could rapidly identify small molecule inhibitors of

target gene in specific cell lines. While the L1000 database

contains 248 types of cells, only 12 of those are primary or non-

tumor cells. Of note, there are no non-tumorous immune cell

types in this database currently. We used THP-1 monocytes, a

tumor-derived monocytic cell line, which is a precursor to our

cell type of interest, macrophages.

In this study, aiming at further utilizing our rapid compound

exploration method, we computationally identified small molecule

compounds that were predicted to decrease NRP1 expression using

the gene expression profiles for THP-1 monocytes as an alternative

to expression profiles for macrophages. Furthermore, we conducted

validation experiments in both THP-1 derived macrophage-like cells

and peripheral blood mononuclear cell (PBMC)-derived

macrophages to verify the effect of the compounds predicted to

decrease NRP1 surface expression using flow cytometry and

fluorescence microscopy. Overall, this study suggests the potential to

rapidly identify compounds that decrease NRP1 expression in
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macrophages, which is not covered by L1000, using gene expression

levels of precursor THP-1 monocytes.
Materials and methods

Gene expression profiles in L1000-based
CMap dataset

The level 5 gene expression profiles of L1000-based CMap were

downloaded from clue.io. This Level 5 dataset contains over 10,000

genes with differential expression values, and 1,201,944 profiles

were induced by several conditions. This dataset consists of 46934

perturbagens on 248 types of cells, 162 doses, and 23-time points.

The profile values represent the level of mRNA expression in

comparison to a control (the background of the plate). In each

gene expression profile, 12,328 genes are measured directly (called

landmark genes). 9,196 genes are well inferred, and their expression

level did correlate with the actual measured levels with p values

≤0.05, and the remaining 2,154 genes are less-well inferred genes.

The well-inferred Genes include both NRP1 and ACE2.
Cell culture and reagents

THP-1 monocytes (TIB-202, ATCC) were cultured in RPMI1640

(MT10040CV, Gibco) supplemented with 10% fetal bovine serum

(Gibco) and 1% penicillin-streptomycin (15140163, Gibco). THP-1

cells were differentiated into macrophage-like cells using 10 ng/ml

phorbol 12-myristate 13-acetate (PMA) (Catalog #P8139, Sigma) for

48 h followed by 24 h rest before experiments. Human primary

peripheral blood mononuclear cells were isolated from buffy coat

using the Ficoll-based density gradient centrifugation method.

Monocytes were allowed to adhere to the plate for 1 h and non-

adhered leucocytes were removed. Monocytes were differentiated

into macrophages by culturing cells with RPMI + 5% human serum

for 7–10 days (17–27). In total, cells obtained from 8 different de-

identified healthy donors were used in this study. ONO-4059

(Catalog # 32957), gefitinib (Catalog # 13166), bosutinib (Catalog #

12030), doxorubicin (Catalog #15007), and docetaxel (Catalog

#11637) were purchased from Cayman Chemicals and resuspended

in DMSO according to manufacturer instructions and used at

indicated doses in the study. Cells were treated for 12 h using all

compounds prior to evaluation of viability using Propidium Iodide

(Catalog#R37108, Thermofisher) and surface expression of NRP1.
Flow cytometry

Cells were stained for flow cytometry using viability dye

(Propidium iodide) and either isotype (Catalog #407107, Biolegend)

or anti-NRP1 antibody (Clone 12C2, Catalog #354503, Biolegend)

for 30 min on ice. Cells were washed 3× using PBS followed by

fixation with 4% paraformaldehyde fixation. Surface expression of

NRP1 was measured using Cytek Aurora flow cytometer (Cytek

Bioscience). FCS files were analyzed in FlowJo version 10.10.0.
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Immuno-fluorescent staining with high
content imaging (HCI) for quantifying
NRP1 expression

Cells were fixed using 4% paraformaldehyde for 15 min at room

temperature and washed 3 times with PBS. Cells were then stained

overnight with either isotype (Catalog #407107, Biolegend) or anti-

NRP1 antibody (Clone 12C2 Catalog #354503, Biolegend) with

gentle agitation. Cells were washed 3 times using PBS followed by

counterstain for nucleus (DAPI) and actin cytoskeleton (Phalloidin)

expression of NRP1 was measured using Molecular Devices

ImageXpress Pico (Molecular Devices). Cell counting was performed

using DAPI staining and cellular NRP1 expression was quantified

using 3-cell scoring program in CellReporter Xpress (Molecular

Devices). Mean fluorescence per cell, total NRP1 fluorescence and

percent of NRP1+ cells were calculated using this program.
Statistical methods

All data was analyzed using Graphpad Prism v10 (GraphPad

Software). For multiple group comparisons in THP1 monocytes

and THP1 derived macrophages, One-way ANOVA followed by

post-hoc multi-group comparisons were performed with p < 0.05

used to determine statistical significance. For comparison across

donors in primary cells, values for NRP1 expression were

averaged across technical replicates and fold change to vehicle

treated macrophages (control) was calculated for each treatment.

One-sample t-test was used to compare the value across multiple

donors to value of 1.0 (normalized to control) with p-value <

0.05 used to determine compounds that reduced NRP1 surface

expression with statistical significance.
Results

The goal of this study was to identify small molecules that

decrease NRP1 expression in macrophages. As the L1000-based

CMap dataset contains many profiles under multiple conditions,

including perturbagens, cell types, doses, and time points,

appropriate filters are necessary to narrow it down (Figure 1A).

To find the desired molecules, we applied the following filters to

this dataset according to the indicated filters (Figure 1B).
Selection of small molecules from
L1000-based CMap dataset with drug
repurposing hub

Perturbagens include reagents such as small molecules, CRISPR/

Cas9 and short hairpin RNA. Drug Repurposing Hub is an open-

access repository of 6,232 molecules, which is curated and

annotated of FDA-approved drugs, drugs in clinical trials, and pre-

clinical tool compounds with resource information. In addition, it

describes the mechanisms of action of these compounds (drug

information version: 3/24/2020) (28). Among the 33,590 molecules
frontiersin.org

https://doi.org/10.3389/fcvm.2024.1438396
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


FIGURE 1

Drug screening process of reducing NRP1 expression in THP-1 monocytes. (A) The Structure of L1000-based connectivity MAP (CMap) dataset.
(B)) Drug Identification process (workflow). (C) Dose-response relationships of NRP1 expression in top 10 small molecules in THP-1 monocytes at
6 h time point. Pink bars indicate the dosages in each small molecule summarized in Table 1. (D) Dose-response relationships of NRP1 expression
in ONO-4059 in THP-1 at 3, 6 and 24 h time points.
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contained in L1000-based CMap dataset, 3,084 small molecules

overlap with 6,232 drugs in this repository. We then extracted the

434,430 gene expression profiles with conditions treated with these

3,084 small molecules.
Dosage, time, and cell type selection

Each profile was measured at various dosages, time points, and

cell types in the L1000-based CMap dataset. To facilitate

comparison and easy handling of data, several doses from a similar

range were converted to single values in Supplementary Table S1.

Among dosages, we eliminated high dosages both from concerns

about toxicity and drug discovery and we applied the filter of

1.19 µM (Figure 1B). Next, in the narrowed-down profiles by dose

selection, the profiles with the most data continue in the order of

24 h, 6 h, and 3 h. In terms of drug discovery, the profiles

measured over 24 h were excluded to identify fast-acting drugs. For

the subsequent analysis, we focused on a larger amount of data

from 6 h timepoint to compare between compounds. Despite

applying the same small molecules to each type of cell, the gene

expression profiles differ, so that gene expression profiles should be

used in a specific type of cell. Ideally, we would obtain profiles

measured in macrophage-derived cells from the L1000-based

CMap dataset. However, in the absence of data for macrophages,

we chose the profiles measured in THP-1 monocytes since these

are routinely used to evaluate inflammatory responses in

cardiovascular disease and contained the most number of

compounds and timepoints tested in the L1000-based CMap.

Finally, after filtering, 190 profiles were obtained and we averaged

profiles collected multiple times, resulting in the final set of 185

profiles treated by 55 small molecules in THP-1 for 6 h.
Identification of small molecules that
decrease NRP1 expression in THP-1

We focused on the expression level of NRP1 in the

preprocessed dataset, including both compounds that could

increase and decrease NRP1 expression. Among 55 compounds,

we selected 45 small molecule inhibitors that were predicted to

decrease NRP1 expression. We then sought to extract the
TABLE 1 The top 10 small molecules identified, NRP1 expression levels, dose

Rank Compound name Expression level
1 ONO-4059 −1.972 0.0

2 Doxorubicin −1.968 0.0

3 Gefitinib −1.797 0.6

4 Bosutinib −1.576 0.1

5 Docetaxel −1.563 0.6

6 Mycophenolate-mofetil −1.443 0.6

7 PCI-29732 −1.438 0.0

8 Dasatinib −1.396 0.0

9 I-BET-762 −1.351 0.6

10 Everolimus −1.324 0.6
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combinations of 45 small molecules and their doses that most

significantly decrease the expression of NRP1 in the preprocessed

dataset. Among these combinations, the top 10 small molecules

that most significantly decrease the expression level of NRP1 are

shown in Table 1. Furthermore, the preprocessed dataset

contained NRP1 expression levels at 4 dose points, and

Figure 1C depicts the dose-response relationship of NRP1

expression in each small molecule. A dose-dependent decrease in

NRP1 expression tended to be observed in several small

molecules in the ranges up to their optimal doses. In the result,

we expected these small molecules to decrease NRP1 expression

at the appropriate dose in THP-1. We then observed the dose-

response relationship of ONO-4059 at each time point (i.e., 3 h,

6 h, and 24 h) (Figure 1D). Among three time points, this

molecule was predicted to reduce NRP1 expression at 6 h. As a

result of these findings, we selected the top combinations of 5

small molecules and their doses that could decrease the

expression of NRP1 at 6 h for subsequent validation studies.
Regulation of surface expression of NRP1 in
THP-1 monocytes

Our analysis of L1000 CMap identified multiple compounds

predicted to decrease NRP1 expression in THP-1 monocytes. We

selected the top 5 compounds based on their predicted ability to

decrease NRP1 expression. Since NRP1 is a surface receptor that

acts as an entry receptor for SARS-CoV2, we chose to measure

the surface protein expression of NRP1 as the ideal parameter to

quantify the ability of these predicted compounds to decrease

NRP1 expression and thereby potentially prevent SARS-CoV2

infection. We first screened whether these compounds would

impact cell viability through flow cytometry (Figure 2A) using

propidium iodide staining. We observed that all compounds had

minimal effect on THP-1 monocyte viability (Figure 2B) at the

dosage predicted by our L1000 CMap analysis. We next

investigated the capacity of these compounds to reduce surface

expression of NRP1 (Figure 2C) and observed that these

compounds only had marginal effects on reducing NRP1

expression in THP-1 monocytes (Figure 2D). However, baseline

expression of NRP1 at the surface of THP-1 monocytes itself was
and known activity.

Dose Known activity
1 μM Bruton’s tyrosine kinase (BTK) inhibitor

4 μM Topoisomerase inhibitor

6 μM EGFR inhibitor

25 μM Abl kinase inhibitor|Bcr-Abl kinase inhibitor|SRC inhibitor

6 μM Tubulin polymerization inhibitor

6 μM Dehydrogenase inhibitor|inositol monophosphatase inhibitor

1 μM Bruton’s tyrosine kinase (BTK) inhibitor

4 μM Bcr-Abl kinase inhibitor|ephrin inhibitor|KIT inhibitor|

PDGFR tyrosine kinase receptor inhibitor|SRC inhibitor|

Tyrosine kinase inhibitor

6 μM Bromodomain inhibitor

6 μM mTOR inhibitor
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FIGURE 2

Cell surface NRP1 expression analysis in THP-1 monocytes. (A) Gating strategy for the fluorescent activated cell sorter (FACS). (B) Cell viability after
treating the top 5 candidate small molecules (ONO-4059, doxorubicin, gefitinib, bosutinib, and docetaxel). (C) Cell surface NRP1 expression
analysis after treating the top 5 candidate small molecules. (D) Summary of cell surface NRP1 expression. (E) The correlation between NRP1
expression and cell viability. Data were shown as mean (bar) plus individual value (dots), n= 4 per group. One-way ANOVA followed by post-hoc
multi-group comparison test was used to assess statistical differences.
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considerably low. Finally, we compared the ability of these

compounds to reduce NRP1 surface expression with minimal

effect on cellular viability (Figure 2E).
Regulation of NRP1 surface expression in
THP-1 derived macrophage-like cells

To investigate the appropriate cell type in which NRP1 surface

expression is linked to SARS-CoV2 infection, we evaluated whether

THP-1 cell differentiated into macrophage-like cells using PMA

would induce NRP1 surface expression. Indeed, we observed

surface expression of NRP1 in THP-1-derived macrophage-like

cells using confocal microscopy (Figure 3A). We also validated

these findings using flow cytometry in cells which were not

permeabilized to show that macrophages would be an optimal

candidate to validate the ability of these compounds to reduce

surface expression of NRP1. We observed that none of the

compounds had a significant impact on cell viability (Figures 3B,C)

suggesting these compounds have minimal cytotoxicity in THP-1

derived macrophage-like cells. Flow cytometry analysis was

performed to describe the ability of these compounds to reduce

surface expression of NRP1 in THP-1 derived macrophage-like

cells (Figure 3D). We observed that all five compounds tested

caused a statistically significant reduction in the percentage

of NRP1-positive cells (Figure 3E). We compared the ability of

these compounds to reduce NRP1 surface expression with its effect

on cellular viability (Figure 3F) to identify compounds with

the best safety profile for macrophage cytotoxicity and maximal

NRP1 downregulation.
Regulation of NRP1 surface expression in
human primary PBMC-derived
macrophages

SARS-CoV2 infection of innate immune cells such as

macrophages has been shown to be related using the NRP1

receptor in vivo. Therefore, we isolated human primary PBMCs

from de-identified healthy donors and differentiated them into

macrophages. NRP1 surface expression was found to be

heterogeneous and present within a subset of macrophages

through confocal microscopy (Figure 4A). Using high content

imaging, we created masks for NRP1 positive (green) and NRP1

negative (red) cells (Figure 4B). We added all five compounds at

the doses predicted by our L1000 CMap analysis and measured

surface expression of NRP1 using high-content imaging

(Figure 4C). Across five independent donors, we observed that

our top 2 predicted compounds, ONO-4059 and doxorubicin

were successfully able to reduce the percentage of NRP1-positive

cells with statistical significance using high content imaging

(Figure 4D). To sample a larger number of cells per condition

and more accurately measure mean NRP1 surface expression at

single cell resolution, we supplemented our high content imaging

approach with flow cytometry (Figure 4E). Here we observed

that in three different, de-identified healthy donors, all five
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predicted compounds were able to reduce the mean fluorescence

intensity of NRP1 surface expression compared to vehicle treated

control primary PBMC-derived macrophages (Figure 4F). Our

findings using high-content imaging (Figure 4D) and flow

cytometry (Figure 4F) suggest that our predicted compounds

using L1000-based CMap dataset were validated in their capacity

to regulate NRP1 surface expression in human primary PBMC-

derived macrophages across multiple donors.
Discussion

Based on the drug repositioning approaches for the L1000-

based CMap dataset, we identified 45 candidate small molecules

that could potentially decrease NRP1 surface expression in

macrophages. The gene expression profiles induced by exposing

macrophages were not included in this dataset. We, therefore,

employed alternative approaches to identify candidate small

molecules using THP-1 monocytes, which are routinely used as a

macrophage-like cell after differentiation using PMA. We

expected these candidates with the ability to decrease NRP1

mRNA to reduce NRP1 surface expression in macrophages. We

verified the effect of the candidate compounds through validation

experiments in both THP-1-derived macrophages and PBMC-

derived macrophages using flow cytometry and fluorescence

microscopy. Our study successfully translates predictions made in

tumor cell lines such as THP1 monocytes to primary non-cancer

cells (PBMC-derived macrophages from 8 different de-identified

healthy donors) showing the generalizability of the predictions

made using L1000.

We previously identified small molecules that could potentially

decrease ACE2 mRNA levels in the lung epithelial cell lines by

processing the L1000-based CMap dataset (15). Most candidates

were shown to decrease ACE2 surface expression in the target

cells BEAS-2B derived from the same organ. This current study

revealed the potential to identify compounds that decrease gene

expression in macrophages using the gene expression level of

precursor THP-1 monocytes. These results indicate that our

proposed approach could be adapted to identify compounds for

drug repositioning in several cells using the precursor cells. Since

primary cell data are limited in the L1000-based CMap dataset,

this approach would make it possible to identify the compounds

that modulate target gene expression using precursor cells, which

is often used in primary cell studies. We have also employed

such approaches to validate candidate small molecules using in

vivo studies reversing disease phenotype (16, 26). Future studies

can extend our findings into in vivo studies to accelerate

translation to preclinical testing.

However, there are a few restrictions on using the L1000-based

CMap dataset. First, as mentioned in the method, many genes are

not covered in the L1000 dataset, resulting in the limitation of drug

discovery for half of the human protein-coding genes. To address

this limitation, a deep-learning model that transforms L1000

profiles to RNA-seq-like profiles has already been developed (29).

Second, most data were obtained by performing anticancer drugs

in cancer cell lines. The goal of drug repositioning is to obtain
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FIGURE 3

Cell surface NRP1 expression analysis in THP-1 derived macrophages. (A) The immunocytochemistry staining on cell surface NRP1 expression in THP-
1-derived macrophage-like cells (Green: NRP1 or isotype, Red: CD45, and Blue: DAPI). (B,C) Live cell quantification analysis after treating the top 5
candidate small molecules. Representative of cell viability after treating the top 5 candidate small molecules. Scale bar, 20 μm. (B) (ONO-4059,
doxorubicin, gefitinib, bosutinib, and docetaxel) and summary of cell viability (C–E) Cell surface NRP1 expression analysis after treating the top 5
candidate small molecules. Representative images (D) and summary of cell surface NRP1 expression (E,F) The correlation between NRP1
expression and cell viability. Data were shown as mean (bar) plus individual value (dots), n= 4 (C) and 6 (E) per group. One-way ANOVA followed
by post-hoc multi-group comparison test was used to assess statistical differences.
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the candidate drugs without inducing high toxicity. It is

noteworthy that in this study we extracted the small molecules

that decrease NRP1 surface expression using a dose filter and

identified the candidate compounds without significant

cytotoxicity or cell viability reduction in each assay. One

advantage of our approach is that the L1000-based CMap dataset

contains data from multiple cell types. While we focused on

monocytes and monocyte-derived macrophages in this study, the

effect of drug treatment on regulation of NRP1 expression in
Frontiers in Cardiovascular Medicine 08147
other cell types can also be obtained. For example, the L1000

contains 12 different cell types treated with ONO-4059. Future

studies investigating the potential reduction of NRP1 in other

cell types and tissues can also be guided using these approaches.

On the other hand, since the L1000 is built on data measured

primarily from cell lines, it is difficult to make inferences about

the sex-dependent and age-dependent effects of drug

compounds. In our study, we used the same cell line (THP-1) as

the L1000 and supplemented these findings in macrophages
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FIGURE 4

Cell surface NRP1 expression analysis in human primary peripheral blood mononuclear cell (PBMC)-derived macrophages. (A) The
immunocytochemistry staining on cell surface NRP1 expression in PBMC-derived macrophages (Red: NRP1 or isotype, and Blue: DAPI). Scale bar,
100 μm. (B) Cell surface NRP1 surface expression (Orange) analysis in high-content imaging using ImageXpress Pico. Cell masks created by cell
scoring program in CellReporter Xpress for cells with positive NRP1 expression (green) and cells with negative NRP1 expression (red). (C) Cell
masks for NRP1 positive (green) and negative (red) cells after treating the top 5 candidate small molecules (ONO-4059, doxorubicin, gefitinib,
bosutinib, and docetaxel). (D) Summarized results for five independent de-identified healthy donors with each dot representing each donor.
(E) Gating strategy for the fluorescent activated cell sorter (FACS). (F) Cell surface NRP1 expression analysis after treating the top 5 candidate small
molecules in FACS. Summarized with NRP1 MFI ratio corrected by donor. Summarized results for three independent de-identified healthy donors
with each dot representing each donor. For figures (D,F), the average NRP1 expression was normalized to control (vehicle treated) sample in each
donor. One-sample t-test was used to compare mean NRP1 expression across donors. P-value < 0.05 was used to determine statistically
significant changes.
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differentiated from PBMC of de-identified healthy donors. Future

studies interested in investigating sex-dependent and age-

dependent effects of such compounds in regulating NRP1

expression can use appropriately powered validation models (e.g.,

male and female mice) to answer these questions.

In recent years, drug development has become more

challenging due to the depletion of drug targets. However, there

is still significant demand for treatments that slow, stop or

reverse disease progression. L1000-based CMap database has

been used for drug repositioning to identify small molecules that

induce gene expression profiles similar to or opposite to those

caused by diseases (26, 30). Increasing publicly available large-

scale biological data would facilitate computational drug

repositioning. If the profiles induced by exposing various cells

using drugs already proven safe are expanded, we expect that

drug discovery using L1000-based drug repositioning would aid

in the expansion of new indications for existing drugs.

During the evolution of viral epidemics, viruses such as SARS-

CoV-2 rapidly acquire mutations on their surface receptors, which

impacts the tropism of these viruses. As a result, SARS-CoV2 could

continue to infect multiple cell types using diverse range of entry

receptors and co-receptors. While traditional vaccination and

antiviral drug strategies that prevent viral replication are key

tools in curbing the spread of viral infection, our approach

provides a strong complementary strategy. Electronic medical

record-based approaches have been used to identify at-risk

populations, such as obese individuals who are at increased risk

for productive infection upon exposure to SARS-CoV2 virus. Our

approach to finding drugs that could be repurposed to prevent

the spread of infection could be a powerful tool to mitigating

spread of viral infection (31). Rapidly screening compounds to

identify specific candidates to prevent infectivity of cells such as

macrophages, endothelial cells or neurons could serve as a

supportive strategy to prevent the diverse range of post-acute

sequelae of COVID-19. Specifically, therapies targeting cell types

which play a key role in inflammation and resolution of

inflammation could be a potent strategy to reduce the risk for

post-acute sequelae of COVID-19 (32). While this approach

facilitates rapid identification of compounds that could reduce

surface expression of NRP1, the mechanisms through which

these compounds are able to induce these effects are unknown.

This is a limitation which requires orthogonal studies to

investigate how these compounds are able to regulate NRP1

expression. For certain patients with pre-existing atherosclerosis,

inhibition of NRP suppresses infection but cause an aberrant

pro-inflammatory response. NRP1-null macropjages are known

to increase the release of inflammatory cytokines, such as IL-6.

However, the inclusion of parameters to test cell viability as

utilized in this study can help further filter compounds with best

safety profile and maximal efficacy. Furthermore, the use of

compounds which have already obtained FDA approval and have

well documented safety profile could be an additional layer in

the selection of compounds to combat the infection of SARS-

CoV2 into diverse cell types. In our proposed model, drugs with

prior FDA approval will be repurposed for transient reduction of

NRP1 expression in macrophages to reduce the risk of infection
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with SARS-CoV2. While some studies have shown that myeloid

specific knockout of NRP1 could increase pro-inflammatory

responses (33, 34), our approach is aimed at short-term,

transient downregulation of NRP1.

Many small molecules with potential anti-COVID-19 effects

have been developed as our understanding of SARS-CoV2

structure and function has evolved (35). The development of new

compounds and antibodies targeting NRP1 can be effective

(36, 37), but a significant amount of time is required to evaluate

safety of these new compounds in preclinical testing and clinical

trials. In addition, rapid and large-scale supplies are essential in

the event of a pandemic. The drug repositioning approach used

in this study applies compounds with established synthetic

methods and safety profiles. Such an approach could serve to

support therapies directly targeting NRP1 as a cheaper and faster

complementary therapeutic option. Future studies can compare

the safety and efficacy of agents directly targeting NRP1 with our

proposed drugs indirectly lowering NRP1 to help select

appropriate therapeutic strategy for patients with COVID-19.

The ability of innate immune cells such as macrophages to

sense and respond to viruses is regulated through a wide range

of mechanisms. Poly (ADP-ribose) polymerase form a key role

in sensing viruses using their macrodomain (38–40). PARPs

have been shown to play a key role in the regulation of

macrophage heterogeneity in response to virus infection-related

factors such as interferon γ (21). Similarly, infection-associated

signaling factors such as extracellular vesicles (41) and TLR

signaling (42) play a role in severity of inflammatory responses.

Specifically, the role of extracellular vesicle-associated viral

proteins in determining chronic inflammatory responses has also

been shown in HIV (43, 44), influenza (45) and SARS-CoV-2

(46). Use of L1000-based CMap approaches could be employed

to find novel receptors and regulators of inflammation. While

the L1000-based CMap contains interferon γ as a ligand in 84

conditions, it has not been evaluated in THP-1 monocytes.

Therefore, we focused on unstimulated monocytes and

macrophages to validate the ability of the predicted compounds

to reduce NRP1 surface expression. Future studies can focus on

evaluating NRP1 expression under pathophysiological

stimulation such as interferon γ in appropriate cell types. L1000-

based CMap could also be used to guide studies to reverse gene

expression profiles based on disease specific stimulation. We

have previously used such an approach to identify compounds

to reduce the pro-inflammatory phenotype induced by

interferon γ in human primary macrophages (26). Similar

studies can be performed to repurpose drug compounds to

target specific phenotypes of polarized macrophages. These

could be targeted using our drug repurposing approach to

reduce virus-induced chronic inflammation.
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Trends and patterns in pulmonary
arterial hypertension-associated
hospital admissions among
methamphetamine users:
a decade-long study
Amanda Husein1, Jolie Boullion1, Md Ismail Hossain1, Diensn Xing1,
Md Tareq Ferdous Khan2, Md. Shenuarin Bhuiyan3,4,
Gopi K. Kolluru4, Md Mostafizur Rahman Bhuiyan5,
Nicholas E. Goeders6,7,8, Steven A. Conrad1,9, John A. Vanchiere1,9,
A. Wayne Orr3,4, Christopher G. Kevil3,4 and
Mohammad Alfrad Nobel Bhuiyan1,4,8*
1Department of Medicine, Louisiana State University Health Sciences Center at Shreveport, Shreveport,
LA, United States, 2Department of Mathematics and Statistics, Cleveland State University, Cleveland,
OH, United States, 3Department of Molecular and Cellular Physiology, Louisiana State University Health
Sciences Center at Shreveport, Shreveport, LA, United States, 4Department of Pathology and
Translational Pathobiology, Louisiana State University Health Sciences Center at Shreveport,
Shreveport, LA, United States, 5Department of Pediatric Cardiology, Bangabandhu Sheikh Mujib Medical
University, Dhaka, Bangladesh, 6Department of Pharmacology, Toxicology & Neuroscience, Louisiana
State University Health Sciences Center at Shreveport, Shreveport, LA, United States, 7Department of
Psychiatry and Behavioral Medicine, Louisiana State University Health Sciences Center at Shreveport,
Shreveport, LA, United States, 8Louisiana Addiction Research Center, Louisiana State University Health
Sciences Center at Shreveport, Shreveport, LA, United States, 9Department of Pediatrics, LSU Health
Sciences Center Shreveport, Shreveport, LA, United States
Background: Pulmonary arterial hypertension (PAH) is a rare, chronic,
progressive form of pulmonary hypertension in which increased arterial
pressure causes remodeling of the arterial system and is associated with heart
failure. Methamphetamine is a stimulant that has recently become a focus in
PAH research, but the recent trends and demographics of this cohort
of patients are not known. The study aimed to analyze the overall trends
and demographics of PAH patients with and without concurrent
methamphetamine usage.
Methods: The study used the National Inpatient Sample (NIS), Healthcare Cost
and Utilization Project (HCUP), and Agency for Healthcare Research and
Quality (AHRQ) from 2008 to 2020 to calculate nationally weighted estimates
for both conditions by ICD-9 and ICD-10 diagnosis codes. We used several
statistical measures, including descriptive statistics with design-based chi-
square and t-tests, trend analysis with Cochran-Armitage test, generalized
linear models, and other data preprocessing measures.
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Results: A significant increase was evident in patients with pulmonary arterial
hypertension (PAH) and concurrent methamphetamine use (9.2-fold). Most of
the hospitalized patients were males (59.16%), aged 41–64 (45.77%), White
(68.64%), from the West (53.09%), with Medicaid (50.48%), and with median
income <$25,000. The rate of increase over the period was higher for males
(11.8-fold), race (not sure which race; please check and modify), aged 41–64
(11.3-fold), and in the South (15.1-fold). An overall adjusted prevalence ratio (PR)
for PAH hospitalizations among concurrent methamphetamine users was 32.19
(CI = 31.19–33.22) compared to non-users. With respective reference categories,
the significantly higher PR was evident for males, patients aged 41–64, White,
with Medicare, median income <$25,000, all regions compared to Northeast,
length of hospital stays, and conditions, including chronic pulmonary disease,
diabetes, hypertension, obesity, and peripheral vascular disorders.
Conclusion: This study reveals a national overall and demographic-specific trend
of increasing PAH with concurrent methamphetamine usage and associated
factors. The findings may help to understand the current patterns and identify
the vulnerable sociodemographic cohorts for further research and to take
appropriate policy measures.

KEYWORDS

pulmonary arterial hypertension, methamphetamine, substance use disorder,
methamphetamine use disorder, disparity
1 Introduction

Pulmonary hypertension is defined as an increase in the mean

arterial pressure (MAP) of the lungs by greater than 20 mmHg

(1, 2). Cardiopulmonary pathologies that cause an increase of

pressure in the lungs are categorized into 5 groups: pulmonary

arterial hypertension, pulmonary hypertension due to center

heart disease, pulmonary hypertension due to lung disease,

pulmonary hypertension due to blood clots in the lungs, and

pulmonary hypertension due to unknown causes (3). Pulmonary

arterial hypertension (PAH) is one of the most damaging forms

of pulmonary hypertension, with an estimated 10.6 per 1 million

adults in the US affected (4). PAH is defined as increased MAP

in the pulmonary arteries, measured by right heart

catheterization, in the absence of cardiac disease, abnormal lung

pathology, and thromboembolic causes (5). Increased arterial

pressure in PAH causes remodeling of the arterial system,

increasing vascular resistance and right ventricular afterload,

which may eventually develop into heart failure (6).

PAH is characterized as arterial remodeling in pulmonary

vasculature that leads to vasculature resistance, right heart failure,

and potential death. The vasculature displays medial hypertrophy

and both intimal and adventitial proliferation. These changes may

lead to concentric sclerosis from the endothelial cells and

pulmonary arterial smooth muscle cells migrating and

proliferating, causing endothelial dysfunction and vasoconstriction

(7). Endothelial cells can create growth factors that stimulate

matrix deposition and smooth muscle hypertrophy, leading to

vascular formations called plexiform lesions, the hallmark sign of

PAH remodeling (7). Pharmacologic treatments of PAH thus

target these specific pathways to resist the vasoconstrictive causes

and promote vasodilation (8). The most recent pharmacotherapies
02153
focus on targeting pathways such as TGF-B and tyrosine kinases

to primarily inhibit the inflammatory cell proliferation in the

vasculature (9, 10).

The pathology of drug-induced PAH is similar to idiopathic

PAH, with both having plexiform lesions as signs of remodeling

(11). Many drug compounds have been associated with PAH,

including anorexigens, SSRIs, oral contraceptives, and stimulants.

Methamphetamine is a stimulant that has become a focus in

PAH research and is now labeled in the “definite” category as a

causative agent of PAH. Although the pathology is similar to

idiopathic PAH, methamphetamine-induced PAH has been

shown to cause severe consequences in long-term damage and

functional status (12). Methamphetamine has been shown to

have harmful overall effects, such as CNS toxicity,

cardiomyopathy, cellular remodeling, and its general addictive

quality due to interfering with the long-term production of the

brain’s dopamine (13–15). Among patients with cardiovascular

disease (CVD), patients with prior methamphetamine usage have

been shown to develop the disease eight years earlier than

patients without prior methamphetamine usage (16). PAH

among meth users have also been shown to have significantly

higher right atrial pressure and lower stroke volume (17). The

national level of methamphetamine-associated cardiac failure has

risen since 2002 (18). On the cellular level, a prior study using

rat models revealed that methamphetamine can also affect the

function of the mitochondria and stimulate autophagy (15).

Methamphetamine is now also classified as a substance with

numerous physical and psychotic side effects (19) and its usage

has increased in mentally vulnerable populations with higher

rates of suicidal ideation (20).

A previous study found that 28.9% of patients with “idiopathic

PAH” had a history of stimulant use, compared to 3.8% of patients
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who had PAH due to well-known risk factors, such as genetics,

hypertension, arterial disease, or connective tissue disease (11).

Pathologic lung samples taken from PAH among meth users

showed vascular changes similar to those in other PAH patients,

including the plexiform lesions and slit-like vascular channel

with occlusive disease. Serotonin has been suspected to be a

cause of PAH among meth users due to its ability to stimulate

pulmonary smooth muscle cells, causing arterial narrowing and

increased pressures (21). With the concerning increases in

methamphetamine-related overdose deaths and methamphetamine-

related hospitalizations that have led the US to declare

methamphetamine an emerging drug threat, it is important to re-

examine the trends in PAH with and without methamphetamine

use (22–25). Thus, the focus of this study is to analyze the overall

trends and demographics of PAH alone in comparison to PAH

with concurrent methamphetamine usage.
2 Methods

To analyze the yearly trends of PAH and methamphetamine

use, this study utilized the National Inpatient Sample, Healthcare

Cost and Utilization Project, and Agency for Healthcare Research

and Quality (AHRQ) collected between 2008 and 2020. The NIS

is the US’s largest all-payer inpatient care database, representing

about 7 million hospital stays annually. Recent modifications to

the NIS improved the sample’s representativeness and the

accuracy and stability of weighted national estimates. This new

approach was also applied to existing data, allowing trend

analysis across long periods. The new NIS data is formatted so

that every datum corresponds to a unique hospitalization and

includes details on more than 100 clinical characteristics,

including patient demographics and primary and secondary (up

to 24) diagnoses. Using the ICD-9 and ICD-10 codes listed in

Supplementary Tables S3, S4 in the supplemental information

document, we identified all adults (>18 years of age) hospitalized

with a primary or secondary diagnosis of PAH and

methamphetamine use and their associated sociodemographic

characteristics. All tests have been performed at 5% level of

significance and reported Cis are with 95% confidence level. The

NIS database was deidentified; hence, our study was exempt from

requiring an institutional review board (IRB) approval.
2.1 Statistical analysis

For the statistical analysis, we followed the guidelines for the

AHRQ. All statistical tests were conducted using the software R

(version 4.2.1). Survey-specific statements with hospital and

patient-level weights were utilized for national estimates, and

trend weight was used to produce national estimates for trend

analysis. The NIS year’s hospital discharges all used equal

discharge weights each year. Thus, the trend weight files were

combined with the original NIS files by year and hospital ID.

The frequencies and percentages of categorical variables were

summarized for unweighted (raw hospital admission data) and
Frontiers in Cardiovascular Medicine 03154
weighted (nationally representative data) hospital admissions. We

used design-based chi-squared tests for categorical variables, and

design-based t-tests for continuous variables to account for NIS

sample design and sample weight (26). To observe any patterns in

the missing data, we employed Little’s MCAR (missing completely

at random). A nonsignificant p-value (p > 0.05) was used to detect

random missing, and the missing value was less than 5%. Thus,

no imputation was performed. We utilized propensity score

matching with the nearest neighbor method to match the case and

control for methamphetamine users (27). The prevalence ratio and

95% confidence interval were calculated using a generalized linear

model with a binomial link function (26). The model was adjusted

for gender, age, race, primary payer, median household income,

length of hospital stays, region, anemia, arthritis, chronic

pulmonary disease, congestive heart failure, coagulopathy,

depression, diabetes, liver disease, hypertension, obesity, peripheral

vascular disorders, pulmonary circulation disorders, and renal

failure. Multicollinearity among the variables was investigated

using the variance inflation factor (VIF). We used eta-squared to

measure the proportion of the total variability in a dependent

variable that is explained by the variability in an independent

variable. Eta-squared is calculated by dividing the sum of squares

associated with an effect (e.g., treatment) by the total sum of

squares (28). The p-value was determined by linear trend analysis,

and the trend, stratified by age, sex, race, and region, was

compared using the Cochran-Armitage trend test. There are

existing descriptions of the design and analytical guidelines for

NIS data (29, 30). The Healthcare Cost and Utilization Project

criteria were followed for performing the analysis (30).
3 Results

Between 2008 and 2020, there were 114,177,810 reported

hospitalizations for PAH in the US without concurrent usage of

methamphetamine and 1,104,142 hospitalizations for PAH with

concurrent methamphetamine usage.
3.1 Demographic characteristics among
idiopathic PAH vs. PAH among meth
users hospitalizations

Table 1 summarizes the PAH hospitalizations with and without

concurrent methamphetamine use in the US between 2008 and

2020. Significantly (p < 0.05) more hospitalizations due to

idiopathic PAH alone were seen among female patients (51.97%,

CI = 51.96–51.98) than among male patients (48.03%, CI = 48.02–

48.04). For hospitalizations due to PAH with concurrent

methamphetamine, 59.16% (CI = 59.07–59.25) were male, and

40.84% (CI = 40.75–40.93) were female.

Hospitalizations due to PAH without concurrent

methamphetamine use were most prevalent among patients older

than age 64 (60.60%, CI = 60.69–60.60), followed by ages 41–64

(33.38%, CI = 33.37–33.39), ages 26–40 (4.87%, CI = 4.87–4.87),

and ages 18–24 (1.16%, CI = 1.16–1.16). In contrast,
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TABLE 1 Sociodemographic characteristics (weighted) of hospitalized patients with PAH and status of concurrent methamphetamine use from 2008 to
2020 in the USa.

Characteristics Group PAH with
methamphetamine

use

PAH without
methamphetamine

use

p-
value

Weighted n (%) (95%
confidence
interval)

Weighted n (%) (95%
confidence
interval)

N= 1,104,142 N= 114,177,810
Sex Male 653,076 (59.16) (59.07–59.25) 54,835,651 (48.03) (48.02–48.04) <0.05

Female 450,802 (40.84) (40.75–40.93) 59,328,378 (51.97) (51.96–51.98)

Age 18–25 years 117,780 (10.67) (10.61–10.72) 1,321,806 (1.16) (1.16–1.16) <0.05

26–40 years 414,303 (37.43) (37.43–37.61) 5,559,560 (4.87) (4.87–4.87)

41–64 years 505,367 (45.77) (45.68–45.86) 38,109,382 (33.38) (33.37–33.39)

≥65 years 66,689 (6.04) (6.00–6.08) 69,187,059 (60.60) (60.59–60.60)

Race/ethnicity White 7,19,223 (68.64) (68.56–68.73) 80,476,632 (75.60) (75.59–75.61) <0.05

Black 100,189 (9.56) (9.51–9.62) 15,043,765 (14.13) (14.13–14.14)

Hispanic (ethnicity) 152,850 (14.59) (14.52–14.66) 6,567,027 (6.17) (6.16–6.17)

Asian or Pacific
Islander

28,177 (2.69) (2.66–2.72) 1,542,218 (1.45) (1.45–1.45)

Native American 19,859 (1.90) (1.87–1.92) 577,557 (0.54) (0.54–0.54)

Other 27,452 (2.62) (2.59–2.65) 2,241,879 (2.11) (2.10–2.11)

US Region Northeast 41,877 (3.79) (3.76–3.83) 21,261,991 (18.62) (18.61–18.63) <0.05

Midwest 185,691 (16.82) (16.75–16.89) 28,820,342 (25.24) (25.23–25.25)

South 290,336 (26.30) (26.21–26.38) 44,646,423 (39.10) (39.09–39.11)

West 586,237 (53.09) (53.0–53.19) 19,449,051 (17.03) (17.03–17.04)

Primary payer Medicare 202,831 (18.42) (18.35–18.49) 75,691,243 (66.40) (66.39–66.40) <0.05

Medicaid 555,906 (50.48) (50.39–50.57) 11,760,803 (10.31) (10.31–10.32)

Private Insurance 133,985 (12.17) (12.11–12.23) 20,622,134 (18.09) (18.08–18.10)

Self-pay 148,388 (13.47) (13.41–13.54) 2,942,186 (2.58) (2.58–2.58)

No charge 8,259 (0.75) (0.73–0.77) 291,847 (0.26) (0.26–0.26)

Other 51,891 (4.71) (4.67–4.75) 2,692,341 (2.36) (2.36–2.36)

Median household
income ($)

<25,000 376,473 (37.47) (37.38–37.57) 34,526,400 (30.84) (30.83–30.85) <0.05

26,000–50,000 289,714 (28.84) (28.75–28.93) 30,279,683 (27.05) (27.04–27.06)

51,000–75,000 217,979 (21.70) (21.62–21.78) 26,260,495 (23.46) (23.45–23.47)

76,000–100,000 120,440 (11.99) (11.93–12.05) 20,875,638 (18.65) (18.64–18.66)

aThe designed-based chi-square for categorical variables and t-tests for continuous variables were applied to obtain the p-values.
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hospitalizations due to PAH among meth users were increased

among middle-aged patients. The majority occurred at ages 41–64

(45.77%, CI = 45.68–45.86), followed by ages 26–40 (37.52%,

CI = 37.43–37.61), ages 18–25 (10.67%, CI = 10.61–10.72), and

older than 64 years of age (6.04%, CI = 6.00–6.08).

By race/ethnic group, non-Hispanic White (henceforth White)

patients comprised the majority of hospitalizations (75.60%,

CI = 75.59–75.61) for PAH alone, followed by non-Hispanic Black

(henceforth Black) patients (14.13%, CI = 14.13–14.14). For

hospitalizations of PAH with concurrent methamphetamine usage,

although White patients retained its majority (68.64%, CI = 68.56–

68.73), Hispanic patients were in the next majority group (14.59%,

CI = 14.52–14.66), followed by Black patients (9.56%, CI = 9.51–

9.62). A similar race was noted between both groups, except PAH

hospitalizations among meth users were more commonly

attributed to Hispanic patients than Black patients.

Regarding primary payer, the highest amount of hospitalizations

(66.40%, CI = 66.39–66.40) due to PAH alone were Medicare

patients, followed by private insurance patients (18.09%,

CI = 18.08–18.10), Medicaid patients (10.32%, CI = 10.31–10.320,

self-pay patients (2.58%, CI = 2.58–2.58), patients with no charge
Frontiers in Cardiovascular Medicine 04155
(0.26%, CI = 0.26–0.26), and those who did not report (2.36%,

CI = 2.36–2.36). The highest number of hospitalizations due to

PAH with concurrent methamphetamine were Medicaid patients

(50.48%, CI = 50.39–50.57), followed by Medicare patients (18.42%,

CI = 18.35–18.49), self-pay patients (13.47%, CI = 13.41–13.54),

private insurance patients (12.17%, CI = 12.11–12.23), patients with

no charge (0.75%, CI = 0.73–0.77), and patients who reported

“Other” (4.71%, CI = 4.67–4.75).

The hospitalized patients’ distribution by primary insurance

showed most patients with PAH and without concurrent

methamphetamine use had Medicare (66.4%, CI = 66.39–66.40)

as their primary insurance compared to Medicaid for PAH with

concurrent methamphetamine use (50.48%, CI = 50.39–50.57).

Private insurance (18.09%, CI = 18.08–18.10), followed by

Medicaid (10.32%, CI = 10.31–10.32), was the second primary

insurance source for Patients with PAH alone; for patients

with PAH and concurrent methamphetamine, Medicare

(18.42%, CI = 18.35–18.49) followed by self-pay patients (13.47%,

CI = 13.41–13.54) were the next primary sources.

Regarding US geographic region, the highest number of

hospitalizations due to PAH alone were located in the South
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United States (39.10%, CI = 39.09–39.11), followed by the Midwest

region (25.24%, CI = 25.23–25.25. For hospitalizations of PAH with

concurrent methamphetamine usage, patients in the West made up

the majority (53.09%, CI = 53.00–53.19), followed by the South

(26.30%, CI = 26.21–26.38).

Regarding household income, the number of hospitalizations

due to PAH alone was inversely correlated to household income.

Among patients with PAH alone, the most significant number of

hospitalizations occurred in patients with an income of <$25,000

(30.84%, CI = 30.83–30.85), followed by <$50,000 (27.05%,

CI = 27.04–27.06). The highest number of hospitalizations due to

PAH with concurrent methamphetamine also followed an inverse

correlation, 37.47% (CI = 37.38–37.57) for <$25,000 income,

followed by 28.84% (CI = 28.75–28.93) for <$50,000 income.
3.2 Temporal trend of pulmonary arterial
hypertension hospitalizations without
methamphetamine use

Figure 1 exhibits the trends of hospitalizations of patients with

PAH without concurrent methamphetamine use. From 2008 to
FIGURE 1

The hospitalization trends of PAH patients without concurrent methampheta
2008 to 2020 in the US.
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2020, hospitalizations associated with PAH without concomitant

methamphetamine use increased from 7,706,820 to 8,278,579

(1.1-fold, p = 0.07). Throughout this period, PAH-related

hospitalizations without concomitant methamphetamine use of

both male and female patients initially increased from 2008 to

2015 and later fluctuated and down-trended from 2015 to 2020.

Female patients showed a higher prevalence every year than male

patients; however, male patients had an overall statistically

significant (p < 0.05) upward trend (1.16-fold increase) compared

to the female patient fluctuation (p = 0.45, 1-fold increase).

Hospitalizations by race significantly increased for all races

(p < 0.05). White patients had a substantially higher yearly

prevalence compared to other races. However, the rate of change

was not the highest (1.2-fold), compared to the overall rate of

change in Hispanic patients (1.7-fold increase), Black patients

(1.6-fold increase), Asian/Pacific Islander (1.4-fold increase), and

Native Americans (1.2-fold increase). Patients aged 26–40 and

41–64 had a statistically significant upward trend throughout the

years (p < 0.05) with overall increases of 1.2-fold and 1.1-fold,

respectively). Patients aged 18–25 and greater than 64 years had

insignificant trends (p = 0.05 and p = 0.15, respectively) with an

overall decrease (0.8-fold increase). Patients located in the West
mine usage by sex (A), race (B), age (C), and geographic region (D) from
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showed the only significant (p < 0.05) upward trend of PAH (1.2-

fold increase), while the other regions (South, Midwest, and

Northeast) showed insignificant trend (p > 0.05) with some

fluctuations throughout the years (1.1-fold increase, 1.1-fold

increase, and 1.1-fold increase, respectively).
3.3 Temporal trend of pulmonary arterial
hypertension hospitalizations with
concurrent methamphetamine use

Figure 2 exhibits the trends of hospitalizations of patients with

PAH with concurrent methamphetamine use. From 2008 to 2020,

hospitalizations of PAH among meth users increased (9.2-fold)

from 21,738 in 2008 to 199,715 in 2020. Throughout this period,

hospitalizations of both male and female patients increased

significantly (p < 0.05). Moreover, male patients of PAH among

meth users showed a higher prevalence each year and a higher

overall increase throughout the years (11.8-fold increase vs. 6.7-

fold increase). Hospitalizations statistically increased for all races

(p < 0.05). Native American patients had the highest overall

increase throughout the years (20.4-fold increase), followed by

Black patients (16.4-fold), Hispanic patients (13.9-fold), White
FIGURE 2

The hospitalization trends of PAH patients with concurrent methamphetamin
to 2020 in the US.
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patients (10.1-fold), and Asian/Pacific Islander patients (8.5-fold).

The trend in race for PAH patients with concurrent

methamphetamine use differed slightly from the trend for PAH

patients without concurrent methamphetamine use, where

Hispanic patients’ overall trend was higher than Black patients’

overall trend. With respect to hospitalizations by age, the trend

differed slightly from PAH patients without methamphetamine

use, with all patients showing a statistically significant upward

trend throughout the years (p < 0.05). Patients aged 41–64 had

the highest overall increase (11.3-fold), followed by patients aged

26–40 (9.7-fold), aged 18–25 (5.3-fold), and aged more

significant than 64 years (4.7-fold). In terms of geographic

regions, PAH patients with concurrent methamphetamine use in

all regions of the US showed a statistically significant upward

trend (p < 0.05), with patients in the South having the highest

overall increase throughout the years (15.1-fold increase),

followed by Midwest patients (8.4-fold), West patients (8.0-fold

increase), and Northeast patients (5.4-fold).

Overall, hospitalizations of PAH among meth users from 2008

to 2020 demonstrated a 1.53 adjusted prevalence ratio (PR) in

methamphetamine users compared to non-methamphetamine

users (Table 2). When examining mental health disorder-related

hospitalizations from 2008 to 2020 with concurrent
e usage by sex (A), race (B), age (C), and geographic region (D) from 2008
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TABLE 2 Adjusted PR of PAH hospitalizations with concurrent methamphetamine use with 95% CI.

Characteristics Group PAH hospitalizations with concurrent methamphetamine use

Adjusted prevalence ratio 95% confidence interval
Methamphetamine user Yes 32.19 (31.19, 33.22)

Sex Male 1 [Reference]

Female 0.77 (0.72, 0.79)

Age 18–25 years 0.76 (0.72–0.80)

26–40 years 0.90 (0.86, 0.95)

41–64 years 1.33 (1.27, 1.40)

≥65 years 1 [Reference]

Race/ethnicity White 1 [Reference]

Black 0.82 (0.79, 0.84)

Hispanic (ethnicity) 0.75 (0.73, 77)

Asian or Pacific Islander 0.73 (0.68, 0.77)

Native American 0.91 (0.85, 0.97)

Other 0.81 (0.77, 0.86)

Primary payer Medicare 1 [Reference]

Medicaid 0.92 (0.90, 0.95)

Private insurance 0.63 (0.61, 0.65)

Self-pay 0.87 (0.84, 0.90)

No charge 0.74 (0.67, 0.83)

Other 0.86 (0.82, 0.91)

Median household income($) <25,000 1 [Reference]

25,000–50,000 0.95 (0.93, 0.97)

51,000–75,000 0.90 (0.88, 0.92)

76,000–100,000 0.80 (0.78, 0.83)

US Region Northeast 1 [Reference]

Midwest 1.51 (1.42, 1.60)

South 1.48 (1.40, 1.57)

West 1.91 (1.81, 2.02)

Length of hospital stay 0–3 days 1 [Reference]

4–6 days 1.32 (1.29, 1.34)

7–9 days 1.41 (1.37, 1.46)

10–12 days 1.34 (1.28, 1.40)

>12 days 1.26 (1.21, 1.31)

Chronic pulmonary disease Yes 6.00 (5.84, 6.19)

Diabetes Yes 1.17 (1.14, 1.20)

Hypertension Yes 1.23 (1.21, 1.26)

Obesity Yes 1.80 (1.75, 1.85)

Peripheral vascular disorders Yes 1.61 (1.51, 1.70)
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methamphetamine use, female patients showed a higher adjusted

PR (1.53, CI = 1.51–1.56) compared to males. Patients aged

18–25 showed the highest adjusted PR, with those aged 26–40

and 41–64 showing a comparable but lower adjusted PR of 0.89

(CI = 0.87–0.92) and 0.71 (CI = 0.69–0.73) compared to patients

aged 18–25. White patients showed the highest adjusted PR, with

Native American patients showing the next highest adjusted PR

(0.73, CI = 0.69–0.78) compared to White patients. When

examining household income, those with income of $50,000–

64,999, $65,000–85,999, or >$86,000 showed a similar adjusted

PR of 1.02 (CI = 1–1.04), 1.06 (CI = 1.03–1.08) and 1.09 (CI =

1.06–1.12), respectively compared to those with household

income <$50,000. When examining regions, the Midwest showed

the highest adjusted PR (1.24, CI = 1.18–1.30) compared to the

Northeast, with the South showing a similar adjusted PR (0.90,

CI = 0.86–0.95) compared to the Northeast.

An overall adjusted prevalence ratio (PR) for PAH

hospitalizations among concurrent methamphetamine users was
Frontiers in Cardiovascular Medicine 07158
32.19 (CI = 31.19–33.22) compared to non-users (Table 2).

Female patients showed a lower adjusted PR (0.77, CI = 0.72–

0.79) than males. Patients aged 41–64 showed the highest

adjusted PR (1.33, CI = 1.27–1.40) compared to the reference

cohort 65 years or older, and those aged 26–40 and 41–64

showed lower adjusted PRs of 0.90 (CI = 0.86–0.95) and 0.71

(CI = 0.69–0.73), respectively. Compared to White patients, other

races showed lower PRs ranging from 0.73 to 0.91. With the

increase in patients’ income, the PR decreases. Compared to

patients’ median income of less than $25,000, the PR for the

highest median income of $76,000–100,000 was 0.80 (CI = 0.78–

0.83). By regions, the West showed the highest adjusted PR of

1.91 (CI = 1.81–2.02), followed by the Midwest of 1.51 (CI =

1.42–1.60) and the South of 1.48 (CI = 1.40–1.57) compared to

the Northeast. Patients with other insurances showed

significantly lower PRs, ranging from 0.63 to 0.92, compared to

Medicare as the primary source of insurance. With the increase

in hospital stays, the PRs were also increased significantly.
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Chronic pulmonary disease is associated with increasing prevalence

6 times (CI = 5.84–6.19). Similarly, the history of diabetes (PR =

1.17, CI = 1.14–1.20), hypertension (PR = 1.23, CI = 1.21–1.26),

obesity (PR = 1.80, CI = 1.75–1.85) and peripheral vascular

disorders (PR = 1.61, CI = 1.51–1.70) were also associated with

increasing prevalence.
4 Discussion

According to NIS data from 2008 to 2020, a total of 0.9% of

PAH hospitalizations were concurrent methamphetamine users.

During this period, there has been a significant overall increase

in hospitalizations of PAH among meth users (9.2-fold). For

PAH hospitalizations alone, the overall increase was only 1.1-fold

and not statistically significant, likely due to the large decline in

hospitalizations for PAH alone in 2015 and 2019. The disparity

seen between the increases in PAH-related hospitalizations

with concurrent methamphetamine use compared to those

without concurrent methamphetamine use are paralleled by the

increasing widespread use of methamphetamine in the US (31)

and overall increase in drug use-related hospital admissions in

the nation (32), suggesting that, in this patient population, the

increase in methamphetamine use is contributory to the increase

in PAH-related hospitalizations. The demographic groups that

had the highest overall prevalence in PAH hospitalizations

without concurrent methamphetamine use from 2008 to 2020

were patients who are White, female, those older than age 64,

those in the Southern US, Medicare patients, and those with a

salary of less than $25,000.

The results showed a significant disparity in the prevalence of

hospitalizations within each demographic. These disparities are

consistent in a previous methamphetamine study that solely

focused on the differing demographics of methamphetamine

users in the US in the same ten-year time frame (33). Previous

studies analyzing the demographics of idiopathic PAH patients

show the predominant sex was consistently female and the mean

age was 53, but have not analyzed race, geographic region, or

financial/insurance statuses (34, 35). The demographic groups

that have the highest overall trend but not the highest overall

prevalence reveal the change in the epidemiology of

methamphetamine use and associated PAH.

Males had a higher overall prevalence of PAH with concurrent

methamphetamine use compared to females and a higher overall

increase in trend. Previous studies have shown that

methamphetamine use occurs more commonly among males

than females (36, 37). Studies have also shown that idiopathic

PAH has a higher incidence in females due to the effects of

estrogen on the cardiovascular system (38). These results of

previous studies help to suggest that for this study,

methamphetamine use itself is suspected to be responsible for

the higher PAH in males. Given the effects of methamphetamine

shown to decrease systolic function, the combination of the

cardiotoxic effects of PAH and methamphetamine can lead to a

significant risk for cardiac failure. With this in mind, it is

important for physicians to mainly evaluate male
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methamphetamine user patients for cardiac function and screen

for any risk factors, such as hypertension, diabetes, or

hyperlipidemia, that may lead to higher chances of cardiac failure.

Both hospitalizations due to PAH alone and PAH among meth

users showed significant differences among age groups. While

hospitalizations due to PAH without methamphetamine use were

most common in those ages ≥65 years and 41–64 years,

hospitalizations due to PAH with methamphetamine use were

most common in those 41–64 and 26–40 and least common with

those ages ≥65 years. This suggests that when PAH is combined

with comorbid methamphetamine use, disease severity is likely

greater, as younger patients are being affected. The low

prevalence in those aged ≥65 could also suggest that the disease

is so severe that survival with both conditions is lower. However,

this could be due to decreased prevalence of methamphetamine

use in that population. Furthermore, the age group with the

highest increase in trend was 41–64, followed by the younger age

groups of 26–40 and 18–25, respectively. These increases further

our point that comorbid PAH and methamphetamine use are a

growing issue and support our idea that these patients are

affected at younger ages. This is also likely related to age

differences seen in methamphetamine use, as studies have

shown that those ages 26–64 make up the majority of

methamphetamine users (31, 37). Physicians are more likely to

assess for PAH in older patients due to the disease normally

occurring with chronic conditions of CAD or dyspneic effects

(39). Since methamphetamine use prevalence is highest in the

middle-aged population, younger patients with methamphetamine

use should be counseled on their higher PAH risk compared to

the general population.

White patients had the highest prevalence of PAH with

concurrent methamphetamine use. For PAH alone, there are

different pathogenic causes for PAH development among each

race. White patients are more likely to develop PAH from genetics

or drug/toxin use. Hispanic patients are more likely to develop

PAH from congenital heart disease, and Black patients from

connective tissue disease (40). Thus, White patients are expected to

have the highest prevalence of drug-induced PAH in the US.

However, regarding overall trend rather than prevalence, Native

American patients had the highest overall increase from 2008 to

2020 in the US. These results highlight the epidemiological shift in

methamphetamine usage. Although historically, methamphetamine

has been primarily used by White persons, the drug is becoming

increasingly more popular in other racial groups, such as those

who are Native American. Previous studies have shown that

methamphetamine use is higher among those who are Native

American than any other racial group in the United States, with

an earlier onset age as well, which may explain the reason for

Native American patients having the highest increase in PAH with

concurrent methamphetamine use (41). Cardiovascular disease is

one of the highest causes of mortality among the Native American

population (42). With this already high risk, it is important to be

aware of the potential cardiovascular danger in Native American

methamphetamine users.

The South had an overall higher prevalence of PAH without

concurrent methamphetamine usage, while the West had the
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highest overall prevalence of PAH with concurrent

methamphetamine usage. This aligns with previous studies that

have shown overall higher PAH among meth users in the general

southwestern region of the US (43). However, in terms of the

trends in PAH hospitalizations with concurrent methamphetamine

use from 2008 to 2020 in the US, the South had the highest

overall trend increase, which may correlate with the rise of illicit

drug use in formerly low prevalence areas (44). The South United

States has been shown to have a higher prevalence of a multitude

of chronic diseases that increase morbidity, including obesity,

diabetes, hypertension, and cardiovascular disease. With

methamphetamine’s damaging cardiovascular effects, the increase

in the overall methamphetamine trend in the South can worsen a

population already vulnerable to cardiovascular disease (45).

Physicians can incorporate this knowledge as they counsel

patients about drug use, including patients with no current risk

factors who may simply have demographic or social risk factors.

Physicians should be educated both on the signs and symptoms of

methamphetamine use and PAH to know when a drug screening

may be necessary. Acute symptoms of methamphetamine include

increased energy, euphoria, decreased need for sleep, excessive

talking, weight loss, sweating, tightened jaw muscles, grinding

teeth, and loss of appetite. Methamphetamine may also cause

psychotic symptoms (such as hallucinations, unusual behavior, and

suspiciousness), psychomotor symptoms (such as tension,

excitability, and motor hyperactivity), and affective symptoms

(such as depression or suicidality) (46). On a larger scale, the

results of this study can be utilized to understand better the target

audience that would most benefit from a drug intervention or

education program. Outside of the one-on-one patient interaction,

this study reveals the need for an overall national public health

movement aimed toward stopping the continuous rise in both

PAH and methamphetamine use (44). This public health

movement can aim towards educating physicians as well as

psychiatric and substance use treatment centers and continuing to

track and release records of drug use data. A previous study

suggests options for an effective public health solution is data

documentation in programs such as the CDC’s Overdose Data to

Action (OD2A), the State Unintentional Drug Overdose Reporting

System (SUDORS), the Drug Overdose Surveillance and

Epidemiology (DOSE), or National Drug Early Warning System

(NDEWS) (25). These programs support state, territorial, county,

or city health department’s use of methamphetamine overdose

data collection for prevention and response efforts. Overall, our

results further support the movement for the documentation,

research, and education on PAH among meth users to decrease

the national disease trend.

The findings of this study have several important implications

for public health policies and interventions. First, the significant

increase in PAH hospitalizations among specific sociodemographic

groups—particularly Hispanics, males, individuals aged 41–64, and

those living in the South—highlights the need for targeted public

health campaigns aimed at these vulnerable populations. Proper

education and outreach programs can raise awareness about the
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risks of methamphetamine use and its link to PAH, encouraging

preventive behaviors and early intervention. Additionally, these

trends suggest the need for more comprehensive healthcare

policies that address both substance use and disease management,

particularly in regions and demographics most affected. Expanding

access to addiction treatment services and ensuring adequate

healthcare resources in high-risk communities could help mitigate

the growing burden of PAH among methamphetamine users.

Moreover, these findings should prompt policymakers to consider

revising current strategies and policies related to drug use,

healthcare access, and disease prevention. By integrating these

insights into national and local health initiatives, public

health authorities can better address the dual challenges of

substance abuse and its long-term health consequences, ultimately

reducing the incidence of PAH and improving health outcomes in

at-risk populations.
5 Strength and limitations

One of the primary advantages is its large sample size, which

enhances the statistical power of studies and allows for more

robust and generalizable findings across diverse populations.

Additionally, the NIS provides comprehensive coverage of

hospitalizations across the United States, capturing data from a

wide range of healthcare facilities. This broad representation

enables the investigation of national trends and patterns in

hospital admissions. Furthermore, the NIS allows for the analysis

of a wide variety of health conditions and procedures, facilitating

large-scale studies on healthcare utilization, outcomes, and

disparities. However, the study also had limitations. One key

limitation is that the NIS data primarily focuses on

hospitalizations, making it challenging to capture outpatient

interactions or post-discharge outcomes, potentially leading to an

underrepresentation of overall healthcare utilization and

outcomes. Additionally, the inability to identify patients with

multiple admissions introduces the possibility of counting the

same patient more than once, which could skew the results.

Other limitations include potential biases and confounding

factors inherent in observational data. For instance, the NIS lacks

detailed clinical data, such as specific biological or behavioral

factors, that could influence both methamphetamines use and the

development of pulmonary arterial hypertension. This introduces

the possibility of confounding variables that are not accounted

for in the analysis. Future research is necessary to address these

gaps by incorporating more detailed clinical data and tracking

patients across various care settings.
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