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Editorial on the Research Topic

Pharmacological and non-pharmacological therapy for obesity and
diabetes - volume II
Obesity is one of the most threatening diseases due to its medium to long term

consequences and complications, such as type 2 diabetes, cardiovascular diseases,

nonalcoholic fatty liver disease, several types of cancer and others (1–4).

Interrelationships between insulin resistance and chronic subclinical inflammation

adversely affect cellular metabolic functions, homeostasis with generalised metabolic

derangement. It is also associated with other phenomena such as beta-cell dysfunction,

inflammasome activation, oxidative stress and endoplasmic reticulum stress (ER stress),

which also supports the insulin resistance development and maintenance.

Together, these health conditions inflict a considerable burden on individuals, society,

and on the economy, through greater public health costs, morbidity and mortality. In this

Research Topic, Genua et al. have shown that obesity is also frequent in people with type 1

diabetes, and that these patients also have a higher prevalence of other cardiovascular risk

factors. In line with this connection between obesity and cardiovascular risk factors, Liu

et al. showed here that in a meta-analysis regarding the use of SGLT2 inhibitors, a widely

used drug class for the treatment of cardiovascular diseases and type 2 diabetes, also has

some effects in decreasing visceral and subcutaneous adipose tissue, as well as body weight

and triglycerides in type 2 diabetes patient. Additionally, another method that also

modestly reduces body weight, fat tissue and triglyceride is the long-term acupoint

stimulation, a modified acupuncture technique, that showed some interesting results in a

randomized controlled trial, as shown here by Dai et al. It is also suggested by Yang et al., in

an interesting review, that the use of plant secondary metabolites, such as flavonoids,

alkaloids, terpenoids, resveratrol, lipoic acid and others show lipolytic activities and could

be beneficial for weight control and the reduction of obesity related risks. Several of these

compounds act by the activation of Hormone Sensitive Lipase (HSL), which increases the

fatty acids disposal, and AMPK, which induces lipid b-oxidation.
Insulin resistance is often accompanied by a compensatory elevation in insulin

production and secretion that is supported by both hypertrophy and hyperplasia of
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pancreatic beta cells (5, 6). Although, during the T2DM onset such

compensatory mechanism is missing because many beta-cells are

dysfunctional as a consequence of increased oxidative stress among

others (7, 8). Besides, obesity also induces important alterations in

islet microenvironment organization such as rising pancreatic

stellate cells (9). It is already known that the use of TUDCA

(tauroursodeoxycholic acid) positively impacts on beta-cell

function in obese models (10), and novel features of this molecule

show interesting activity on adipose tissue, through G protein-

coupled bile acid receptor 1 (TGR5) and farnesoid X Receptor

(FXR) receptors activation (Freitas et al.).

On the other hand, N-acetyl-L-cysteine (NAC) may attenuate

oxidative stress and insulin resistance due to its anti-inflammatory

and antioxidant effects (11). Indeed, in the current Research Topic

Schuurman et al. have demonstrated that NAC treatment is able to

reduce both beta-cell oxidative stress and pancreatic stellate cell

(PaSC) activation, along with a normalization of beta-cell mass and

size in high-fat diet-induced diabetic mice. They also observed that

there is an optimal timing and dosage. Thus, this study extended the

current knowledge by highlighting that an antioxidant treatment

such as NAC may have protective effects on beta-cell health

in obesity.

It is well-known that the chronic inflammation present in

obesity has an important relation with the hypoxia observed in

adipose tissue expansion. In fact, hypoxia may have a pivotal role in

the development of adipose tissue dysfunction through HIF-1a
activity (12, 13). In this regard, this Research Topic brings a study of

Wu et al. that deeply addressed this point since they demonstrated

that nicotinamide mononucleotide effectively reduced fibrosis

induced by HIF-1a in adipose tissue of mice placed in a

hypobaric chamber for 4 weeks. They also saw that nicotinamide

mononucleotide restores NAD/SIRT1 axis. These findings shed

light on the nicotinamide mononucleotide as a regulator of

adipose tissue hypoxia.

We also highlight that obese patients are also susceptible for

nutritional deficiency, which is a low-observed and -investigated

component in obesity, as indicated by Shadai et al. (Sadhai et al.), in

a group of south-Africans scheduled for bariatric surgery. The most

common nutritional deficiency observed in obese people who will
Frontiers in Endocrinology 026
undergo metabolic surgery was vitamin D (57%), followed by iron

and folate deficiency (44% and 18%, respectively). They also suggest

including these items on the preoperative screening of the patients

and to include them in a longitudinal surveillance after surgery.

Within the scientific community it is evident that lack of

physical activity and high calorie intake plays causal roles in the

epidemic of obesity and in the development of metabolic disorders.

Moreover, understanding the causes that lead to obesity and also its

prevention or reversion are of public health priority. This can be

managed by either modification of lifestyle (through physical

activity to restore energy balance or reduction of calorie intake,

proper diet that is rich in fiber, increasing energy outlay) or using

adequate medication or alternative techniques. Therefore, to

address this crucial subject, different research fields must combine

their expertise.
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Aim: To determine the effect of decade-based body weight gain from 20 to 50 years of
age on later life diabetes risk.

Methods: 35,611 non-diabetic participants aged ≥ 50 years from a well-defined
nationwide cohort were followed up for average of 3.6 years, with cardiovascular
diseases and cancers at baseline were excluded. Body weight at 20, 30, 40, and 50
years was reported. The overall 30 years and each 10-year weight gain were calculated
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from the early and middle life. Cox regression models were used to estimate risks of
incident diabetes.

Results: After 127,745.26 person-years of follow-up, 2,789 incident diabetes were
identified (incidence rate, 2.18%) in 25,289 women (mean weight gain 20-50 years,
7.60 kg) and 10,322 men (7.93 kg). Each 10-kg weight gain over the 30 years was
significantly associated with a 39.7% increased risk of incident diabetes (95% confidence
interval [CI], 1.33-1.47); weight gain from 20-30 years showed a more prominent effect on
the risk of developing diabetes before 60 years than that of after 60 years (Hazard ratio,
HR = 1.084, 95% CI [1.049-1.121], P <0.0001 vs. 1.015 [0.975-1.056], P = 0.4643; P

Interaction=0.0293). It showed a stable effect of the three 10-year intervals weight gain on
risk of diabetes after 60 years (HR=1.055, 1.038, 1.043, respectively, all P < 0.0036).

Conclusions: The early life weight gain showed a more prominent effect on developing
diabetes before 60 years than after 60 years; however, each-decade weight gain from 20
to 50 years showed a similar effect on risk developing diabetes after 60 years.
Keywords: Body weight gain, early life adulthood, prospective cohort, type 2 diabetes, later life risk, obesity
INTRODUCTION

Compelling evidence has demonstrated that overweight and
obesity are major established and modifiable risk factors for
cardiovascular risk, such as type 2 diabetes (T2D) (1–3). Majority
of the studies focused on body weight close to the time of the
disease diagnosis, usually the middle-aged and elderly life.
Accumulating evidence supported that early adulthood weight
could affect subsequent T2D risks regardless of weight close to
the time of diagnosis, which suggested a longer history of relative
overweight, starting earlier in life, poses an additional risk for
developing diabetes (4–7). Besides initial body weight, weight
change during early adulthood has also been demonstrated to
have an independent effect on subsequent diabetes and other
cardio-metabolic risk (7–12).

In China, the largest increase in the prevalence of obesity was
seen in men between the ages of 20 and 40 and in women
between 30 and 40 (13), which was similar with many other
countries. The rising trend of obesity in China, especially in
young people, will undoubtedly increase the prevalence of
chronic diseases, leading to poor cardiovascular health (13, 14).
Given that a large segment of the population is starting to gain
weight early in adulthood, after settling into an occupation or
family life, which is contributing to the obesity epidemic, it is
important to determine whether elevated body weight in earl-life
adulthood, or during the transition from early to middle-life
adulthood, contributes independently to the disease risk.
However, less is known whether body weight gain during
different periods in early to middle adult life, usually 20 to 50
years old, are differently related to risk of T2D and how much
such weight changes influence the diagnosis age of diabetes.

In this follow-up investigation, we used data from a large
sample size well-defined community-based nation-wide cohort
in China to determine the effect of decade- based body weight
n.org 29
gain from 20 to 50 years old on developing diabetes risk of the
later life.
MATERIALS AND METHODS

Study Population
The study participants were from the China Cardiometabolic
Disease and Cancer Cohort (4C) Study, which was an ongoing
multicenter, population-based cohort study investigating
associations of glucose homeostasis with clinical outcomes,
including diabetes, cardiovascular diseases (CVDs), cancers,
and all-cause mortality (15, 16). Briefly, a total of 20
communities from seven general geographic regions in China
were selected during 2011-2012 (Supplementary Table S1).
Eligible men and women aged ≥40 years were identified from
local resident registration systems and invited to the study by
home visiting by the trained community health workers. At
baseline, a standard questionnaire was used to collect the lifestyle
factors, disease and medical history, etc. Anthropometry
measurements, 2-hour oral glucose tolerance tests (OGTTs),
blood and urine sampling were conducted. During 2014-2015,
we performed the first round of follow-up examination.

A total of 193,846 individuals were recruited for the baseline
and 170,240 participants attended the follow-up examination. In
the present analysis, we excluded subjects who died during the
follow-up (n=2,993); the baseline diagnosed diabetic patients
(n=39,821) or un-determined glucose metabolism status
(n=4,602); CVDs or cancers (n=1,836); or those who did not
attend the on-site follow-up visit, but have major diseases status
information by short questionnaire (n=16,084). For the specific
aim of studying the effect of body weight during 20 to 50 years of
age on the later life diabetes risk, we further excluded those
July 2022 | Volume 13 | Article 927067
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people who were aged less than 50 years at baseline (n=22,383);
or missing at least one of the self-reported data on body weight at
20, 30, 40 and 50 years (n=46,910). Thus, a total of 35,611 non-
diabetic participants (25,289 women, 10,322 men) aged 50 years
and above were finally included in the main analyses. The flow
chart of participants selecting was described in Figure 1.

The study was approved by the Medical Ethics Committee of
Ruijin Hospital, Shanghai Jiao-Tong University. Each participant
provided written informed consent.

Incident Diabetes Ascertainments
Incident T2D cases was defined according to the 2010
American Diabetes Association (ADA) criteria (fasting
plasma glucose level ≥7.0 mmol/l or 2h OGTT glucose ≥11.1
mmol/l, or HbA1c ≥6.5%, or receiving glucose-lowering drugs
or insulin injection) and/or a self-reported diagnosis by
healthcare professionals.

Exposure Assessment
Participants were asked to recall their body weight (kg) at their
twenty, thirty, forty and fifty years old and record on the
questionnaire. Weight gain over the 30 years (from 20 to 50
year of age) and decade-based weight gain were calculated by
subtracting the self-reported body weight at the former time
point from the one at the later time point. We assumed that body
height is relatively stable during adulthood, and weight gain can
represent one’s changes in adiposity during the early to
middle life.

Covariates Assessment
In the baseline questionnaires, we inquired information on risk
factors for chronic diseases, such as cigarette smoking (current,
Frontiers in Endocrinology | www.frontiersin.org 310
former, or never smoker), and alcoholic intake, physical activity
and sedentary time, education level (high school and above, or
below high school) and family history of diabetes. Smoking
status was defined as current, former, and never smokers.
Current smokers were defined as smoking cigarettes every day
or almost every day, with at least 7 cigarettes per week for at least
6 months. Former smokers were defined as cessation of smoking
for more than 6 months. To assess the intensity of the smoking,
the current/former smokers were used as two dummy variables,
which was defined as the number of cigarettes each day, that
were 0 cigarettes/day, 1–9 cigarettes/day, 10-19 cigarettes/day
and ≥20 cigarettes/day. Never smokers were defined as
participants who reported never smoked or had not smoked
cigarettes regularly (<100 cigarettes in a lifetime). Alcohol intake
was defined as drinker or non-drinker. Information regarding
alcohol intake was collected by inquiring the information on the
amount and type of alcoholic beverages consumed in the past 6
months, including beer, wine (e.g. red wine, or yellow wine, a
typical wine made from rice and widely consumed in south
China), and hard liquor. Beers are sold in 750-mL bottles, and
wine and hard liquor in units of 0.5 kg. One unit of beer, wine,
and liquor on average contains 30, 90, and 200 g ethanol,
respectively. Average alcohol consumption was calculated by
multiplying amount of alcohol consumed per drinking day by
frequency (g/day). We used the Global Physical Activity
Questionnaire to collect intensity, duration, and frequency of
physical activity, the Metabolic Equivalent of Task (MET)
minutes per week was used to measure physical activity level
(17). Baseline body weight and height were measured according
to a standard protocol by trained study staff. Baseline body
weight and height were measured while they wore minimal
clothing and no shoes, with values rounded to the nearest
FIGURE 1 | Flow chart of the present study.
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0.1 kg and 0.1 cm, respectively. Body mass index (BMI) was
calculated as body weight in kilograms divided by the square of
body height in meters.

Biochemical Measurements
Fasting and 2h post-loading blood sampling was performed
during the OGTT. Participants were required to fast for ≥10
hours prior to filed examination. Plasma glucose concentrations
were analyzed locally using a glucose oxidase or hexokinase
method within two hours after blood sample collection under a
stringent quality control program. Hemoglobin Capillary
Collection System (Bio-Rad Laboratories, CA, USA) was used
to collect finger capillary whole blood and shipped at 2-8°C to a
certificated central laboratory at Ruijin Hospital. HbA1c was
determined by high-performance liquid chromatography
(VARIANT II System, Bio-Rad Laboratories, CA, USA).
Fasting serum insulin was measured at the central laboratory
using an auto-analyzer (ARCHITECT ci16200 analyzer, Abbott
Laboratories, Illinois, USA). Homeostasis model assessment of
insulin resistance (HOMA_IR) was calculated as fasting insulin ×
fasting plasma glucose/22.5, and beta cell function index
(HOMA_b) was 20 × fasting insulin / (fasting plasma
glucose − 3.5), where fasting insulin was in mIU/L and fasting
plasma glucose in mmol/L.

Statistical Analysis
Comparison of the baseline characteristics of the non-diabetic
participants according to diabetes status at follow up
examination by sex were conducted by ANOVA for
continuous variables, and c2 tests for categorical variables. The
skewed distribution data were logarithmically transformed
before statistical analysis.

We used Cox proportional hazards models to calculate
multivariable-adjusted hazard ratios (HR) and 95% confidence
intervals (CI) for the risk of T2D. For incident T2D, person-years
were calculated from self-reported date of T2D diagnosis or the
respective follow-up examination date for each individual or
death or to end of follow-up (June 1, 2015), whichever came first.
The following covariates were included in multivariable-adjusted
models: age (continuous), sex, BMI at 20 years (continuous),
baseline BMI (continuous), physical activity and sedentary time
(in quintiles), smoking status (never, past, current), alcohol
intake (g/day), high school and above (yes or no) and family
history of diabetes (yes or no). The missing data were coded as a
missing indicator category for categorical variables. We also
tested the potential collinearity of BMI at 20 years age and
BMI at baseline, and it showed that there was no collinearity of
BMI at 20 years age and at baseline (the variance inflation factor,
VIF was 1).

We tested interactions of age and other predictors of T2D by
putting body weight gain in each 10 year from 20-50 years or the
overall weight gain over the 30 years, each strata variable and the
interaction terms (weight gain x the strata variable) in the same
multivariate model. We also conducted stratified analysis
according to baseline age (< or ≥60 years), sex, BMI at 20 years
(< or ≥the median value, 21 kg/m2), baseline BMI (< or ≥25 kg/
m2), physical activity (in quintiles), current smoking (yes or no).
Frontiers in Endocrinology | www.frontiersin.org 411
All the analyses were carried out with SAS software, version
9.3 (SAS Institute), at a two-tailed alpha level of 0.05.
RESULTS

We determined 2,789 incident diabetes after a follow up of
127,745.26 person-years from the 35,611 non-diabetic
participants aged ≥ 50 years. The incidence rate of T2D was
2.18%, 95% CI (2.10% - 2.17%), with 2.43% in men and 2.08%
in women.

From early to middle adulthood, the mean weight gain from
20 to 50 years [SD] was: 7.60 [7.95] kg in women and 7.93 [8.54]
kg in men; each 10-year weight gain from 20-30, 30-40, and 40-
50 years were: 2.78 [4.88], 2.39 [4.26], and 2.42 [4.40] kg in
women; and 2.67 [4.12], 2.76 [4.66], and 2.50 [4.92] kg in
men, respectively.

Baseline characteristics of participants were summarized in
Table 1. Consistently among total participants, men and women,
those who developed diabetes had a higher body weight at 20
years, more weight gain from 20 to 50 years, as well as each-
decade based weight gain (Table 1). Body weight at 20 years and
each-decade weight gain from 20 to 50 years were independently
and significantly associated with an increased risk of incident
diabetes (Supplementary Table S2).

Among total cohort, each 10-kg weight gain over the 30 years
period (20-50 years) was significantly associated with 39.7%
increased risk of incident diabetes (95% CI, 1.33-1.47) (HR
1.37, 95% CI [1.26-1.49] in men; and 1.40 [1.32-1.49] in
women) after adjustments for a full list of confounders. The
corresponding HRs and 95%CI for each 1-kg/m2 weight gain
from 20-50 years were 1.036, 95% CI 1.001-1.071, P = 0.0427 in
men and 1.047, 95% CI 1.025-1.069, P <.0001 in women
(Table 2). However, the associations were not significantly
different between men and women (P for interaction = 0.286).
The HR and 95% CI of T2D in weight gain (each 1-kg/m2 BMI)
from 20-30 years was 1.055 (1.029-1.081), 1.038 (1.012-1.064) for
weight gain form 30-40 years and 1.043 (1.017-1.069) for 40-50
years, respectively. In both sexes, the weight gain from 20-30
years showed a nominally higher risk of developing diabetes than
the other two-decades interval; however, no significant
interaction between sex and the different life stage weight gain
was detected (all P for interaction > 0.344 in men, and 0.329 in
women) (Table 2).

We further performed stratified analysis according to age,
BMI at 20 years and lifestyle factors at baseline. In the
participants younger than 60 years, weight gain from 20-30
years showed more prominent effect on risk of developing
diabetes than that in those older than 60 years (HR 1.084, 95%
CI [1.049-1.121] vs. 1.015, 95% CI [0.975-1.056], P

interaction=0.0293) (Table 3, Figure 2A). Same trend was found
with regard to total weight gain over the 30 years (Table 3,
Figure 2B). It showed a stable effect of the three 10-year intervals
weight gain from 20 to 50 years on risk of developing diabetes
after 60 years; however, the results did not remain significant
after adjusted for the baseline BMI.
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It also showed that weight gain in each-decade was
significantly associated with risk of later life diabetes in
participants with higher BMI at their 20 years (≥21 kg/m2);
while no significant association was found in those with lower
Frontiers in Endocrinology | www.frontiersin.org 512
level (< 21 kg/m2) (Table 3). No significant interactions were
found between body weight at 20 years, baseline BMI or the
smoking status at baseline with the weight gains of each 10-year
intervals on the risk of incident diabetes (all P interaction ≥0.05).
TABLE 1 | Baseline characteristics of the non-diabetic participants according to sex and diabetes status at follow up examination.

Total cohort Men Women

Non-diabetes Diabetes P Non-diabetes Diabetes P Non-diabetes Diabetes P

n. of participants 32,822 2,789 9,422 900 23,400 1,889
Age at baseline, years 58.8 (6.7) 59.7 (6.7) <.0001 60.0 (7.0) 60.2 (6.9) 0.4584 58.3 (6.5) 59.4 (6.6) <.0001
BMI at baseline, kg/m2 24.5 (3.5) 25.6 (3.4) <.0001 24.6 (3.4) 25.6 (3.2) <.0001 24.5 (3.5) 25.6 (3.5) <.0001
BMI at age of 20 y, kg/m2 21.2 (2.9) 21.3 (2.8) 0.0327 21.4 (2.6) 21.4 (2.5) 0.7896 21.2 (3.0) 21.3 (2.9) 0.0292
BMI at age of 30 y, kg/m2 22.3 (2.9) 22.7 (2.9) <.0001 22.3 (2.6) 22.6 (2.5) 0.0003 22.3 (3.0) 22.7 (3.0) <.0001
BMI at age of 40 y, kg/m2 23.2 (3.0) 23.9 (3.1) <.0001 23.3 (2.9) 23.9 (2.9) <.0001 23.2 (3.1) 23.9 (3.2) <.0001
BMI at age of 50 y, kg/m2 24.2 (3.3) 25.1 (3,3) <.0001 24.1 (3.2) 25.0 (3.1) <.0001 24.2 (3.3) 25.1 (3.4) <.0001
Height at baseline, cm 159.3 (7.6) 159.4 (7.7) 0.4918 166.5 (6.5) 166.3 (6.2) 0.4196 156.4 (5.8) 156.1 (5.9) 0.0371
Weight at age of 20 y, kg 53.8 (7.9) 54.2 (8.0) 0.0136 59.2 (7.3) 59.2 (7.6) 0.9391 51.7 (7.1) 51.8 (7.1) 0.2566
Each decade weight gain, kg
20-30 y 2.49 (4.67) 3.44 (4.63) <.0001 2.59 (4.09) 3.45 (4.32) <.0001 2.73 (4.89) 3.43 (4.77) <.0001
30-40 y 2.45 (4.36) 3.09 (4.69) <.0001 2.70 (4.63) 3.43 (4.93) <.0001 2.35 (4.24) 2.93 (4.56) <.0001
40-50 y 2.39 (4.54) 3.04 (4.79) <.0001 2.44 (4.90) 3.12 (5.12) <.0001 2.38 (4.38) 3.00 (4.62) <.0001
Glucose traits at baseline
Fasting glucose, mmol/L 5.46 (0.51) 5.77 (0.57) <.0001 5.50 (0.52) 5.78 (0.59) <.0001 5.44 (0.51) 5.76 (0.55) <.0001
OGTT 2h post-loading glucose,
mmol/L

6.84 (1.62) 7.93 (1.79) <.0001 6.65 (1.73) 7.78 (1.89) <.0001 6.91 (1.56) 8.00 (1.73) <.0001

HbA1c level, % 5.75 (0.36) 5.90 (0.36) <.0001 5.70 (0.36) 5.87 (0.38) <.0001 5.77 (0.35) 5.91 (0.36) <.0001
HOMA_b, % 69.0 (49.5-

95.9)
68.9 (46.5-

96.6)
0.8177 58.4 (40.3-

84.2)
59.6 (39.6-

86.4)
0.6236 72.9 (53.7-

100)
72.6 (51.0-

101.7)
0.7730

HOMA_IR 1.60 (1.13-
2.24)

2.02 (1.39-
2.80)

<.0001 1.39 (0.94-
2.02)

1.79 (1.20-
2.50)

<.0001 1.68 (1.22-
2.32)

2.11 (1.52-2.89) <.0001

Physical activity, MET-h/wk
Quintile 1 0 0 0.3773 0 0 0.0397 0 0 0.3452
Quintile 2 9.46 (2.93) 9.70 (2.81) 9.59 (2.87) 9.73 (2.63) 9.41 (2.95) 9.68 (2.90)
Quintile 3 22.0 (2.65) 21.9 (2.71) 21.9 (2.69) 22.0 (2.62) 22.0 (2.64) 21.9 (2.74)
Quintile 4 40.9 (7.11) 41.0 (7.06) 41.0 (7.14) 41.1 (7.23) 40.8 (7.10) 41.0 (6.99)
Quintile 5 94.1 (51.9) 96.7 (61.4) 99.2 (55.9) 98.6 (54.8) 92.0 (55.0) 95.5 (65.0)
Sedentary time, hours/day
Quintile 1 1.45 (0.69) 1.50 (0.66) 0.0787 1.45 (0.69) 1.52 (0.63) 0.2043 1.46 (0.69) 1.49 (0.67) 0.1344
Quintile 2 2.87 (0.25) 2.91 (0.22) 2.86 (0.25) 2.92 (0.21) 2.87 (0.24) 2.90 (0.22)
Quintile 3 3.87 (0.24) 3.89 (0.23) 3.87 (0.24) 3.89 (0.22) 3.88 (0.24) 3.89 (0.23)
Quintile 4 4.97 (0.34) 4.93 (0.32) 5.00 (0.34) 4.96 (0.35) 4.96 (0.34) 4.92 (0.30)
Quintile 5 7.35 (1.59) 7.37 (1.62) 7.45 (1.68) 7.66 (1.91) 7.30 (1.55) 7.22 (1.42)
Alcohol consumption, grams/day
0 29,334 (89.4) 2,458 (88.1) 0.0385 6,349 (67.4) 594 (66.0) 0.2743 22,985 (98.2) 1,864 (98.7) 0.4749
0-20 809 (2.46) 70 (2.51) 579 (6.15) 58 (6.44) 230 (0.98) 12 (0.64)
20-40 720 (2.19) 57 (2.04) 639 (6.78) 51 (5.67) 81 (0.35) 6 (0.32)
≥ 40 1,959 (5.57) 204 (7.31) 1,855 (19.7) 197 (21.9) 104 (0.44) 7 (0.37)
Smoking status
Never smoker 26,760 (82.7) 2,222 (80.2) 0.002 4,009 (43.1) 395 (44.2) 22,751 (98.6) 1,827 (97.6) 0.0003
Past smoker
0 31,341 (95.5) 2,649 (94.9) 0.6265 8,027 (85.2) 771 (85.7) 0.7791 23,314 (99.6) 1,878 (99.4) 0.0330
0-10 cigarettes/day 374 (1.14) 35 (1.25) 315 (3.34) 27 (3.00) 59 (0.25) 8 (0.42)
10-20 cigarettes/day 318 (0.97) 28 (1.00) 309 (3.28) 25 (2.78) 9 (0.04) 3 (0.16)
≥ 20 cigarettes/day 77 (2.76) 77 (2.76) 771 (8.18) 77 (8.56) 18 (0.08) 0
Current smoker
0 28,691 (87.4) 2,385 (85.5) 0.0384 5,518 (58.6) 530 (58.9) 0.9314 23,173 (99.0) 1,855 (98.2) 0.0036
0-10 cigarettes/day 678 (2.07) 68 (2.44) 584 (6.20) 51 (5.67) 94 (0.40) 17 (0.90)
10-20 pack-years 1,195 (3.64) 116 (4.16) 1,132 (12.0) 107 (11.9) 63 (0.27) 9 (0.48)
≥ 20 cigarettes/day 2,258 (6.88) 220 (7.89) 2,188 (23.2) 212 (23.6) 70 (0.30) 8 (0.42)
Education level
High school and above 19,833 (60.4) 1,691 (60.6) 0.8316 5,545 (58.9) 498 (55.3) 0.0407 14,288 (61.1) 1,193 (63.2) 0.0722
Junior high school and below 12,989 (39.6) 1,098 (39.4) 3,877 (41.2) 402 (44.7) 9,112 (38.9) 696 (36.8)
Family history of diabetes 4,032 (12.3) 434 (15.6) <.0001 883 (9.37) 131 (14.6) <.0001 3,149 (13.5) 303 (16.0) 0.0017
July 2022 | Volume 13 | Article
Data are presented as means ± standard deviation (SD), or medians (inter-quartile ranges) for skewed variables, or number (proportions) for categorical variables. P values were from the
ANOVA without any adjustments. Abbreviations: IQR, inter quartile range; MET, metabolic equivalent task.
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Characteristics of the participants by their BMI at 20 years and
baseline BMI categories was shown in Supplementary Table S3.

On considering a high proportion of the participants failed to
report their body weight at least one time per year (44.7%,
46,910/104,904), we validated the robustness of the present
analysis by conducting the multiple imputation analysis. We
imputed missing data not only in BMI at 20, 30, 40 and 50 years
of age, and but also the above mentioned covariates (n=82,521),
using the Markov Chain Monte Carlo (MCMC) method, to
estimate the risk ratio of weight gain on diabetes (SAS software,
version 9.2, SAS Institute, Cary, North Carolina) (18). Figure 3
shows the main and stratified analysis results using the
procedure of MIANALYZE, which were consistent with that
calculating from the previous procedure in which the missing
data for weight at each time point were excluded.
DISCUSSION

In the present large population-based nation-wide follow up
study, we found that weight gain from early to middle life was
significantly associated with increased later life diabetes risk.
Weight gain in early life of the adulthood, usually 20 to 30 years
showed more prominent effect on developing diabetes before 60
years than that for developing diabetes after 60 years; however,
each-decade weight gain over the adulthood from 20 to 50 years
showed similar effect on the risk of developing diabetes after 60
Frontiers in Endocrinology | www.frontiersin.org 613
years. The main findings were summarized graphically
in Figure 4.

The prevalence of obesity gradually increases from 20 to 60
years of old. A large percentage of T2D develops after 40 to 70
years (13, 19–21). Previous studies have demonstrated that
besides initial body weight, weight change during early
adulthood poses an independent role on subsequent diabetes
risk (7, 12), including recent two large, long-term cohorts, which
showed that weight change from early to middle adulthood (age
of 18 or 21 to 55 years) was associated with increased risk of
morbidity and mortality, independent of weight at early
adulthood (11). In addition, we have summarized the scientific
literature of similar research works as Supplementary Table 4.
In the present study, we confirmed that body weight gain over 30
years in the early and middle adulthood were significantly
associated with later life diabetes risk, independent of the
baseline and the early life (in 20s) BMI.

Previous study showed an inverse linear relation was found
between BMI and age at diabetes onset (22). Adults with early
diagnosed diabetes were more obese and more likely to be female
than those with a later onset of T2D. Weight gain in early rather
than middle-to-late adulthood played an important role in
developing diabetes (23). The relative risk of T2D for a 5-kg
m−2 increment in BMI was 3.07 for early weight gain (in 18–24s),
and 2.12 for late weight-gain (in their 50s) (23). Our results were
consistent with the previous studies that investigated the
associations of weight change at different period with the risk
TABLE 2 | Hazard risk of weight gain in different life stage with risk of incident diabetes in total and sex-specific samples.

Model 1 Model 2
HR, 95% CI P HR, 95% CI P

Total cohort
Cases/Participants 2,789/35,611
Person-years 127,745.26
Incidence rate, 95% CI 2.18% (2.10%-2.17%)
Weight gain, each 1-kg/m2

from 20-30 years age 1.060 (1.035-1.085) <.0001 1.055 (1.029-1.081) <.0001
from 30-40 years age 1.042 (1.018-1.067) <.0001 1.038 (1.012-1.064) 0.0036
from 40-50 years age 1.049 (1.024-1.074) <.0001 1.043 (1.017-1.069) 0.0009
Weight gain, from 20-50 years age, each 1-kg/m2 1.050 (1.032-1.068) <.0001 1.045 (1.027-1.064) <.0001
Men
Cases/Participants 900/10,322
Person-years 37,108.18
Incidence rate, 95% CI 2.43% (2.27%-2.59%)
Weight gain, each 1-kg/m2

from 20-30 years age 1.083 (1.032-1.137) 0.0011 1.071 (1.018-1.127) 0.0259
from 30-40 years age 1.026 (0.984-1.070) 0.2266 1.020 (0.975-1.067) 0.3911
from 40-50 years age 1.035 (0.992-1.080) 0.1137 1.027 (0.982-1.074) 0.2425
Weight gain, from 20-50 years age, each 1- kg/m2 1.044 (1.011-1.077) 0.0079 1.036 (1.001-1.071) 0.0427
Women
Cases/Participants 1,889/25,289
Person-years 90,637.08
Incidence rate, 95% CI 2.08% (1.99%-2.18%)
Weight gain, each 1-kg/m2

from 20-30 years age 1.054 (1.026-1.083) 0.0001 1.051 (1.022-1.081) 0.0006
from 30-40 years age 1.048 (1.018-1.078) 0.0015 1.042 (1.010-1.074) 0.0085
from 40-50 years age 1.053 (1.024-1.083) 0.0003 1.048 (1.017-1.079) 0.0022
Weight gain, from 20-50 years age, each 1-kg/m2 1.052 (1.031-1.073) <.0001 1.047 (1.025-1.069) <.0001
Jul
y 2022 | Volume 13 | Article
Data are hazard ratio, 95% confidence interval (CI). P values were calculated from the Cox regression models. Model 1, adjusted for age, sex, BMI at 20 years age and BMI at baseline.
Model 2, further adjusted for quintiles of physical activity, quintiles of sedentary time, smoking status (current, former, and never), alcohol drinking (g/day), and education level (high school
and above or low), and diabetes family history (yes or no).
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TABLE 3 | Stratified analysis of the hazard risk of weight gain in different life with risk of incident diabetes.

Model 2
HR, 95% CI P

1.084 (1.049-1.121) <.0001
1.047 (1.013-1.083) 0.0067
1.051 (1.017-1.087) 0.0032

1.015 (0.975-1.056) 0.4643
1.014 (0.973-1.057) 0.5094
1.032 (0.991-1.075) 0.1286

1.075 (1.036-1.116) 0.0001
1.058 (1.020-1.097) 0.0027
1.066 (1.028-1.106) 0.0006

1.055 (1.020-1.092) 0.0022
1.034 (0.998-1.072) 0.0677
1.033 (0.997-1.069) 0.0700

1.025 (0.979-1.073) 0.2846
0.999 (0.950-1.050) 0.9642
1.009 (0.961-1.060) 0.7144

1.042 (1.008-1.078) 0.0148
1.035 (1.001-1.070) 0.0433
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Model 1
HR, 95% CI P

Age < 60 years
Cases/Participants 1,613/22,585
Person-years 80,388.40
Incidence rate, 95% CI 2.01% (1.91%-2.11%)
Weight gain, each 1-kg/m2

from 20-30 years 1.083 (1.049-1.118) <.0001
from 30-40 years 1.053 (1.021-1.087) 0.0012
from 40-50 years 1.055 (1.022-1.088) 0.0009
Age ≥ 60 years
Cases/Participants 1,176/13,026
Person-years 47,356.86
Incidence rate, 95% CI 2.48% (2.34%-2.63%)
Weight gain, each 1-kg/m2

from 20-30 years 1.023 (0.985-1.063) 0.2331
from 30-40 years 1.017 (0.978-1.057) 0.4104
from 40-50 years 1.041 (1.001-1.082) 0.0451
BMI at baseline < 25kg/m2

Cases/Participants 1215/20,346
Person-years 72,978.38
Incidence rate, 95% CI 1.67% (1.57%-1.76%)
Weight gain, each 1-kg/m2

from 20-30 years 1.071 (1.034-1.109) 0.0001
from 30-40 years 1.063 (1.027-1.100) 0.0005
from 40-50 years 1.065 (1.029-1.103) 0.0004
BMI at baseline ≥ 25kg/m2

Cases/Participants 1,556/15,004
Person-years 53,807.52
Incidence rate, 95% CI 2.89% (2.75%-3.04%)
Weight gain, each 1-kg/m2

from 20-30 years 1.065 (1.031-1.101) 0.0002
from 30-40 years 1.040 (1.004-1.076) 0.0267
from 40-50 years 1.045 (1.010-1.080) 0.0100
Low BMI at 20 years
Cases/Participants 1,313/17,330
Person-years 63,539.47
Incidence rate, 95% CI 2.07% (196%-2.18%)
Weight gain, each 1-kg/m2

from 20-30 years 1.031 (0.988-1.077) 0.1638
from 30-40 years 1.005 (0.959-1.052) 0.8417
from 40-50 years 1.004 (0.959-1.052) 0.8645
High BMI at 20 years
Cases/Participants 1,403/17,175
Person-years 61,131.70
Incidence rate, 95% CI 2.30% (2.18%-2.42%)
Weight gain, each 1-kg/m2

from 20-30 years 1.044 (1.011-1.078) 0.0077
from 30-40 years 1.040 (1.008-1.074) 0.0142
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of T2D (24). In the EPIC-Potsdam study, it was suggested that
severe weight gain between ages 25 and 40 y was more strongly
associated with risk of diabetes in men (1.5 times) and in women
(4.3 times) than weight gain in later life. In addition, greater
weight gain, particularly in early adulthood, may be more likely
to lead to a lower age at onset of diabetes in men (5 y) and in
women (3 y) (24). Though the definition of early adulthood
phase was different in our study and other similar studies, it
provides us very impressive evidence that the early life, from the
20 to 30 s years, weight gain exerted more prominent effect on
risk of earlier developing diabetes.

One possible explanation is that early adulthood marks the end
of a critical period for the development of metabolism (25), such as
androgen-induced intra-abdominal fat deposition during
adolescence may contribute to subsequent hepatic insulin
resistance that, in turn, lead to glucose intolerance (26).
Individuals who showed weight gain in early life may differ from
those who gained weight in later life in behavior and genetic
predisposition that may affect metabolism and disease risk (27).
Moreover, weight gain in early life tends to be metabolic
disturbances reflected by HbA1c, high density lipoprotein
cholesterol, high sensitive C-reactive protein, and adiponectin (28).

Several limitations should be acknowledged. Firstly, the early
and middle life body weight data was self-reported, which might
yield recall bias. The recall bias should be cautiously concerned in
this study. However, several previous studies have characterized
the validity of retrospective-recalled self-reported weight and
measured weight in longitudinal cohorts (29–32), and provided
evidence that self-reported weight is reasonably valid surrogate
in epidemiology studies (32). In a subgroup of younger women
aged 25 - 42 years in the Nurses’ Health Study II, the self-
reported and measured weights were highly correlated: the
correlation between measured and recalled weight at 18 years
was 0.87 (30), and as well in middle aged and elderly study
participants: 0.97 for men aged 40-75 years and for women aged
41-65 years (29). In the longitudinal Charleston Heart Study, in
elderly study participants aged 60 to 100 years, correlations
between reported and measured weights were 0.979 for
current, 0.935 for 4-year, and 0.822 for 28-year recall (31). In
the present analysis, the average age at baseline were 58.8 years
(interquartile range 53.9-62.6). We compared the self-reported
body weight at 60 years and the weight measured at baseline
examination, the correlation was 0.84 for BMI (kg/m2) and 0.85
for body weight (kg). We could not provide the exact valid data
on the early life stage. In one of our ongoing community- based
cohort studies at Shanghai local area, we assessed the correlation
of two repeated recalled body weight during early life to middle-
aged and elderly life with a 5-year interval. We found that the two
recalled body weight at 50 years were highly correlated (r = 0.72,
n = 2,746), and moderately correlated for body weight at 20 years
(r = 0.57, n = 2,783).

Secondly, we carefully excluded the missing values on the early
tomiddle life stage in at least one time points. This procedure could
yield solid results, along with some missing value bias. However,
the relative homogeneity of the cohort in educational attainment
and so on actually may serve to enhance the internal validity of this
study. Moreover, we conducted the sensitivity analysis by using
T
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multiple imputation methods. Because of a large proportion of
missing data in recalled weights, we increased the number of
imputations (n of impute = 50) to achieve reasonable statistical
efficiency. Additionally, when we selected the predictors of
diabetes, we imputed not only the main exposure but also all the
covariates that were input in the analysis models. The results
yielded from the multiple imputation method consistently
supported the main analysis.

In addition, the values of age, body weight and height in the
present study were shown as means and standard deviation with
Frontiers in Endocrinology | www.frontiersin.org 916
one decimal place. As the values of weight and height were
usually rounded during the empirical work, it should be cautious
in the data interpretation.
CONCLUSIONS

Weight gain from early to middle life was linearly and significantly
associated with increased risk of incident diabetes. The earlier life
weight gain the more strong effect was found on earlier developing
A

B

FIGURE 2 | The risk of each 1-kg/m2 body weight gain during the 3-decade intervals from early to middle life with diabetes risk stratified by age < 60 or ≥ 60 years
at baseline, respectively. The multivariable-adjusted hazard ratios (HR) and 95% confidence intervals (CI) for the risk of T2D were calculated by Cox proportional hazards
models, after adjustments for age (continuous), sex, body height, BMI at 20 years (continuous), baseline BMI (continuous), physical activity and sedentary time (in
quintiles), smoking status (never, past, current), alcohol intake (g/day), high school and above (yes or no) and family history of diabetes (yes or no). P interactions

were from the Cox proportional hazards models, by putting age and body weight gain in each 10 years from 20-50 years or the overall weight gain over the 30
years, and the interaction terms (weight gain x age) in the same multivariable-adjusted model, simultaneously. (A) Association of each-decade increase of body
weight with risk of incident diabetes stratified by age < 60 or ≥ 60 years at baseline. (B) Association of total body weight gain from age 20-50 (each 1 kg/m2)
with risk of incident diabetes stratified by age < 60 or ≥ 60 years at baseline.
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FIGURE 3 | The estimated risk of each 1-kg/m2 of each-decade body weight gain from early to middle life with diabetes risk: data from the multiple imputation
methods. The multiple imputation methods were conducted in dealing with the missing data in BMI at 20, 30, 40 and 50 years of age, and the above-mentioned
covariates, using the Markov chain Monte Carlo (MCMC) method, to estimate the risk of weight gains on diabetes in total participants and each risk factors strata.
FIGURE 4 | A graphic presentation of main findings of present study.
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diabetes; however, for the risk of developing diabetes after 60 years,
each-decade weight gain over the adulthood showed similar effect. It
provided evidence that people should pay equal attention to the
body weight during the life span, not only after the middle life but
also the early stage. More well designed and longitudinal cohort
studies with validated early life body weight records or
measurements and well documented diseases outcomes are
warranted to replicate the present study.
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Objective: Long-term acupoint stimulation (LAS), also called embedding

acupuncture, is a modified acupuncture technique. The preliminary results

have demonstrated its efficacy in body-weight control. However, the low

quality of available trials limited its application. This study aimed to evaluate

the efficacy and safety of LAS in body-weight control by using a randomized,

parallel, sham-controlled clinical trial design.

Methods: This was a randomized, single-blind, sham-controlled clinical trial

including 84 adult participants (18–60 years) with a body mass index (BMI) of ≥

24 kg/m2 conducted in three general hospitals in Shanghai, China. Participants

were equally assigned to receive LAS or sham LAS (SLAS) once per 10 days,

eight times in total. After completion, an additional intervention with a 3-month

follow-up period was set to examine the continued effect of LAS. The primary

outcome was the change in body weight from baseline to treatment endpoint

within the intention-to-treat (ITT) analysis. Secondary outcomes contained

changes in waist-to-hip ratio (WHR), lipid metabolism, and visceral and

subcutaneous adipose tissues.

Results: From 14 May 2018 to 03 November 2019, 84 participants out of 201

screened individuals met the eligibility criteria, were randomized, and were

analyzed (42 participants in each group). From baseline to treatment endpoint,

the body-weight reduction in the LAS group was significantly larger than in the

sham control (net difference: 1.57 kg, 95% CI: 0.29–2.86, p = 0.012). The

superior weight reduction effect persisted in the follow-up period (net

difference: 3.20 kg, 95% CI: 1.17–5.21, p = 0.001). LAS therapy also showed
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improvement in triglyceride and subcutaneous adipose tissue (SAT) compared

with sham control. One participant in the LAS group reported a slightly

uncomfortable and tingling sensation after the additional intervention. No

other adverse events (AEs) were documented.

Conclusion: LAS, a modified acupuncture technique, is safe and effective in

body-weight control. It could be used as an alternative choice to classical

acupuncture for obesity management.

Clinical Trial Registration: [www.chictr.org.cn], identifier [ChiCTR1800015498].
KEYWORDS

acupuncture, long-term acupoint stimulation, weight control, visceral adipose tissue,
subcutaneous adipose tissue, randomized controlled trial
Introduction

Due to an unhealthy lifestyle, overweight and obesity have

affected more than one-third of the Chinese population (1).

Along with high prevalence, the level of body mass index (BMI)

has also presented a consistently increasing trend in recent

decades (2). Abundant studies have demonstrated that obesity

is an independent risk factor for nonalcoholic fatty liver disease,

cardiovascular diseases, and even certain types of cancers (3–5).

Hence, active management of overweight and obesity is crucial

in daily practice.

Conventional strategies for body-weight control include

lifestyle modification, use of chemical agents, and surgical

interventions (6–8). Certain pharmacotherapies, in addition to

lifestyle modification, indeed present a significant effect on

weight loss (9, 10). However, majority of people would

experience various adverse events (AEs) as well as benefits in

health outcomes except for the quality of life, which was still

lacking (11). Surgical treatment is not a conventional option and

could only be considered for patients with a BMI of ≥35 kg/m2

(12). Hence, patients and clinicians would introduce alternative

therapies to body-weight management, and acupuncture is one

of the representative options.

Various studies have illustrated that acupuncture can

significantly reduce body weight and BMI compared with

sham control (13, 14). However, based on the synthesized

data, the effect size of classical acupuncture was not enough to

achieve the goal of weight loss (7). Thus, different techniques

have been utilized to modify conventional acupuncture. Long-

term acupoint stimulation (LAS), also called embedding

acupuncture, is a kind of modified technique developed based

on extended needle retention. By implanting compatible and

self-degradable materials into acupoints, the acupuncture

sensation would be amplified and prolonged, and therefore,
02
21
the efficacy would be enhanced theoretically (15). Previous

systematic reviews have summarized the current evidence of

LAS in controlling body weight (16, 17). However, the

conclusion should be interpreted with caution due to the low

quality of included trials and high heterogeneity.

In order to verify the effectiveness and safety of LAS for

weight control, we conducted this rigorous multicenter,

randomized clinical trial using sham control as the

comparator. The results of this trial would also serve as

foundational data for further potential head-to-head trials

versus conventional acupuncture.
Materials and methods

Study design

This was a 6-month, multicenter, single-blind, sham-

controlled, parallel clinical trial conducted in Longhua

Hospital Affiliated to Shanghai University of Traditional

Chinese Medicine, People’s Hospital of Pudong District of

Shanghai and Shanghai Municipal Hospital of Traditional

Chinese Medicine. Qualified participants were randomly

assigned to LAS or sham LAS (SLAS) arms according to a

ratio of 1:1. LAS or SLAS was given once per 10 days, eight times

in total. After completion of treatment, an additional

intervention with a 3-month follow-up period was set to assess

the continued effect of LAS.

The study protocol was approved by the Clinical Trial

Institutional Review Board (IRB) of Longhua Hospital

Affiliated to Shanghai University of Traditional Chinese

Medicine (No. 2016LCSY321) and registered at the

Chinese Clinical Trial Registry (www.chictr.org.cn, No.

ChiCTR1800015498) on 10 April 2018. The execution of the
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trial strictly followed the Helsinki Declaration and Good Clinical

Practice Guideline. The reporting of this clinical trial followed

the requirements of the Consolidated Standards of Reporting

Trials (CONSORT) and Standards for Reporting Interventions

in Controlled Trials of Acupuncture (STRICTA) statements (18,

19), and the corresponding checklists can be found in

Supplementary Tables S1, S2.
Participants

All participants were recruited publicly through

advertisements on social media. Potential subjects could

choose one of the three study centers to participate in the trial.

The definition of overweight and obesity was based on the

Guidelines for Prevention and Control of Overweight and

Obesity in Chinese Adults, specifically a BMI of ≥24 kg/m2

(20). Other inclusion criteria were age, from 18 to 60 years old,

and voluntary informed consent. The exclusion criteria included

pregnancy and lactation; allergy to embedding material, namely,

poly-p-dioxanone (PPDO); severe comorbidities such as

cardiovascular, hepatic, renal, or other primary diseases; and

mental illness. After eligibility, informed consent was obtained

from the participants and then confirmed.
Interventions

According to previous systematic reviews and consultations

with specialists (13, 16), the following acupoints were chosen:

Zhongwan (CV12), Tianshu (ST25), Fenglong (ST40), and Pishu

(BL20). Previous reports have demonstrated their functions in

regulating appetite and energy metabolism (21–23). According

to traditional Chinese medicine (TCM) theory, these acupoints

have the functions of regulating the qi activity and invigorating

the spleen to eliminate dampness (24). The specific anatomical

locations are described in Table 1 and shown in Supplementary

Figure S1.

The bioabsorbable PPDO suture was chosen as the

embedding material. PPDO has been widely used in various

surgical procedures (25). It could be completely degraded into

water and carbon dioxide in approximately half a year in the

body (26, 27). Previous studies have illustrated its satisfactory
Frontiers in Endocrinology 03
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biocompatibility (28, 29); hence, a low level of inflammatory

response was anticipated during the LAS treatment.

The LAS procedure was completed by professional

acupuncturists with at least 10 years of clinical practice

experience. The embedding needle (size no. 7) was composed

of needle tubing and stylet. Before inserting the stylet, a microbic

PPDO suture (size: 3–0) was first placed in the tip of a disposable

embedding needle. The reason for choosing this size was based

on researchers’ clinical experience, specifically that previous

patients who received this size of suture reported better

treatment response and less discomfort sensation. Next, the

needle was inserted at a depth of 1.5–2.0 cm into the

acupoints. The depth was consistent with routine acupuncture

insertion depth in previous trials (30). Choosing this depth

matched the aim of LAS therapy, namely, prolonging the

needle sensation and avoiding the introduction of other biases.

The position of the needle tip should be between the skin and

muscle. After obtaining needle sensation (feelings of soreness,

numbness, fullness, and heaviness in the acupoints, also defined

as “de-qi”), the acupuncturist would gradually pull out the

tubing and push in the stylet at the same time. This

simultaneous operation would ensure the PPDO suture

underneath the acupoint. Afterward, the embedding needle

was withdrawn, the pinhole was pressed gently with sterile

cotton and then taped. The size of the implanted PPDO suture

and the key procedures of LAS therapy could be found in

Supplementary Figures S2, S3. For the SLAS arm, the

treatment procedure was the same, except that no PPDO

suture was in the embedding needle. In order to guarantee the

blinding of participants, they were required to keep the supine

position first to finish the procedure in CV12, ST25, and ST40.

They were asked to keep looking ahead during the procedure

and to look down at their body was strictly forbidden. They were

then asked to turn over to the prone position to finish the

procedure in BL20, which was exactly the vision-blind area of

the participants. All participants were informed to gently

massage the acupoints before and after meals for 2 min.

The procedure was carried out once every 10 days, eight

times in total. The treatment interval could be adjusted by the

acupuncturist properly when encountering exceptional

circumstances such as a menstrual period. The treatment

scheme was established based on a previous systematic review

and specialist consultations (31). To be specific, we asked about
TABLE 1 Locations of selected acupoints.

Acupoints Anatomical location

Zhongwan
(CV12)

On the anterior median line of the upper abdomen, 4.0 cun above the umbilicus

Tianshu (ST25) On the middle of the abdomen, 2 cun lateral to the umbilicus

Fenglong (ST40) On the anterior aspect of the lower leg, 8 cun superior to the external malleolus, lateral to ST38, two finger-breadth (middle finger) from the anterior
crest of the tibia

Pishu (BL20) On the back, 1.5 cun lateral to the lower border of the spinous process of the 11th thoracic vertebra
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the patients’ feelings of sensation during LAS therapy in our

daily practice. Most of them reported that the sensation

disappeared in approximately 1–2 weeks. Based on the

preliminary data, we determined the treatment interval as 10

days after consultation with specialists. For the treatment

duration, we noticed that a 12-week period was chosen in the

majority of clinical trials regarding body-weight control.

According to the previous treatment interval, we ultimately set

the treatment strategy as once every 10 days, eight times in total.

After completion of treatment, an additional intervention with a

3-month fol low-up period was set to examine the

continued effect.

Lifestyle modification plays an important role in body-

weight management. In order to evaluate the effect of LAS in a

real-world setting, participants were informed to follow the

lifestyle modification requirements. Dramatic changes in

calorie intake and/or physical activities were not allowed.

Healthy lifestyle suggestions were provided in every follow-up

visit according to overweight and obesity management

guidelines, including limiting calorie intake and increasing

physical exercise (20). To be specific, the total calorie of a

daily diet should be around 1,660 kcal. Moderate physical

exercise should be performed four times per week at least, and

the whole time should be above 150 min. The suggestions were

communicated through brochures and oral education. During

every visit, the clinical investigator would ask participants about

the execution of lifestyle modification. Refusal to follow lifestyle

suggestions was considered a protocol violation.
Outcomes

Participants were required to complete body measurements

and scheduled laboratory tests during every visit before

treatment or consultation. The primary outcome was the

change in body weight after treatment. Secondary outcomes

included the change in waist-to-hip ratio (WHR), total

cholesterol (TC), triglyceride (TG), high-density lipoprotein

cholesterol (HDL-C), and low-density lipoprotein cholesterol

(LDL-C). In addition, on the principle of voluntariness, we

recruited some participants to assess the change in body

adipose tissue by using magnetic resonance imaging. The

specific assessment method is documented in Supplementary

File 1. The exploratory outcomes were the changes in visceral

adipose tissue (VAT) and subcutaneous adipose tissue (SAT).

Safety assessments involved blood routine tests, urine

routine tests, stool routine tests, hepatic and renal function

tests, and 12-lead electrocardiograms. AEs were documented

during the whole study. Necessary medical interventions were

also given to patients experiencing AEs.
Frontiers in Endocrinology 04
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Randomization and blinding

Block randomization was conducted in the ratio of 1:1

according to the random number table generated from NCSS

software 11 (NCSS, LLC, Kaysville, UT, USA). An independent

research assistant was responsible for the randomization and

preparation of treatment assignment envelopes. The opaque

sealed envelopes only had coherent randomization numbers

on the surface and could not be opened until the eligibility of

participants was confirmed. Clinical practitioners were

responsible for informed consent and participant screening.

All potential participants were informed about the rationale of

LAS therapy, the detailed therapy process, and that they would

be randomly allocated to a real LAS group or sham control. The

allocation was not revealed until the study’s completion. For

participants who received sham LAS therapy, they can obtain a

compensatory nine-time LAS therapy according to their

willingness. Eligible participants were to confirm the above

information before enrolment. After eligibility confirmation of

the participants, the clinical practitioner were to open the

envelope based on the inclusion order and perform the

procedure accordingly. Participants were blinded during

the whole study. Apart from position requirements during

treatment, the implanting material made the blinding more

reliable. To be specific, before the execution of this trial, we

did a survey of patients who had been treated with LAS therapy.

The survey indicated that the size of the PPDO suture (size 3–0)

we selected was well-tolerated, and most of the patients reported

no obvious sense of the implanting material. Due to the

specificity of acupuncture trials, the practitioners could not be

blinded. Other investigators, including coordinators, assessors,

stat ist icians, and participants were blinded to the

specific assignments.
Statistical analysis

The sample size calculation was based on the primary

outcome. According to our pilot study, the mean reduction of

body weight by SAT was 6.61 kg with a standard deviation (SD)

of 10.53 (unpublished data). NCSS software (NCSS, LLC,

Kaysville, UT, USA) was used to estimate the sample size. In

order to yield an 80%-statistical power with a two-sided

significance level of 0.05, 38 participants per group were

needed. Furthermore, assuming a dropout rate of 10%, a total

of 84 participants were determined.

All outcome measures were evaluated based on the

intention-to-treat (ITT) principle. The analysis set was

composed of all randomized participants. The missing data

were filled out using the last-observation-carried-forward
frontiersin.org
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method. Furthermore, for the follow-up data, the analysis set

was defined as the participants who underwent evaluation at

both the baseline and corresponding follow-up timepoints. The

R software (Version 3.6) was utilized to conduct statistical

analysis. Data were presented in mean values with an SD or as

a number with a percentage. The primary outcome, change in

body weight, was evaluated by repeated-measures analysis of

variance. Baseline differences between groups and other

outcome variables were assessed by Student’s t-test, Chi-square

test, or Mann–Whitney U test according to the data

characteristics. Significance was defined as a two-tailed value

of 0.05.
Results

Baseline characteristics

From 14 May 2018 to 03 November 2019, 201 individuals

were screened. Among them, 84 participants met the eligibility

requirements and were randomized. Finally, 79 participants

completed the study. The reasons for withdrawal included

undesired efficacy (n = 1), time conflict (n = 2), and travel

(n = 2). Treatment adherence for the whole intervention was

94%. The participant flowchart is shown in Figure 1. The

baseline characteristics of the included participants are
Frontiers in Endocrinology 05
24
presented in Table 2. No statistically significant difference was

found between the two groups.
Changes in body weight and BMI

The mean reduction of body weight was 2.97 kg (SD: 2.98)

after eight times of treatment in the LAS group, while it was

1.40 kg (SD: 2.95) in the sham control; a higher amplitude was

noticed in the LAS group (net difference: 1.57 kg, 95%

confidence interval (CI): 0.29–2.86, p = 0.012) (Table 3). The

weight reduction effect persisted in the follow-up period. The

mean reduction of body weight was 3.84 kg (SD: 4.17) from

baseline to follow-up endpoint in the LAS group, while it was

0.65 kg (SD: 4.49) in the sham control; a larger decrease was still

found in the LAS group (net difference: 3.20 kg, 95% CI: 1.17–

5.21, p = 0.001) (Table 2). The change in body weight along with

time in the two groups is shown in Figure 2. At the end of

treatment, 12 (28.6%) and 6 (14.3%) participants achieved at

least a 5% reduction in body weight in the LAS group and sham

control, respectively.

Similarly, the mean change in BMI was −1.07 kg/m2 (SD:

1.10) in the LAS group after treatment. The reduction was

significantly higher than the SLAS group (−0.49 kg/m2 (SD:

1.04)) (net difference: 0.58 kg/m2, 95% CI: 0.12–1.05, p = 0.010)

(Table 2). From beginning to follow-up endpoint, the reduction
FIGURE 1

Participants’ flowchart.
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of BMI was still 1.39 kg/m2 (SD: 1.56) in the LAS group, while it

was 0.22 kg/m2 (SD: 1.59) in the SLAS group. Statistical

significance was found between groups (net difference: 1.16

kg/m2, 95% CI: 0.42–1.89, p = 0.001) (Table 2).
Secondary outcomes

From baseline to treatment endpoint, a certain reduction

was found in both waist circumference and hip circumference in

either group. To be specific, the mean change in waist

circumference in the LAS group was more significant than

SLAS (−5.43 (SD: 5.08) versus −2.96 (SD: 5.34), p = 0.033),
Frontiers in Endocrinology 06
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while the mean change in hip circumference showed no obvious

difference between LAS and SLAS (−3.45 (SD: 4.12) versus −1.86

(SD: 3.94), p = 0.074). Furthermore, no significant difference was

found in the change in WHR between the two groups. The

detailed information regarding body measurements is presented

in Table 4.

At the end of treatment, no significant difference was

observed in the change of lipid profiles (TC, HDL-C, or LDL-

C) between the two groups, except for TG (Table 4). The mean

reduction of TG in the LAS group was 0.32 (SD: 1.43) after the

eighth treatment, while a slight elevation of TG was observed in

the SLAS group (0.21 (SD: 0.53)); the difference was statistically

significant (p = 0.027).
TABLE 2 Baseline characteristics of the intention-to-treat (ITT) population.

LAS (n = 42) SLAS (n = 42) p-value

Gender

Male 14 (33.33%) 19 (45.24%) 0.26

Female 28 (66.67%) 23 (54.76%)

Age (years) 33.05 (6.60) 36.17 (9.71) 0.25

Body weight (kg) 83.99 (20.33) 85.20 (13.46) 0.69

BMI (kg/m2) 29.98 (4.78) 30.18 (3.70) 0.38

Waist circumference (cm) 99.79 (13.62) 101.21 (10.19) 0.58

Hip circumference (cm) 107.69 (10.07) 108.31 (7.42) 0.75

WHR 0.92 (0.07) 0.93 (0.07) 0.50

TC (mmol/L) 4.64 (0.91) 4.76 (0.99) 0.99

TG (mmol/L) 1.80 (1.52) 1.38 (0.55) 0.06

LDL-C (mmol/L) 3.11 (0.68) 3.24 (0.77) 0.51

HDL-C (mmol/L) 1.21 (0.24) 1.29 (0.27) 0.31

Comorbidities

Hypertension 6 (14.29%) 4 (9.52%) 0.50

CHD 0 (0%) 0 (0%) 1.00

Dyslipidemia 2 (4.76%) 2 (4.76%) 1.00

NAFLD 9 (21.43%) 8 (19.05%) 0.79

CKD 0 (0%) 0 (0%) 1.00
fronti
Data are in n (%) or mean (SD) values.
BMI, body mass index; CHD, coronary heart disease; CKD, chronic kidney disease; HDL-C, low-density lipoprotein cholesterol; LAS, long-term acupoint stimulation; LDL-C, low-density
lipoprotein cholesterol; NAFLD, nonalcoholic fatty liver disease; SLAS, sham long-term acupoint stimulation; TC, total cholesterol; TG, triglyceride; WHR, waist-to-hip ratio.
TABLE 3 Change of body weight and body mass index during the whole trial.

Baseline to treatment endpoint
LAS (n = 42) SLAS (n = 42) Net difference and 95% CI p-value

Body weight (kg) 2.97 (2.98) 1.40 (2.95) 1.57 (0.29, 2.86) 0.012

BMI (kg/m2) 1.07 (1.10) 0.49 (1.04) 0.58 (0.12, 1.05) 0.010

Baseline to follow-up endpoint
LAS (n = 37) SLAS (n = 36) Net difference and 95% CI p-value

Body weight (kg) 3.84 (4.17) 0.65 (4.49) 3.20 (1.17, 5.21) 0.001

BMI (kg/m2) 1.39 (1.56) 0.22 (1.59) 1.16 (0.42, 1.89) 0.001
Data are in mean (SD) values.
BMI, body mass index; LAS, long-term acupoint stimulation; SLAS, sham long-term acupoint stimulation.
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Change of body adipose tissue

Based on voluntariness, the MRI evaluation for body adipose

tissue was conducted on 53 participants (29 in the LAS group

and 24 in the SLAS group, Table 5). VAT was assessed in the

liver, pancreas, and kidney. After treatment, no significant

difference was found between the two groups. SAT was

investigated in four axial slices, namely, L2-L3, L3-L4, L4-L5,

and L5-S1. At the endpoint of the eighth treatment, the SAT in

L3-L4 was significantly reduced in the LAS group compared with

the SLAS group (−49.74 (SD: 128.67) versus 13.30 (SD: 97.01),

p = 0.043). Beyond that, no obvious difference was noticed in

other segments between the two groups.
Safety assessment

No abnormalities were reported in vital signs, laboratory

tests, and 12-lead electrocardiograms throughout the whole trial.

One participant in the LAS group complained of an

uncomfortable and tingling sensation after the additional
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intervention. Relief was achieved after local hot compress. No

other AEs were documented.
Discussion

This clinical trial demonstrated that LAS could significantly

improve body-weight control compared with sham control. In

addition, the beneficial effect persisted for at least 3 months after

the completion of the interventions. To the best of our

knowledge, this is the first LAS clinical trial to use a PPDO

suture as an embedding material. Both efficacy and safety

profiles indicated that LAS with PPDO sutures could be used

as a choice for body-weight management.

Compared with classical acupuncture, LAS is supposed to

achieve a more significant effect by using fewer intervention

times. The results of our trial confirm this statement. According

to a previous systematic review, classical acupuncture could

reduce additional body weight of 0.60 kg versus sham control

(14). In our trial, by carrying out the procedure every 10 days, we

achieved approximately three times the effect compared to the

above data. In consideration of satisfactory safety, LAS may have
TABLE 4 Change of secondary outcomes after treatment.

LAS (n = 42) SLAS (n = 42) Net difference and 95% CI p-value

Body measurements

Waist circumference (cm) −5.43 (5.08) −2.96 (5.34) 2.46 (0.20, 4.73) 0.033

Hip circumference (cm) −3.45 (4.12) −1.86 (3.94) 1.60 (0.16, 3.35) 0.074

WHR −0.02 (0.03) −0.01 (0.04) 0.01 (-0.03, 0.01) 0.23

Glucose and lipid metabolism

TC (mmol/L) 0.06 (0.58) 0.20 (0.62) 0.15 (−0.41, 0.11) 0.27

TG (mmol/L) −0.32 (1.43) 0.21 (0.53) 0.53 (0.06, 1.00) 0.027

LDL-C (mmol/L) 0.10 (0.72) −0.02 (0.60) 0.01 (−0.21, 0.23) 0.95

HDL-C (mmol/L) 0.002 (0.19) 0.03 (0.22) 0.03 (−0.12, 0.06) 0.47
fronti
Data are in mean (SD) values.
HDL-C, low-density lipoprotein cholesterol; LAS, long-term acupoint stimulation; LDL-C, low-density lipoprotein cholesterol; SLAS, sham long-term acupoint stimulation; TC, total
cholesterol; TG, triglyceride; WHR, waist-to-hip ratio.
FIGURE 2

Change of body weight from baseline to 180 days follow-up.
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the potential to replace classical acupuncture in body-weight

management with support from further head-to-head trials.

The current guidelines recommend at least 5% weight loss as

the treatment goal (7). At the end of treatment, one quarter of

the participants have achieved the target. Based on the

guidelines, this number is not satisfactory. However, in

consideration of the relatively short intervention period (80

days), this result is still gratifying. Furthermore, our result in

terms of body-weight change is substantially superior to a

recently published randomized controlled trial in which the

synthesized data involving 40 participants reported that body-

weight reduction was 1.65 kg in the LAS group (32). Although

our intervention period was 2 weeks longer, this may not be

enough to explain the gap. The potential reason may be the

distinct acupoint selection. Further studies could be considered

to explore the specific mechanisms of chosen acupoints.

The mean body weight in the SLAS group was also slightly

reduced compared with the baseline. This may result from the

SLAS intervention. The comparator utilized in our trial was not a

real placebo. The procedure still needed to insert the needle into

the acupoints and acquire the needle sensation. Only the

stimulation time was shortened. Thus, in order to obtain a

comprehensive understanding of the effectiveness of LAS, a

wait-list control group could be introduced in future trials.

The biocompatible materials of LAS are diverse. Catgut

suture is one of the conventional choices. As one of the

commonest materials, catgut embedding has been used in

treating a variety of diseases other than obesity, such as

insomnia, chronic urticaria, and postmenopausal osteoporosis

(33–35). However, there were also certain AEs reported (36, 37).

Therefore, we selected an innovative material, namely, PPDO

suture, as our embedding material. Previous studies reported

that PPDO sutures possessed satisfactory stabili ty ,

biocompatibility, and biodegradability (26, 29). These features

would guarantee sustaining the stimulation of acupoints while

reducing the potential risk of AEs such as inflammation and

discomfort. Our study did demonstrate this hypothesis. Included

participants presented good tolerance to the PPDO suture, and

no one rejected treatment due to AEs. This embedding material
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could be prioritized in future practice and extended to other

indications of LAS.

Apart from traditional body-weight evaluation, we

introduced MRI for objective evaluation of the change of

adipose tissue. For visceral fat, the liver is the most affected

organ by fat accumulation compared with the pancreas and

kidney based on their responsibilities in lipid metabolism (38).

This fact can also be supported by the TCM theory (39). The

liver governs dispersion and regulates the metabolism of body

fluids. Impairment of function would cause accumulation of

excess water and grain in the liver, which corresponds to fat

accumulation in modern medicine. Based on our results, LAS

showed no obvious effect on visceral fat but could significantly

reduce subcutaneous fat around the waist (L3-L4) after eight

times of treatment. This finding revealed that the relatively

short-term improvement in body weight by LAS may come

from the decrease in SAT. Furthermore, according to our

results of lipid profiles, LAS significantly reduced the level of

TG but showed no obvious effect on LDL-C and TC.

Considering that TG is one of the main components stored

in adipose tissue, we speculated that the short-term beneficial

effect of LAS on body weight may result from its regulation of

TG metabolism rather than TC or LDL-C. Previous

acupuncture studies utilized different acupoint regimes and

showed positive effects on TC and LDL-C (40). Hence, we may

consider modification of our acupoint regime in future studies,

hoping to find a new acupoint combination that benefits

cholesterol metabolism. Based on our findings, abdominal fat

accumulation is a characteristic of central obesity and serves as

an independent risk factor for cardiovascular outcomes (41,

42). In further trials, it will be worth assessing the effectiveness

of LAS in this population.

The mechanisms underlying LAS for body-weight control still

lack relevant studies. Considering that prolonged needle sensation

is the main characteristic of LAS, we speculated that the potential

mechanisms are similar. In general, acupuncture treatment

involves four main routes, namely, lipid and energy metabolism,

inflammatory response, appetite regulation, and adipose-tissue

transformation (43). For instance, electroacupuncture on CV12
TABLE 5 Change in visceral adipose tissue and subcutaneous adipose tissue after the treatment.

LAS (n = 29) SLAS (n = 24) p-value

Hepatic fat (mm2) −0.01 (0.04) −0.001 (0.02) 0.074

Pancreatic fat (mm2) 0.004 (0.04) −0.003 (0.03) 0.50

Renal sinus fat (mm2) −97.26 (164.03) −161.11 (378.72) 0.29

SAT L2-L3 (cm2) −38.50 (95.27) 3.25 (106.32) 0.14

SAT L3-L4 (cm2) −49.74 (128.67) 13.30 (97.01) 0.043

SAT L4-L5 (cm2) −52.23 (218.81) −42.80 (211.52) 0.73

SAT L5-S1 (cm2) −41.38 (121.64) −14.08 (118.70) 0.34
fronti
Data are in mean (SD) values.
BMI, body mass index; LAS, long-term acupoint stimulation; SAT, subcutaneous adipose tissue; SLAS, sham long-term acupoint stimulation.
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and Guanyuan (CV4) can regulate the ratio of adiponectin and

leptin in obese Zucker diabetic fatty rats and then further restore

the balance of glucose and lipid metabolism (44). Huang et al.

found that electroacupuncture on CV12, ST40, Zusanli (ST36),

and CV4 could activate the silent information regulation factor 1/

nuclear factor-kappa B signaling pathway in obese rats and reduce

the expression of downstream inflammatory factors (45). Ghrelin

and leptin are counter hormones in regulating appetite (46). A

previous animal study found that acupuncture could regulate a

diet’s rhythm by reducing ghrelin levels (47). A randomized

controlled trial also reported that acupuncture’s effect on weight

control may result from its regulation of the balance between

leptin and ghrelin (48). Other studies also reported that

acupuncture could promote white adipose tissue browning via

enhancing the expression of uncoupling protein-1 (47, 49). To

verify these mechanisms and explore the potential amplifying

effect brought by LAS, basic studies utilizing real LAS therapy

should be supplemented.

Our study provided a general acupoint regime of LAS

therapy for weight control. However, factors such as

demographic characteristics, acupuncture techniques, and

causes of overweight/obesity may interfere with efficacy (50,

51). In clinical practice, doctors are encouraged to adjust the

acupoint regime flexibly based on the patients’ status. Further

studies can also be considered in exploring individualized

acupoint selection in treating overweight/obesity.

Our study has certain limitations. Firstly, participant

recruitment was not only limited to simple obesity. Nearly half

of the participants possessed BMI levels between 24 and 28

kg/m2. This population may weaken the overall efficacy of LAS

treatment. Secondly, only body measurements and lipid

metabolism were evaluated in this study. Obesity-related

hormones, such as leptin and ghrelin, were not involved.

Hence, we could not explain the potential mechanisms of LAS.

The sample size of this study was limited. The observed effect

size was lower than expected. According to the study results, a

larger-scale clinical trial is needed with at least 92 participants in

each group. Furthermore, our clinical trial was a simple sham-

controlled study. No active intervention or blank control was

introduced. Thus, we could not estimate the specific position of

LAS in the management algorithm of body weight. Further

head-to-head studies are suggested. Lastly, the evaluation for

lifestyle modification only served as a compliance indicator in

this trial. The lack of lifestyle data partially limited the

explanation of study results. Real-time monitoring and

documenting of participants’ daily lifestyle data via smart

wearable devices would be a considerable solution.

In summary, the modified acupuncture technique,

specifically, LAS with PPDO suture, was superior to sham

control in controlling body weight after 80 days of treatment.

Also, the therapeutic effect persisted throughout the 3-month

follow-up period. The benefit may result from the reduction of
Frontiers in Endocrinology 09
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SAT. Further studies could focus on mechanism exploration and

head-to-head comparison with standard medications.
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N-acetyl-L-cysteine treatment
reduces beta-cell oxidative
stress and pancreatic stellate
cell activity in a high fat diet-
induced diabetic mouse model

Meg Schuurman1,2, Madison Wallace1,3, Gurleen Sahi1,2,
Malina Barillaro1,2, Siyi Zhang1, Mushfiqur Rahman1,2,
Cynthia Sawyez2, Nica Borradaile2 and Rennian Wang1,2*

1Children’s Health Research Institute, London, ON, Canada, 2Department of Physiology &
Pharmacology, University of Western Ontario, London, ON, Canada, 3Department of Pathology and
Laboratory Medicine, University of Western Ontario, London, ON, Canada
Obesity plays a major role in type II diabetes (T2DM) progression because it

applies metabolic and oxidative stress resulting in dysfunctional beta-cells and

activation of intra-islet pancreatic stellate cells (PaSCs) which cause islet

fibrosis. Administration of antioxidant N-acetyl-L-cysteine (NAC) in vivo

improves metabolic outcomes in diet-induced obese diabetic mice, and in

vitro inhibits PaSCs activation. However, the effects of NAC on diabetic islets in

vivo are unknown. This study examined if dosage and length of NAC treatment

in HFD-induced diabetic mice effect metabolic outcomes associated with

maintaining healthy beta-cells and quiescent PaSCs, in vivo. Male C57BL/6N

mice were fed normal chow (ND) or high-fat (HFD) diet up to 30 weeks. NAC

was administered in drinking water to HFD mice in preventative treatment

(HFDpNAC) for 23 weeks or intervention treatment for 10 (HFDiNAC) or 18

(HFDiNAC+) weeks, respectively. HFDpNAC and HFDiNAC+, but not HFDiNAC,

mice showed significantly improved glucose tolerance and insulin sensitivity.

Hyperinsulinemia led by beta-cell overcompensation in HFD mice was

significantly rescued in NAC treated mice. A reduction of beta-cell nuclear

Pdx-1 localization in HFD mice was significantly improved in NAC treated islets

along with significantly reduced beta-cell oxidative stress. HFD-induced intra-

islet PaSCs activation, labeled by aSMA, was significantly diminished in NAC

treated mice along with lesser intra-islet collagen deposition. This study

determined that efficiency of NAC treatment is beneficial at maintaining

healthy beta-cells and quiescent intra-islet PaSCs in HFD-induced obese

T2DM mouse model. These findings highlight an adjuvant therapeutic

potential in NAC for controlling T2DM progression in humans.

KEYWORDS

N-acetyl-L-cysteine (NAC), HFD-induced diabetes, beta-cell oxidative stress,
pancreatic stellate cells (PaSCs), collagen fiber
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Introduction

Type 2 diabetes mellitus (T2DM) is a progressive metabolic

disease consisting of whole body and pancreatic islet alterations

which culminate in dysregulated glycemia (1). T2DM

progression, often facilitated by obesity, typically begins with

insulin resistance, where peripheral tissue insulin receptors

become insensitive and require increased insulin to initiate a

response (2, 3). Subclinical inflammation—elevated pro-

inflammatory cytokines— is present during obesity which has

been associated with metabolic syndrome and peripheral insulin

resistance (4). Initially, pancreatic beta-cells accommodate this

increase in demand by increasing insulin production as well as

their size and number (1, 5). However, this compensatory

mechanism is limited and leads to eventual beta-cell failure.

The major cause of the clinical progression of T2DM is a decline

in beta-cell mass and function within the pancreatic islets (1, 6).

Since islet cellular organization is supported by non-islet cells

(i.e., pancreatic stellate cells – PaSCs) and the extracellular

matrix; this unique microenvironment is crucial for islet

function and survival (7–10).

One of the mechanisms facilitating beta-cell failure is

believed to be an imbalance between reactive oxygen species

(ROS) and antioxidants leading to increased oxidative stress

(11). ROS are by-products of metabolism from mitochondria in

response to increased glucose, thus in overnutrition settings (i.e.

obesity) increased oxidative stress is observed (12). T2DM

patients have increased oxidative stress levels compared to

non-diabetic controls (11). In addition, diabetic pancreatic

islets display lower antioxidant enzyme (i.e. glutathione

[GSH], superoxide dismutase [SOD]) expression compared to

controls, this further augments beta-cell susceptibility to

oxidative stress-induced damage (13, 14). High levels of

oxidative stress progresses beta-cell compensation towards

dysfunction indicated by reduced nuclear pancreatic and

duodenal homeobox 1 (Pdx-1) localization (15). In addition to

the beta-cell-specific changes, prolonged high fat diet (HFD)-

induced compensation affects the islet microenvironment by

increasing intra-islet PaSCs activation and collagen deposition

(16). Under conditions of ROS accumulation, mechanical stress

and cytokine stimulation, PaSCs are activated and develop a

myofibroblast phenotype, gain expression of alpha-smooth

muscle actin (aSMA) and are associated with excessive

extracellular matrix (ECM) and cytokines production leading

to pancreatic inflammation and fibrosis (17, 18). Activated

PaSCs are also associated with impaired beta-cell function, in

vitro (19). However, whether a definitive relationship exists

between activated PaSCs and beta-cell dysfunction has not yet

been established. Furthermore, it remains to be questioned

whether inhibition of PaSC activation and beta-cell oxidative

stress via antioxidants is a viable therapeutic target for

T2DM progression.
Frontiers in Endocrinology 02
32
N-acetyl-L-cysteine (NAC), a biosynthetic precursor to

GSH, is a well-known antioxidant that has been studied for its

effect on numerous physiological processes and diseases

including T2DM (20–22). In addition to acting as a precursor

to glutathione, NAC contains a thiol group which enables it to

act directly as an antioxidant; it also acts as an anti-inflammatory

(23, 24). NAC has been shown to reduce levels of oxidative stress

and improve insulin release in isolated Wistar rat islets (25).

When administered in drinking water to HFD murine models of

T2DM, NAC improved glucose and insulin tolerance tests (22)

and provided functional protection in beta-cells of female mice

(26). However, NAC has been shown to be ineffective in limited

T2DM clinical work (27). NAC efficacy is impacted by timing

(22) and dosage (21) of administration. It was observed to be

most beneficial for improving metabolic outcomes when

administered as a long-term interventional lasting 5 months

(21). Although clinical research is limited, animal models show

promise for NAC as a potential treatment in T2DM (21, 22, 26,

28). However, the reported literature lacks understanding with

the changes in pancreatic islets particularly in beta-cells and

PaSCs following NAC treatment in vivo.

In the present study, we aimed to determine the effects of

both dosage and timing of NAC administration on pancreatic

beta-cells and islet PaSCs in a HFD-induced diabetic mouse

model. We hypothesized that the efficiency of NAC treatment

will improve metabolic outcomes and beta-cell function by

rescuing beta-cell overcompensation while reducing beta-cell

stress and PaSC activation induced by HFD. Here, we show that

NAC treatment is beneficial for improving metabolic outcomes

and beta-cell function, particularly by preserving beta-cell

identity, and reducing beta-cell oxidative stress and PaSC

activation. However, efficiency of NAC treatment is dependent

on both timing and dosage.
Materials and methods

Mouse model of high-fat diet induced
obesity T2DM with NAC prevention and
intervention treatment

Male C57BL/6N (B6N) mice purchased from Charles River

(Charles River Laboratories Quebec, Canada) were housed in

our facility under a 12:12 h light/dark cycle with a maximum of 5

mice per cage. At 6-weeks of age, mice maintained a normal

chow diet (ND) composed of 22% kcal from fat, 23% kcal

protein, and 55% kcal from carbohydrates (Harlan Tekard,

Indianapolis, IN, USA) or received a high-fat diet (HFD)

composed of 60% kcal from fat, 20% from protein, and 20%

from carbohydrates (Research Diets INC, New Brunswick, NJ,

USA) ad libitum. Mice received a ND or HFD for 22- or 30-week

feeding periods (Supplementary Figure S1).
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Antioxidant treatment with N-acetyl-L-cysteine (NAC)

(Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA) was

administered in drinking water to HFD fed mice either in 10mM

or 50mM dosage (21, 22). Since the effectiveness of 10mM dose

did not show improvement of glucose metabolism

(Supplementary Figure S2) compared to 50mM dosage, this

report was focused on using 50mM NAC for antioxidant groups

in a prevention (pNAC) or intervention (iNAC) treatment

(Supplementary Figure S1). For pNAC treatment, mice

received NAC one week prior to HFD and treated through 22-

week HFD feeding (HFDpNAC). For iNAC treatment, mice

received NAC at week 12 after HFD and continued NAC

intake for the duration of the 22-week HFD (HFDiNAC) and

30-week HFD (HFDiNAC+). NAC intake was assessed in each

antioxidant treated group (over a three-day period) by

measuring water consumption, expressed as NAC intake (mg)

per mouse per day. Control mice were age-matched and

consumed either ND or HFD with no NAC treatment.

Body weight was monitored weekly, and food intake was

measured at the end of the assigned diet period (29). Food intake

is expressed kilocalories per mouse per day. All animal work was

conducted based on approved protocols from the University of

Western Ontario Animal User Subcommittee (Animal Use

Protocol #2021-139) in accordance with the Canadian Council

of Animal Care guidelines.
Metabolic studies in experimental mouse
models

At the last week of the assigned diet period, fasting blood

glucose was examined followed by an intraperitoneal (i.p.)

glucose (IPGTT) or insulin (IPITT) tolerance tests. Tests were

conducted in the final 2 weeks of diet intervention and at least 5

days apart from one another. For IPGTT, glucose (Dextrose,

Sigma, Saint Louis, MO, USA) was administrated at a dose of

2mg/g body weight after an overnight fast for 22 week feeding

mice and a 4 hour fast for 30 week feeding mice. For IPITT,

insulin (Humulin, Eli Lilly, Toronto, ON, Canada) was

administrated at a dose of 1 U/kg body weight after a 4 hour

fast. Blood glucose levels were measured before i.p. injection

(0 min) and post-injection (15, 30, 60, and 120 mins) and area

under the curve (AUC) was used to measure responsiveness.

Results of IPITT were normalized to baseline glucose

levels (100%) and AUC values were generated to determine

changes in insulin sensitivity (30). To determine in vivo glucose-

stimulated insulin secretion (GSIS), blood samples were

collected following 16 h fasting (0 min) and at 5 and 35 min

after i.p. injection of glucose (2mg/g). Plasma insulin levels from

GSIS and fed cardiac blood was measured using an ultrasensitive

insulin mouse ELISA kit (ALPCO, Salem, NH, USA). Plasma

triglycerides and cholesterol were measured using enzymatic,
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colorimetric assays (Wako Diagnostics, Mountain View,

California, USA).
Immunohistological staining and
morphometric analyses

At the end of experimental time points, pancreases from mice

were collected, weighed, and fixed in 4% paraformaldehyde. Whole

pancreatic tissues were embedded in paraffin and sectioned

consecutively at 4-µm throughout the length of the pancreas,

from head to tail, to avoid any bias due to regional changes in

islet distribution and islet cell composition of the pancreas (31).

Sections were incubated with the appropriate dilutions of primary

antibodies as listed in Supplementary Table S1. As required, 0.2%

Triton treatment and/or microwave antigen retrieval with citric acid

solution (pH 6.0) were applied to improve detection. Secondary

antibodies consisted of fluorescein isothiocyanate (FITC) and

tetramethyl rhodamine isothiocyanate (TRITC) (1:50; Jackson

Immunoresearch, West Grove, PA, USA). 4’-6’-diamidino-2-

phenylindole (DAPI) was used for nuclear counterstaining

(Sigma-Aldrich). Images were captured using Nikon Eclipse Ti2

Confocal Microscope (Nikon, Melville, NY, USA) followed by

morphometric analysis of islet density, alpha and beta-cell mass

and beta-cell size, as previously described (30, 32). Beta-cell

proliferation, expression of Pdx-1 transcription factor and

oxidative stress were identified by double immunofluorescence

staining and quantification from at least 10 random islets per

pancreas section. Double positive cells (nuclear marker-positive

with insulin-positive) were divided by the total insulin-positive cell

population in islets and expressed as a percentage (33). To quantify

the percentage of intra-islet PaSCs population, labeled by aSMA

and desmin, the positive intra-islet aSMA+ or desmin+ cell area

(µm2) was manually traced using Nikon NIS-Element software and

divided by the total insulin-positive area (µm2).

Trichrome staining kit (Abcam, Cambridge, MA, USA) was

used to measure intra-islet collagen deposition (34). Stained

images were acquired at 40x magnification using an Aperio AT2

whole slide scanner (Leica Biosystems Inc, Concord, Ontario,

Canada). The percentage of islet collagen deposition was

determined using an ImageJ macro, which segments blue areas

(collagen) from red areas in the image using colour

deconvolution and measures total blue area per image as

previously described (35).
Statistical analysis

All data are expressed as means ± SEM. Statistical

significance was analyzed using GraphPad Prism (version 6

GraphPad Software, San Diego, CA, USA) with 95% of

confidence interval. The difference was analyzed using one-
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way ANOVA followed by Tukey’s Post-Hoc test. Differences

were considered to be statistically significant when p <0.05.
Results

NAC treatment improves glucose
metabolism as dose- and time-
dependent in HFD-induced diabetic mice

To determine the efficiency of NAC treatment in HFD-

induced diabetic mice, both dose- and time-dependent study was

established. Dosages of 10mM and 50mM NAC treatment were

administered for prevention and intervention groups. HFD mice

with 10mM NAC preventive or interventive treatment did not

show changes in body weight or fasting blood glucose and had

no improvement of glucose metabolism as determined by

glucose and insulin tolerance tests (Supplementary Figure S2).

Therefore, this report only focused on 50mM dosage of

NAC treatment.

Bi-weekly body weights were recorded for the duration of

treatment (Figure 1A). HFDmice showed significantly increased

body weight compared to ND. There were no body weight

significant differences between HFD, HFDpNAC and HFDiNAC

groups (Figure 1B). Significant differences in average NAC

intake were noted with highest NAC intake observed in the

HFDpNAC group (21mg/mouse/day) compared to HFDiNAC

(14mg/mouse/day) group and HFDiNAC+ (16mg/mouse/day)

group (Supplementary Figure S3A). Only HFDiNAC group

showed significantly increased food intake when compared to

ND group (Supplementary Figure S3B). A significantly increased

fasting blood glucose was determined in the HFD mice when

compared to ND (Figure 1C), however, an improved fasting

blood glucose level was only observed in HFDpNAC, not

HFDiNAC mice (Figure 1C). Fed plasma insulin level was

found to be significantly elevated in HFD mice compared to

all other groups, and both HFDpNAC and HFDiNAC mice

displayed a similar plasma insulin level as ND mice

(Figure 1D). Fed circulating triglycerides and cholesterol were

assessed and showed no significant differences between ND,

HFD, and NAC treated HFD groups (Supplementary Figure S4).

Mice under HFD for 22 weeks demonstrated a progressive

T2DM-like phenotype with impaired glucose and insulin

tolerance when compared to ND mice (Figures 1E, F).

Significantly improved glucose tolerance and insulin sensitivity

in HFDpNAC mice was determined, which showed similar

response as ND mice, however, this improvement was not

found in HFDiNAC mice (Figures 1E, F). Furthermore, in vivo

GSIS showed an observable improvement of glucose stimulated

insulin secretion in HFDpNAC mice compared to HFD and

HFDiNAC groups (Figure 1G). These data indicate that timing

efficiency of NAC treatment is critical to normalize glucose

metabolism in HFD-induced diabetic mice.
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NAC treatment preserves beta-cell mass
and identity with reduction of beta-cell
oxidative stress in HFD-induced
diabetic mice

Double immunofluorescence staining for insulin and

glucagon were used for determining islet density, beta- and

alpha-cell mass, and beta-cell size (Figure 2A). Morphological

analysis of beta-cell mass showed an increase in HFD pancreas,

with no discernable changes in alpha cell mass or islet

density (Figures 2B, C, F). The increased beta-cell mass in

HFD mice was due to an enlargement in beta-cell size with

low beta-cell number in the insulin positive area (Figures 2D, E)

but was not caused by changes in beta-cell proliferation as

determined using Ki67 co-staining (Figure 2G). Interestingly,

HFD-induced enlargement of beta-cell mass was not observed in

HFDpNAC and HFDiNAC groups (Figure 2B). Beta-cell mass, size,

and number in HFDpNAC and HFDiNAC mouse islets displayed

similar results as ND mice (Figures 2D, E).

When analyzing transcription factors (Pdx-1, MafA, and

FoxO1) involved in beta-cell function and insulin secretion, it

was found that nuclear Pdx-1 localization was significantly

reduced in HFD mouse beta-cells compared to ND, HFDpNAC

and HFDiNAC groups (Figures 3A, B). Both HFDpNAC and

HFDiNAC groups showed significantly improved Pdx-1 nuclear

localization, similar to ND group (Figures 3A, B). No obvious

changes were found between experimental mice for MafA and

FoxO1 nuclear localization in beta-cells (data not shown).

To examine NAC’s impact on beta-cell oxidative stress,

presence of 8OHdG in beta-cells was quantified using double

staining for 8OHdG and insulin. The percentage of nuclear

8OHdG labelling in insulin-positive cells was significantly higher

in the HFD mice than that of HFDpNAC and HFDiNAC groups

(Figures 3C, D). A significant reduction of beta-cell 8OHdG

labelling occurred in both NAC treated HFD mice, but no

change observed in the ND mice when compared to HFD

mice (Figures 3C, D).
NAC treatment reduces active PaSCs in
islets leading to lower intra-islet collagen
deposition in HFD-induced diabetic mice

To determine whether NAC influenced intra-islet PaSCs

activation during HFD induced oxidative stress, quantification

of active PaSCs population was performed. Since marker aSMA

labels active PaSCs and desmin marks both quiescent and active

PaSCs, double immunofluorescence staining for aSMA and

desmin was performed to verify their colocalization

(Supplementary Figure S5). Quantification of intra-islet

activated PaSCs labeled by aSMA staining revealed a

significant increase in aSMA area in HFD mouse islets

compared to ND and HFDpNAC mice (Figures 4A, B).
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Although, aSMA+ staining in HFDiNAC islets showed a slight

reduction, there was no statistically significant differences

between HFD and HFDiNAC mice (Figures 4A, B). Measuring

desmin population in the experimental groups showed a

significantly higher percentage of desmin+ staining present in

HFD mouse islets compared to HFDpNAC and HFDiNAC mouse
Frontiers in Endocrinology 05
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islets, but no significance observed in ND group (Figures 4C, D).

Both data indicate that HFD induced PaSC activation could be

diminished by NAC administration.

To further identify whether NAC treatment could abolish

HFD-induced PaSC activation and subsequent intra-islet

collagen deposition of islet fibrosis, quantification of intra-islet
A B

D

E F

G

C

FIGURE 1

Preventive NAC treatment improves glucose metabolism in HFD-induced diabetic mice. (A) Recording of bi-weekly body weight for the
duration of 22 weeks (n=8-17 mice/group). Measurement of (B) body weights, (C) overnight (~16 hours) fasting blood glucose and (D) fed
plasma insulin levels (n=6-17 mice/group). (E) IPGTT and area under curve (AUC, n=10-14 mice/group), (F) IPITT and AUC (n=6-12 mice/group)
and (G) in vivo GSIS (n=3-5 mice/group) of ND, HFD, HFDpNAC and HFDiNAC mice at 22 weeks. Control diets (ND): open triangle; HFD: closed
square; HFDpNAC: closed circle; HFDiNAC: open circle. Data are expressed as means ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001;
analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
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collagen deposition was performed using trichrome stain

(Figure 4E). Intra-islet collagen deposition was significantly

increased in HFD mouse islets compared to ND mouse islets

(Figure 4F), indicating HFD results in progression of islet

fibrosis. A significant reduction of intra-islet collagen

deposition in HFDpNAC mouse islets was found (Figures 4E,

F), but this observation was not present in HFDiNAC mouse islets

(Figures 4E, F).
Frontiers in Endocrinology 06
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Prolonged intervention NAC treatment
improves glucose metabolism in HFD-
induced diabetic mice

Compared to HFDpNAC mice, HFDiNAC mice received NAC

treatment 12 weeks after HFD initiation with total duration of 10

weeks NAC treatment. HFDiNAC mice showed no improvement

in glucose metabolism, PaSCs activation or collagen deposition,
A

B

D E

F G

C

FIGURE 2

Histological analysis of NAC treated HFD pancreata demonstrated preserved beta-cell mass with no change in cell proliferation. (A)
Representative double immunofluorescence images for islet morphology, detected by insulin (red) and glucagon (green) staining, and DAPI
labeled nuclei (blue). Scale bars: 50µm. (B) Beta cell mass (C) alpha cell mass (D) beta cell size and (E) number (F) islet density in ND, HFD,
HFDpNAC and HFDiNAC mouse pancrea at 22 weeks (n=5-6 pancreata/group). (G) Proliferation of beta cells quantified using Ki67 co-localization
with insulin+ cells (n=6 pancreata/group). ND: open triangle; HFD: closed square. HFDpNAC: closed circle; HFDiNAC: open circle. Data are
expressed as means ± SEM. *p<0.05, **p<0.01, analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
frontiersin.org

https://doi.org/10.3389/fendo.2022.938680
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Schuurman et al. 10.3389/fendo.2022.938680
indicating the duration of NAC treatment is critical. Therefore, a

prolonged NAC treatment of up to 18 weeks (HFDiNAC+) was

established and investigated. Bi-weekly body weights were

recorded up to 30 weeks (Figure 5A). HFD-fed mice had

significantly increased body weight compared to ND-fed mice

and HFDiNAC+ mice (Figure 5B). Reduced body weight was

observed in HFDiNAC+ mice compared to HFD mice but

remained significantly higher than that of ND mice

(Figure 5B). Overnight fasting blood glucose was significantly

elevated in both HFD and HFDiNAC+ mice compared to ND

mice (Figure 5C). However, hyperinsulinemia observed in HFD

mice were significantly improved in HFDiNAC+ mice, but

remained significantly higher levels compared to ND mice

(Figure 5D). Fed plasma triglyceride levels were significantly

lower in HFD mice, but HFDiNAC+ mice showed relatively

elevated plasma triglycerides similar to ND mice (Figure 5E).

Fed plasma cholesterol showed significant increase in both HFD

and HFDiNAC+ mice when compared to ND mice (Figure 5F). A

significant impairment of glucose tolerance was present in HFD

mice that was not observed in HFDiNAC+ mice. HFDiNAC+ mice

which displayed similar glucose tolerance as ND mice

(Figures 5G, H). A significant impairment of insulin tolerance
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was observed in HFD mice when compared to ND mice,

however, insulin sensitivity showed a trend toward

improvement in HFDiNAC+ mice compared to HFD mice, but

statistical significance was not reached (Figures 5I, J).
Prolonged intervention NAC treatment
preserves beta-cell mass and reduces
intra-islet PaSCs activation in HFD-
induced diabetic mice

Double immunofluorescence staining images for insulin and

glucagon showed large islets present in HFD and HFDiNAC+

mouse pancreas compared to ND group (Figure 6A).

Morphometric analysis of islet number showed HFD mice

have significantly elevated islet numbers compared to ND,

however, islet number in HFDiNAC+ is comparable to ND

(Figure 6B). Beta-cell mass was significantly increased in HFD

and was significantly improved in HFDiNAC+ mice; HFDiNAC+

mice and ND mice showed similar beta-cell masses (Figure 6C).

There were no differences observed in alpha-cell mass found

between groups (Figure 6D). HFD induced beta-cell dysfunction
A B

DC

FIGURE 3

NAC treatment preserves beta-cell identity with reduction of beta-cell oxidative stress in HFD-induced diabetic mice. Representative double
immunofluorescence images of (A) Pdx-1 (green) (C) 8OHdG (green) co-stained with insulin (red), nuclei are stained with DAPI (blue). Scale
bars: 50µm. Quantification of nuclear (B) Pdx-1 (D) 8OHdG in insulin+ cells of ND, HFD, HFDpNAC and HFDiNAC mouse pancreas at 22 weeks
(n=5-6 pancreata/group). ND: open triangle; HFD: closed square; HFDpNAC: closed circle; HFDiNAC: open circle. Data are shown as means ±
SEM. *p<0.05, **p<0.01, ***p<0.001, analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
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with loss of nuclear Pdx-1 signals was significantly rescued in

HFDiNAC+ islets, which showed similar nuclear Pdx-1

localization as ND islets (Figure 6F). In parallel, HFD induced

beta-cell oxidative stress labeled by 8OHdG+ was also

significantly improved in HFDiNAC+ islets (Figures 6G, H).

Furthermore, HFDiNAC+ mice showed significantly lower

intra-islet aSMA labeling (Figures 7A, B) with improved intra-

islet collagen deposition (Figure 7C), which was not observed in

HFDiNAC islets receiving a shorter duration of NAC treatment.

HFD mice maintained higher level of aSMA labeling and

collagen deposition in the intra-islets when compared to ND

and HFDiNAC+ mice (Figure 7). This data further verified that

NAC treatment improves beta-cell identity, oxidative stress and
Frontiers in Endocrinology 08
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PaSC induced fibrotic in HFD-induced diabetic islets is in a

time-dependent manner.
Discussion

This is a first in vivo study investigating the effects of

antioxidant NAC on diabetic islets in HFD-induced diabetic

mice. It is well documented that mice fed with HFD display

dysregulation of glucose metabolism and beta-cell compensation

with increased beta-cell oxidative stress and intra-islet PaSC

activation, which produces excessive ECM and cytokines

resulting in islet fibrosis (Figure 8). When HFD-induced
A B

D

E F

C

FIGURE 4

Preventive NAC treatment reduces intra-islet PaSCs activation and collagen deposition in HFD-induced diabetic mice. Representative double
immunofluorescence images of (A) a-SMA (green) or (C) desmin (green) co-stained with insulin (red), nuclei are stained with DAPI (blue). Scale
bars: 50µm. Quantification of intra-islet a-SMA (B) or desmin (D) area in ND, HFD, HFDpNAC and HFDiNAC mouse islets at 22 weeks (n=5-6
pancreata/group). (E) Representative trichrome staining images, scale bar: 50mm; and (F) quantification of intra-islet collagen deposition (n=5
pancreata/group). ND: open triangle; HFD: closed square; HFDpNAC: closed circle; HFDiNAC: open circle. Data are shown as means ± SEM.
*p<0.05, **p<0.01, ***p<0.001, analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
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diabetic mice were administered NAC at an effective dose and

time, significantly improved glucose tolerance and insulin

sensitivity, and rescue from beta-cell overcompensation was

determined. NAC treated HFD mice displayed a normalized

beta-cell mass and size with significantly improved beta-cell

identity, as Pdx-1 nuclear localization, and reduced beta-cell

oxidative stress, labeled by 8-OHdG (Figure 8). Importantly,
Frontiers in Endocrinology 09
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NAC diminished intra-islet PaSCs activation and PaSC-induced

collagen deposition preventing fibrosis caused by HFD

(Figure 8). This study suggests that antioxidant therapy using

NAC is beneficial for maintaining healthy beta-cells and intra-

islet quiescent PaSC population in HFD-induced diabetic mice

and provides a better understanding of effective dose and time

for antioxidant therapy in obesity related diabetes in humans.
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FIGURE 5

Prolonged intervention NAC treatment improves glucose metabolism in HFD-induced diabetic mice. (A) Recording of biweekly body weight for
the duration of 30 weeks (n=8-12 mice/group). Measurement of (B) body weights, (C) overnight (~16 hours) fasting blood glucose, (D) fed
plasma insulin, (E) triglycerides and (F) cholesterol levels (n=7-18 mice/group). (G) IPGTT and (H) AUC (n=5-6 mice/group), (I) IPITT and (J) AUC
(n=7 mice/group) of ND, HFD and HFDiNAC+ mice at 30 weeks. ND: open triangle; HFD: closed square; HFDiNAC+: open circle. Data are
expressed as means ± SEM. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
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FIGURE 6

Prolonged intervention NAC treatment preserves beta-cell mass and nuclear Pdx-1 with lower 8OHdG in HFD-induced diabetic mice. (A)
Representative double immunofluorescence images for islet morphology, detected by insulin (red) and glucagon (green) staining and DAPI
labeled nuclei (blue). Scale bars: 50µm. Morphometric quantification of islet density (B) beta cell mass (C) and alpha cell mass (D) (n=5-6
pancreata/group). Representative double immunofluorescence images for (E) Pdx-1 (green) or (G) 8OHdG (green) and insulin (red), nuclei are
stained with DAPI (blue). Scale bars: 50µm. Quantification of nuclear Pdx-1 (F) or 8OHdG (H) in insulin+ cells of ND, HFD and HFDiNAC+ mouse
pancreas at 30 weeks (n=5-6 pancreata/group). ND: open triangle; HFD: closed square). HFDiNAC+: open circle. Data are shown as means ±
SEM. *p<0.05, **p<0.01, analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
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Identifying the optimal dosage during NAC therapy is

critical for designing clinical trials. Use of sub-optimal or

excessive antioxidant dosages of NAC could hinder NAC’s

positive anti-diabetic effects in T2DM patients (24). Based on

previous reports (20, 21), two dosages of NAC (10mM and

50mM) were employed in this study and showed HFD mice that

received 10mM NAC in drinking water for up to 22 weeks

resulted in no improvements in glucose tolerance and insulin

sensitivity. Whereas, administration at 50mM in drinking water

showed significant improvements in glucose metabolism, which

was consistent with the findings by Falach-Malik et al. (21). It

was noted that NAC at 50mM dosage did not cause a significant

reduction in body weights, despite increased caloric intake in

both HFDpNAC and HFDiNAC mice under 22 weeks HFD
Frontiers in Endocrinology 11
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feeding. Previous reports suggest that this dosage potentially

caused an increase in motor activity and/or metabolic activity

which may have been compensated for by increasing food intake

resulting in no net loss of weight (22, 36). However, prolonged

intervention NAC in HFDiNAC+ mice displayed significantly

reduced body weights compared to HFD mice under 30 weeks

HFD feeding, suggesting NAC treatment is associated with

weight loss and may account for required time to take effect.

Previous studies suggest using NAC at an earlier time point

increased effectiveness for improving glucose tolerance and

insulin sensitivity related to weight loss in HFD mice (21, 22).

HFD mice that received preventive NAC treatment for 23 weeks

showed significantly improved glucose and insulin tolerance, but

this was not observed at 10 weeks. Prolonged intervention NAC
A B

C

FIGURE 7

Prolonged intervention NAC treatment reduces intra-islet PaSCs activation and collagen deposition in HFD-induced diabetic mice. (A)
Representative double immunofluorescence images of a-SMA (green) co-stained with insulin (red), nuclei are stained with DAPI (blue). Scale
bars, 50µm; (B) quantification of intra-islet a-SMA area in ND, HFD and HFDiNAC+ mouse islets at 30 weeks (n=3 pancreata/group). (C)
Representative trichrome staining images of intra-islet collagen deposition. Scale bar: 50mm. ND: open triangle; HFD: closed square; HFDiNAC+:
open circle) Data are shown as means ± SEM. *p<0.05, ***p<0.001, analyzed using one-way ANOVA followed by Tukey’s Post-Hoc test.
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(18 weeks) administration to HFD mice displayed improvement

similar to NAC prevention treated mice, indicating that positive

anti-diabetic effects of NAC in HFD-induced diabetic mice

require up to 18 weeks of prevention or intervention NAC

treatment. Although, there was no change in fed plasma lipid

level in mice with 22 weeks HFD feeding, HFD-induced hepatic

insufficient export of triglycerides was observed in HFD mice

with 30 weeks feeding, this impaired liver export of triglycerides

was rescued in HFDiNAC+ mice that showed normalised

triglycerides level comparable to ND mice. This data indicates

that NAC improved glucose metabolism and may be associated

with improved liver function to reduce hepatic triglyceride

accumulation in order to reduce gluconeogenesis and enhance

insulin signalling (37, 38). Taken together, this study suggests

that adequate duration of administration is crucial for NAC to

be effective as an antioxidative therapy in treating diet-induced

obesity diabetes.

Mice fed with HFD for 22 or 30 weeks showed not only

impaired metabolic outcomes, but also significant alterations to

islet architecture indicating a beta-cell compensation response.

HFD mice with NAC prevention or intervention treatment can

prevent or rescue this beta-cell overcompensation with

significantly normalized beta-cell mass and size. This
Frontiers in Endocrinology 12
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demonstrates that NAC is effective at maintaining beta-cell

function during HFD-induced stress. It is agreed that

transcription factor Pdx-1 plays a critical role in regulating

beta-cell function by activating genes essential for beta-cell

identity; loss of beta-cell identity contributes to the

pathogenesis of type 2 diabetes (39). A previous study by

Leenders et al. proposed under elevated oxidative stress

conditions, beta-cells dedifferentiate into other islet cell types

leading to reduced beta-cell identity (40). In the present study,

loss of beta-cell identity and increased beta-cell oxidative stress

was displayed in HFD mice, however, HFDpNAC and HFDiNAC

islets showed preserved or restored beta-cell Pdx-1 nuclear

localization, and reduced beta-cell oxidative stress. These

findings are supported by previous reports that demonstrated

NACs ability to improve Pdx-1 and insulin content in beta-cells

in a genetic obesity model of T2DM (26), and to prevent glucose

toxicity-induced impaired Pdx-1 binding to the insulin gene

promoter in beta-cell line in vitro and reduce plasma 8-OHdG

oxidative stress level in Zucker diabetic fatty rats (41). Although

the exact mechanism of NACs action on beta-cells remains to be

elucidated, it is a well-known that NAC is a biosynthetic

precursor of glutathione (23). It also contains a thiol group

exerting its antioxidant effects through electron donation (42)
FIGURE 8

Proposed model of NAC maintains healthy beta-cells and quiescent PaSCs in HFD-induced diabetic mouse islet. In a healthy condition under
normal chow diet, intra-islet PaSCs are quiescent; they produce suitable cytokines and ECM for maintaining islet structure and facilitating
healthy beta-cell function. Under high-fat diet, increased oxidative stress promoted intra-islet PaSC activation resulting in increased cytokine
production and ECM deposition which diminished beta-cell identity and function. Given NAC treatment, HFD islets showed significantly reduced
oxidative stress and intra-islet PaSC activation with enhanced beta-cell identity and function.
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and has recently been investigated for its potential intracellular

conversion to sulfane sulfur species to scavenge oxidants (43).

NAC also produces anti-inflammatory actions by indirectly

inhibiting the activation of the redox-sensitive pathway NF-kB
in order to prevent inflammatory responses which lead to loss of

Pdx-1 expression (42). Since the present study did not evaluate

inflammatory markers, it would be interesting for future studies

to investigate the role of NAC on inflammatory markers in the

setting of diet-induced obesity.

PaSCs in islets play a critical role in controlling ECM, growth

factors and cytokine secretion. Over-active PaSCs are involved in

beta-cell compensation in the early stages of T2DM progression

(44). Furthermore, clinical studies have shown higher levels of

aSMA and islet fibrosis in T2DM patients (45), such evidence

was also observed in the current study where HFD mice showed

significantly elevated intra-islet aSMA+ cells with excessive

collagen deposition. Administration of NAC to HFD mice

displayed significantly reduced intra-islet oxidative stress and

intra-islet aSMA+, which corresponded to significantly reduced

intra-islet fibrosis. This observation matches previous in vitro

reports that NAC is capable of reducing PaSC activation and

reverting cells to a quiescent state (46–48). NAC treatment

results in increased vitamin A droplets indicative of quiescent

PaSCs (47). It was noted that prevention NAC treated HFDpNAC

mice showed similar PaSC activation and islet collagen staining

as ND islets, suggesting that initiating NAC therapy is most

beneficial to prevent PaSCs activation and intra-islet collagen

deposition caused by HFD. However, intervention NAC treated

islets did not show a significant improvement until 18 weeks

NAC treatment, indicating PaSCs activation begin rapidly after

HFD-induced stress, and reverting active PaSCs and collagen

accumulation requires sufficient time with antioxidant

treatment. A study on diabetic cardiac function in C57/B6

mice supports these results as they determined NAC is

beneficial at improving cardiac function and reducing cardiac

fibrosis, most noticeably in mice which received earlier and

longer treatment (28). However, the potential mechanisms of

NAC action on intra-islet PaSCs require further in

vivo investigation.

In summary, the present study provides evidence that NAC

is effective at protecting beta-cells from overcompensation and

loss of beta-cell identity observed during T2DM progression in

mice. The efficacy of NAC treatment in HFD-induced diabetic

mice was dependent on dosage and duration of treatment. This

study supports previous reports showing the ability of NAC to

improve metabolic outcomes in mouse models of T2DM.

Importantly, it provides first evidence of NAC’s effect on the

intra-islet environment where beta-cell identity was protected,

and oxidative stress and PaSC activation was diminished.

Ultimately, the demonstrated benefits of antioxidant NAC on

diet-induced obesity and diabetes indicates that it should be

further investigated as an adjuvant therapy in controlling T2DM

progression in humans.
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SUPPLEMENTARY FIGURE 1

Experimental timeline to determine the time-dependent of NAC

administration on high fat diet-induced diabetic mice. Both normal diet
(ND) and high fat diet (HFD) experimental groups were established at age

of 6 weeks. pNAC: preventative NAC was started at 5 weeks of age, one
week prior to HFD diet start and had a total of 23 weeks of NAC treatment;

iNAC: intervention NAC was given at 18 weeks of age, 12 weeks after HFD

diet start and had a total of 10 weeks of NAC treatment; iNAC+:
intervention NAC was given at 18 weeks of age, 12 weeks after HFD diet

start and had a total of 18 weeks of NAC treatment.

SUPPLEMENTARY FIGURE 2

10mM NAC treatment did not improve glucose metabolism in HFD-

induced diabetic mice. (A) Body weight, (B) fasted blood glucose levels,
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(C) IPGTT, (D) area under curve (AUC) analysis of IPGTT, (E) IPITT and (F)
AUC analysis of IPITT results from ND, HFD, HFDpNAC and HFDiNAC mice

during 22-week experiment. Data are expressed means ± SEM (n=3-17
mice per experimental group). *p<0.05, **p<0.01, ***p<0.001 vs. ND,

determined by one-way ANOVA followed by Tukey ’s multiple
comparisons test.

SUPPLEMENTARY FIGURE 3

NAC and food intake in HFD-induced diabetic mice. (A) Average NAC

intake for mice undergoing prevention (pNAC), intervention (iNAC) and
extend intervention (iNAC+) treatment. (B) Food intake in ND, HFD,

HFDpNAC and HFDiNAC mice and (C) Food intake in ND, HFD and

HFDiNAC+ mice. Data are expressed means ± SEM (n=5-11 mice per
experimental group). *p<0.05, **p<0.01, ***p<0.001 vs. ND or as

indicated, determined by one-way ANOVA followed by Tukey’s multiple
comparisons test.

SUPPLEMENTARY FIGURE 4

Plasma lipid levels in ND, HFD, HFDpNAC and HFDiNAC mice. Fed plasma

triglycerides (A) and cholesterol (B). Data are expressed means ± SEM
(n=8-11 mice per experimental group).

SUPPLEMENTARY FIGURE 5

Correlation of desmin (green) and aSMA (red) in the islet as dash-line

outlined. Lower panel displays enlarged images, arrows indicate co-

staining, arrowheads label single staining. Scale bar: 50mm.
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Network meta-analysis
of curative efficacy of different
acupuncture methods on
obesity combined with
insulin resistance

Jiankun Chen, Yingming Gu, Lihong Yin, Minyi He, Na Liu,
Yue Lu, Changcai Xie*, Jiqiang Li* and Yu Chen*

State Key Laboratory of Dampness Syndrome of Chinese Medicine, The Second Affiliated Hospital
of Guangzhou University of Chinese Medicine, Guangdong Provincial Hospital of Chinese Medicine,
Guangzhou, China
Objective: This study aims to systematically evaluate the curative efficacy of

different acupuncture methods in the treatment of obesity combined with

insulin resistance in randomized clinical trials (RCTs) by network meta-analysis.

Methods: Four Chinese databases (CNKI, WanFang Data, VIP, and SinoMed)

and four English databases (PubMed, Embase, the Cochrane Library, and www.

clinicaltrial.gov) were electronically searched to identify qualified studies. Two

reviewers independently screened the literature in accordance with the

inclusion/exclusion criteria by EndNote 20 software and extracted data by

ADDIS1.16.8 software, and then the risk of bias of the included studies were

evaluated by the Cochrane tool. Network meta-analysis was performed by

Stata 15.1 software. The primary outcomes included fasting blood glucose

(FBG), fasting serum insulin (FINS), homeostasis model assessment—insulin

resistance (HOMA-IR), and body mass index (BMI). The secondary outcomes

included waistline, waist–hip ratio, triglyceride (TG), total cholesterol (TC),

high-density lipoprotein (HDL), and low-density lipoprotein (LDL).

Results: Five RCTs with a total of 410 patients with obesity combined with insulin

resistance were included. The results of the network meta-analysis showed that,

compared with the control group, three kinds of acupuncture methods

(electropuncture, acupoint catgut embedding, and acupuncture point patch) had

significant efficacy in reducing FBG [electropuncture (MD = -0.44, 95% CI: -0.83,

-0.05) and acupoint catgut embedding (MD = -0.36, 95% CI: -0.51, -0.21)], FINS

[electropuncture (MD = -6.17, 95% CI: -9.69, -2.65), acupoint catgut embedding

(MD= -5.87, 95% CI: -6.92, -4.82), and acupuncture point patch (MD= -5.86, 95%

CI: -11.40,-0.32)],HOMA-IR [electropuncture (MD=-1.59,95%CI:-2.73,-0.45)and

acupoint catgut embedding (MD =-0.91, 95% CI: -1.07, -0.75)], BMI

[electropuncture (MD = -1.68, 95% CI: -2.70, -0.66), acupoint catgut embedding

(MD= -3.39, 95%CI: -4.38, -2.40), and acupuncture point patch [MD= -2.90, 95%

CI: -4.93, -0.87)], andwaistline [electropuncture (MD= -5.49, 95%CI: -8.56, -2.42)
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andacupoint catgut embedding (MD=-4.91, 95%CI: -7.51, -2.31)] inobesepatients

with insulin resistance, suggesting that their efficacy was better than that of the

westernmedicinegroup in someof theoutcome indicators. For the index related to

blood lipid, the efficacy of electropuncture was significantly better than behavioral

therapy and western medicine. Except that acupoint catgut embedding was

superior to electroacupuncture in reducing the BMI, there was no statistically

significant difference in efficacy among the three acupuncture methods.

Conclusions: The results showed that the therapeutic effect of acupuncture

methods was superior to conventional western treatment alone. Acupuncture

methods could serve as an alternative or adjunctive treatment in obese patients

with insulin resistance.

Systematic Review Registration: https://inplasy.com, identifier 202280075.
KEYWORDS

acupuncture methods, obesity, insulin resistance, systematic review, network
meta-analysis
Introduction

Obesity, one of the leading health risk factors worldwide, has

a prevalence that is rapidly increasing worldwide (1) since 1.1

billion people are classified as overweight (2). Furthermore,

obesity is associated with several health problems, including

insulin resistance, cardiovascular disease, gallbladder disease,

and certain malignancies (3).

Insulin resistance (IR) is the common pathological basis of

metabolic diseases such as obesity and type 2 diabetes (4).

Obesity and overweight are closely correlated with IR and are

independent risk factors for IR (5). The pathogenesis of IR is still

unclear, but some studies (6) suggested that it is caused by the

interaction between nutritional overload, systemic fatty acid

surplus, inflammatory response of adipose tissue, endoplasmic

reticulum stress, oxidative stress, and adipose tissue hypoxia.

Acupuncture is the most rapidly growing complementary

therapy that is recognized by the WHO (7). In recent years,

both experimental and clinical current data concluded that

acupuncture was superior to conventional medication for

obesity (8) and insulin resistance (9), which can be used to

improve symptoms and efficacy while reducing the side effects

or adverse reactions caused by western medicine therapy. It is

suggested that acupuncture exerts beneficial effects on the

mechanisms of obesity and insulin resistance; however, the most

effective frequency of obesity combined with insulin resistance by

acupuncture remains controversial. Further prospective studies

are needed to establish the effectiveness of this complementary

method for obesity combined with insulin resistance treatment.
02
47
In this study, network meta-analysis was used to systematically

evaluate and compare the curative efficacy of different acupuncture

methods (electroacupuncture, acupoint catgut embedding, and

acupuncture point patch) in the treatment of obesity combined

with insulin resistance in randomized clinical trials (RCTs) so as to

provide more clinical evidence for the acupuncture treatment of

obesity combined with insulin resistance and to guide clinicians in

sophisticated treatment options.
Data and methods

Criteria for considering studies for
this study

Type of studies
RCTs of different acupuncture methods in the treatment of

obesity with insulin resistance, blind method, and language are

not limited.

Type of participants
The patients were diagnosed to be obese with insulin

resistance. The obesity references, the Consensus of Experts on

the Prevention and Treatment of Adult Obesity in China in 2011

and the Consensus of Chinese Experts on Medical Nutrition

Therapy for Overweight/Obesity in 2016, were developed by the

Obesity Group of the Chinese Society of Endocrinology (BMI ≥

28). For the IR reference, according to the Expert Opinions on

Insulin Resistance Evaluation published by the Chinese Diabetes
frontiersin.org
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Society, HOMA-IR ≥2.68 is regarded as the standard for the

diagnosis of IR, regardless of age, gender, and course of disease.

Type of interventions
Control group

In terms of other acupuncture treatments, drug therapy, or

blank control, the experimental group consisted of those who

have had any kind of acupuncture, moxibustion, acupuncture +

moxibustion, warm acupuncture, electropuncture, auricular

point, acupoint application, and acupoint catgut embedding.

In addition to intervention measurements, other background

treatment measurements were identical in both groups.

Type of outcome measures
Primary outcomes

These included (1) fasting blood glucose (FBG), (2) fasting

serum insulin (FINS), (3) homeostasis model assessment—IR

(HOMA-IR), and (4) body mass index (BMI).

Secondary outcomes

These included (1) waistline, (2) waist–hip ratio, (3)

triglyceride (TG), (3) total cholesterol (TC), (5) high-density

lipoprotein (HDL), and (6) low-density lipoprotein (LDL).

Exclusion criteria
These included (1) non-RCT research: descriptive studies, case–

control studies, cohort studies, literature review, social commentary,

case reports, case series analysis, etc.; (2) intervention measures that

take a variety of therapy combination or study acupuncture and

moxibustion different points, different techniques, the study of

frequency; (3) animal studies, cellular or analytical studies, or

systematic reviews, meta-analyses, and pooled analyses of multiple

RCTs; (4) subjects who suffered from serious diseases, such as

cerebrovascular diseases and tumors; and (5) others: conference

abstracts, comments, guidelines, letters, amendments, and other

unrelated studies where the full text is not available, and the results

are incomplete.
Literature retrieval

Cross-retrieval of the Chinese databases (CNKI, WanFang

Data, VIP, and SinoMed) and the English databases (PubMed,

Embase, the Cochrane Library, and www.clinicaltrial.gov) was

performed by electronically searching from database

construction time to March 31, 2022.

The keywords or mesh terms used were as follows:

acupuncture, needle, electroacupuncture, moxibustion, fire

needle, needle warming moxibustion, auricular point, point

application therapy, acupoint catgut embedding, obesity, insulin

resistance, controlled clinical trial, randomized controlled trial,

drug therapy, groups, and placebo. Considering that there may be
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differences in the description of outcomes in the RCT, outcome

indicators were not restricted in the retrieval to avoid omission.
Literature management

By aggregating the studies retrieved from various archives,

we used EndNote 20 software to manage the retrieved literature.

After excluding the literatures duplicated between different

databases, two researchers independently read the title and

abstract of the literatures, screened out the obvious irrelevant

literatures according to the inclusion/exclusion criteria, and

screened the literatures by reading the full text if necessary.

The screening results are cross-checked by two researchers, and

in case of disagreement, consultation or discussion is done with a

third expert.
Literature quality evaluation and
data extraction

We used Excel 2016 software to develop basic information

extraction table and quality evaluation table. Two reviewers

independently conducted quality evaluation and basic data

extraction for each article that met the inclusion criteria.

Detailed data, including basic study information (author,

publication year, study type, sample size, etc.), intervention

measures and outcome indicators, quality evaluation, etc., were

extracted by ADDIS1.16.8 software. Two reviewers cross-

checked the results, and if there is any disagreement, it shall

be decided through a discussion or consultation with a

third reviewer.
Bias risk assessment of included studies

Two reviewers assessed the risk of bias in the included studies

according to the Cochrane Manual’s risk of bias assessment tool for

RCTs. The projects include randomization of assignment methods,

assignment plan concealment, blinding of study subjects and

protocol implementors, blinding of study outcome measures,

integrity of outcome data, selective reporting of study results, and

other sources of bias. Finally, the risk of literature bias was judged as

“low”, “high”, and “uncertain”. Two reviewers independently

conducted the assessment, and then this was cross-checked, in

case of disagreement, through a discussion with the third reviewer

to discuss decisions, thus reaching a consensus.
Statistical analysis

Using Stata 15.1 software and its “network” commands to

draw the network diagram for comparison between intervention
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measures for the evaluation of publication bias, a network meta-

analysis was conducted for each outcome, and heterogeneity and

inconsistency in the mesh evidence body were tested. In this

study, odds ratio (OR) and 95% confidence interval (CI) were

used as a way of expression for the dichotomous outcome index,

while the continuous outcome index was expressed as mean

difference (MD) and its 95% confidence interval.

The existence of a publication bias was identified by drawing

a corrected comparison funnel plot, and the inconsistencies of

the results of the mesh meta-analysis were tested by a node

splitting method. If the direct comparison and the indirect

comparison result in a difference of P > 0.05, the inconsistency

is not significant, and the consistency model is adopted. At the

same time, a prediction interval graph was drawn for each

outcome. If the prediction interval crossed the invalid line,

interstudy heterogeneity was considered, and the random

effect model was selected. Efficacy ranking was based on the

Surface under the Cumulative Ranking Curve (SUCRA). The

larger the SUCRA is, the better the efficacy of the drug in this

outcome. P <0.05 was considered statistically significant.
Results

Literature screening process and results

A total of 627 related articles were initially detected, and 89

literatures were detected after full-text screening. Finally, 5 RCTs

(10–14) were included in the network meta-analysis, including

410 patients on obesity combined with insulin resistance. The

specific literature screening flow chart and results are shown

in Figure 1.
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Basic characteristics of included studies

The basic characteristics of the included studies are detailed

in the Open Science (Resource Services) Identifier (OSID). Five

RCTs included three types of intervention (electropuncture,

acupoint catgut embedding, and acupuncture point patch) and

control groups (behavioral therapy, western medicine, and blank

control). The mean age of the 410 patients included in this study

was 33.04 ± 7.45 years, and the mean duration of disease was

4.92 ± 3.20 years. The basic characteristics of the included

studies are shown in Supplementary Table S1. As shown in the

table, outcomes available for network meta-analysis included

FBG, FINS, HOMA-IR, BMI, waistline, waist–hip ratio, TG, TC,

HDL, and LDL.
Results of network meta-analysis

Fasting blood glucose
Five RCTs were included in the statistical analysis of FBG,

with a total sample of 410 patients. The network relationship is

shown in Figure 2A; the thickness of the line segment represents

the number of studies included in the comparison of each

treatment method, and the circular area represents the sample

size of the population using this measure. The line segments

between the dots represent studies in which there was a direct

comparison between the two interventions that were connected.

No significant heterogeneity or inconsistency was found in the

reticular body of evidence; thus we adopted the consistent fixed-

effect model. The pairwise comparison results and ranking of

reticular meta-analysis are shown in Figure 3 and Tables 1, 2.

Table 3 is about the pairwise comparison results of six types

of interventions or controls, which showed that, compared with
FIGURE 1

Literature screening process and results.
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the blank control, electropuncture (MD = -0.44, 95% CI: -0.83,

-0.05), acupoint catgut embedding (MD = -0.36, 95% CI: -0.51,

-0.21), and western medicine (MD = -0.58, 95% CI: -1.09, -0.07)

groups all had reduced FBG, while no statistical differences were

found in the other groups. From Figure 3 and Table 1, we found

that western medicine ranked first in terms of reducing FBG in

obesity combined with insulin resistance, while acupuncture

point patch, electropuncture, and acupoint catgut embedding

ranked second, third, and fourth, respectively.

Fasting serum insulin
Five RCTs were included in the statistical analysis of FINS,

with a total sample of 410 patients. The network relationship is

shown in Figure 2B; no significant heterogeneity or

inconsistency was found in the reticular body of evidence;

thus, the consistent fixed effect model was adopted. The

pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 4 and Tables 1, 2.

Table 2 shows that, compared with the blank control, the

electropuncture (MD = -6.17, 95% CI: -9.69, -2.65), acupoint
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catgut embedding (MD = -5.87, 95% CI: -6.92, -4.82),

acupuncture point patch (MD =-5.86, 95% CI: -11.40, -0.32),

and behavioral therapy (MD = -6.95, 95%CI: -10.82, -3.08)

groups all caused the decrease in the FINS level. However,

compared with western medicine, the electropuncture (MD =

-6.87, 95% CI: -8.09, -5.65), acupoint catgut embedding (MD =

-6.57, 95% CI: -10.44, -2.70), and behavioral therapy

(MD = -7.65, 95% CI: -9.66, -5.64) groups all had better

curative efficacy. No statistical differences were found in the

other groups. From Figure 4 and Table 1, we found that

behavioral therapy ranked first in terms of reducing FINS in

obesity combined with insulin resistance, while electropuncture,

acupuncture point patch, and acupoint catgut embedding

ranked second, third, and fourth, respectively.

Homeostasis model assessment-IR
Five RCTs were included in the statistical analysis of

HOMA-IR, with a total sample of 410 patients. The network

relationship is shown in Figure 2C. No significant heterogeneity

or inconsistency was found in the reticular body of evidence;
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FIGURE 2

Network diagram of different indexes treated by different types of intervention. The figure shows that each intervention is indicated with a single
blue dot. The size of the dot represents the cumulative total sample size of the intervention. The line segment between the dots represents the
studies that have a direct comparison between the two interventions. (A) Fasting blood glucose, (B) fasting serum insulin, (C) homeostasis
model assessment—insulin resistance, (D) BMI, (E) waistline, (F) waist–hip ratio, (G) triglyceride, (H) total cholesterol, (I) high-density lipoprotein,
and (J) low-density lipoprotein.
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thus, the consistent fixed-effect model was adopted. The pairwise

comparison results and ranking of reticular meta-analysis are

shown in Figure 5 and Tables 4, 5.

Table 5 shows that, compared with the blank control, the

electropuncture (MD = -1.59, 95% CI: -2.73, -0.45), acupoint catgut

embedding (MD = -0.91, 95% CI: -1.07, -0.75), and behavioral

therapy (MD = -1.30, 95% CI: -2.54, -0.05) groups all caused the

decrease in the HOMA-IR level. However, compared with western

medicine, the electropuncture (MD = -2.30, 95% CI: -2.68, -1.92),

acupoint catgut embedding (MD = -1.62, 95% CI: -2.83, -0.41),

acupuncture point patch (MD = -1.92, 95% CI: -3.83, -0.01), and

behavioral therapy (MD = -2.01, 95% CI: -2.65, -1.37) groups all

had better curative efficacy. No statistical differences were found in

the other groups. From Figure 5 and Table 4, we found that

electropuncture ranked first in terms of reducing HOMA-IR in

obesity combined with insulin resistance, while behavioral therapy,

acupuncture point patch, and acupoint catgut embedding ranked

second, third, and fourth, respectively.
Body mass index
Three RCTs were included in the statistical analysis of BMI,

with a total sample of 247 patients. The network relationship is

shown in Figure 2D. No significant heterogeneity or

inconsistency was found in the reticular body of evidence;
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thus, the consistent fixed-effect model was adopted. The

pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 6 and Tables 4, 6.
TABLE 1 Efficacy ranking of mesh meta-analysis: fasting blood
glucose and fasting serum insulin.

Treatment SUCRA Rank

Fasting blood glucose

Western medicine 81.1 1

Acupuncture point patch 62.5 2

Electropuncture 61.3 3

Acupoint catgut embedding 49.8 4

Behavioral therapy 40.3 5

Blank control 4.9 6

Fasting serum insulin

Behavioral therapy 83.2 1

Electropuncture 65.8 2

Acupuncture point patch 65.5 3

Acupoint catgut embedding 64.4 4

Blank control 13.2 5

Western medicine 7.9 6
frontier
As shown in the table, the surface under the cumulative ranking curve (SUCRA)
represents the area under the curve of the cumulative probability graph of efficacy
ranking. The decrease in fasting blood glucose was better, the SUCRA value was bigger,
and the efficacy ranking was higher.
A B

D E F

C

FIGURE 3

Efficacy ranking and cumulative probability graph of fasting blood glucose (FBG) treated by different types of intervention. Comparison of
efficacy ranking and cumulative probability of FBG between each kind of intervention. (A) Electropuncture, (B) acupoint catgut embedding, (C)
acupuncture point patch, (D) the blank control, (E) behavioral therapy, and (F) western medicine.
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Table 6 shows that, compared with blank control, the

electropuncture (MD = -1.68, 95% CI: -2.70, -0.66), acupoint

catgut embedding (MD = -3.39, 95% CI: -4.38, -2.40), and

acupuncture point patch (MD = -2.90, 95% CI (-4.93, -0.87)

groups all caused the decrease in the BMI level. However, the

curative efficacy of electropuncture (MD = 1.71, 95% CI: 0.29,

3.13) was not as good as acupoint catgut embedding. No

statistical differences were found in the other groups. From

Figure 6 and Table 4, we found that acupoint catgut

embedding ranked first in terms of reducing BMI in obesity

combined with insulin resistance, while acupuncture point patch

and electropuncture ranked second and third, respectively.

Waistline
Three RCTs were included in the statistical analysis of

waistline, with a total sample of 247 patients. The network

relationship is shown in Figure 2E. No significant

heterogeneity or inconsistency was found in the reticular body

of evidence; thus, the consistent fixed-effect model was adopted.

The pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 7 and Tables 7, 8.

Table 8 shows that, compared with blank control,

electropuncture (MD = -5.49, 95% CI: -8.56, -2.42) and

acupoint catgut embedding (MD = -4.91, 95% CI: -7.51, -2.31)

both caused the decrease in the waistline level. No statistical

differences were found in the other groups. From Figure 7 and

Table 7, we found that electropuncture ranked first in terms of

reducing waistline in obesity combined with insulin resistance,

while acupoint catgut embedding and acupuncture point patch

ranked second and third, respectively.
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Waist–hip ratio
Two RCTs were included in the statistical analysis of the

waist–hip ratio, with a total sample of 185 patients. The network

relationship is shown in Figure 2F. No significant heterogeneity

or inconsistency was found in the reticular body of evidence;

thus, the consistent fixed-effect model was adopted. The pairwise

comparison results and ranking of reticular meta-analysis are

shown in Figure 8 and Tables 7, 9.

Table 9 shows that, compared with blank control,

electropuncture (MD = -0.02, 95% CI: -0.03, -0.01) and acupoint

catgut embedding (MD = -0.08, 95% CI: -0.11, -0.05) both caused

the decrease in the waist–hip ratio level. No statistical differences

were found in the other groups. From Figure 8 and Table 7, we

found that acupoint catgut embedding ranked first in terms of

reducing the waist–hip ratio in obesity combined with insulin

resistance, while electropuncture ranked second.

Triglyceride
Two RCTs were included in the statistical analysis of TG,

with a total sample of 163 patients. The network relationship is

shown in Figure 2G. No significant heterogeneity or

inconsistency was found in the reticular body of evidence;

thus, the consistent fixed-effect model was adopted. The

pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 9 and Tables 10, 11.

Table 11 shows that, compared with blank control,

electropuncture, behavioral therapy, and western medicine all

had no statistical differences. From Figure 9 and Table 10, we

found that electropuncture ranked first in terms of reducing TG

in obesity combined with insulin resistance.
TABLE 2 Network meta-analysis netleague table of fasting blood glucose.

Electropuncture 0.08 (-0.34, 0.50) -0.02 (-0.69, 0.65) 0.14 (-0.28, 0.56) -0.14 (-0.47, 0.19) 0.44 (0.05, 0.83)

-0.08 (10.50, 0.34) Acupoint catgut embedding -0.10 (-0.63, 0.43) 0.06 (-0.53, 0.66) -0.22 (-0.76, 0.32) 0.36 (0.21, 0.51)

0.02 (-0.65, 0.69) 0.10 (-0.43, 0.63) Acupuncture point patch 0.16 (-0.63, 0.95) -0.12 (-087, 0.63) 0.46 (-0.09, 1.01)

-0.14 (-0.56,0.28) -0.06 (-0.66, 0.53) -0.16 (-0.95, 0.63) Behavioral therapy -0.28 (-0.82, 0.26) 0.30 (-0.27, 0.87)

0.14 (-0.19, 0.47) 0.22 (-0.32, 0.76) 0.12 (-0.63, 0.87) 0.28 (-0.26, 0.82) Western medicine 0.58 (0.07, 1.09)

-0.44 (-0.83, -0.05) -0.36 (-0.51, -0.21) -0.46 (-1.01, 0.09) -0.30 (-0.87, 0.27) -0.58 (-1.09, -0.07) The blank control
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
TABLE 3 Network meta-analysis ladder table of fasting serum insulin.

Electropuncture 0.30 (-3.37, 3.97) 0.31 (-6.26, 6.87) -0.78 (-2.38, 0.82) 6.87 (5.65, 8.09) 6.17 (2.65, 9.69)

-0.3 (-3.97, 3.37) Acupoint catgut embedding 0.01 (-2.93, 5.08) -1.08 (-5.08, 2.93) 6.57 (2.70, 10.44) 5.87 (4.82, 6.92)

-0.31 (-6.87, 6.26) -0.01 (-5.45, 5.43) Acupuncture point patch -1.09 (-7.84, 5.67) 6.56 (-0.12, 13.24) 5.86 (0.32, 11.40)

0.78 (-0.82, 2.38) 1.08 (-2.93, 5.08) 1.09 (-5.67, 7.84) Behavioral therapy 7.65 (5.64, 9.66) 6.95 (3.08, 10.82)

-6.87 (-8.09, -5.65) -6.57 (-10.44, -2.70) -6.56 (-13.24, 0.12) -7.65 (-9.66, -5.64) Western medicine -0.70 (-4.43, 3.02)

-6.17 (-9.69, -2.65) -5.87 (-6.92, -4.82) -5.86 (-11.40, -0.32) -6.95 (-10.82, -3.08) 0.70 (-3.02, 4.43) The blank control
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
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FIGURE 5

Efficacy ranking and cumulative probability graph of homeostasis model assessment—insulin resistance (HOMA-IR) treated by different types of
intervention. Comparison of efficacy ranking and cumulative probability of HOMA-IR between each kind of intervention. (A) Electropuncture,
(B) acupoint catgut embedding, (C) acupuncture point patch, (D) blank control, (E) behavioral therapy, and (F) western medicine.
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FIGURE 4

Efficacy ranking and cumulative probability graph of fasting serum insulin (FINS) treated by different types of intervention. Comparison of
efficacy ranking and cumulative probability of FINS between each kind of intervention. (A) Electropuncture, (B) acupoint catgut embedding,
(C) acupuncture point patch, (D) blank control, (E) behavioral therapy, and (F) western medicine.
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Total cholesterol
Two RCTs were included in the statistical analysis of TG,

with a total sample of 163 patients. The network relationship is

shown in Figure 2H. No significant heterogeneity or

inconsistency was found in the reticular body of evidence;

thus, the consistent fixed-effect model was adopted. The

pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 10 and Tables 10, 12.

Table 12 shows that, compared with blank control,

electropuncture (MD = -0.40, 95% CI: -0.74, -0.06) caused the

decrease in the TC level. No statistical differences were found in

the other groups. From Figure 10 and Table 10, we found that

electropuncture ranked first in terms of reducing TC in obesity

combined with insulin resistance.

High-density lipoprotein
Two RCTs were included in the statistical analysis of HDL,

with a total sample of 163 patients. The network relationship is

shown in Figure 2I. No significant heterogeneity or

inconsistency was found in the reticular body of evidence;

thus, the consistent fixed-effect model was adopted. The
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pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 11 and Tables 13, 14.

Table 14 shows that, compared with blank control,

electropuncture (MD = 0.07, 95% CI: 0.01, 0.13) caused the

increase in the HDL level. No statistical differences were found

in the other groups. From Figure 11 and Table 13, we found that

electropuncture ranked first in terms of increasing HDL in

obesity combined with insulin resistance.

Low-density lipoprotein
Two RCTs were included in the statistical analysis of LDL,

with a total sample of 163 patients. The network relationship is

shown in Figure 2J. No significant heterogeneity or

inconsistency was found in the reticular body of evidence;

thus, the consistent fixed-effect model was adopted. The

pairwise comparison results and ranking of reticular meta-

analysis are shown in Figure 12 and Tables 13, 15.

Table 15 shows that, compared with blank control,

electropuncture (MD = -0.38, 95% CI: -0.61, -0.15) caused the

decrease in the LDL level. However, the curative efficacy of

behavioral therapy (MD = 0.34, 95% CI: 0.05, 0.63) was not as

good as western medicine. No statistical differences were found

in the other groups. From Figure 13 and Table 15, we found that

electropuncture ranked first in terms of reducing LDL in obesity

combined with insulin resistance.

The assessment of literature bias risk
Five RCTs all reported the random sequence generation

methods. None of them described distribution concealment, but

four RCTs could be considered as having a low risk of bias. In

terms of the blind method, four RCTs considered that the

subjects did not achieve blinding due to significant differences

in intervention measures between the experimental group and

the control group. In addition, one RCT clearly described the

blind method for the statistical analysis of results, while the other

four RCTs did not clearly describe the blind method. Five RCTs

had a low risk of bias in the proportion of lost follow-up in each

group, selective reporting, and corporate funding. As a whole,

except for the blind method, which is difficult to achieve, all the

included studies have a low risk of bias. The specific risk of bias is

shown in Figure 13.
TABLE 5 Network meta-analysis ladder table of homeostasis model assessment—insulin resistance.

Electropuncture 0.68 (-0.47, 1.83) 0.38 (-1.50, 2.25) 0.29 (-0.22, 0.80) 2.30 (1.92, 2.68) 1.59 (0.45, 2.73)

-0.68 (-1.83, 0.47) Acupoint catgut embedding -0.30 (-1.78, 1.18) -0.39 (-1.64, 0.87) 1.62 (0.41, 2.83) 0.91 (0.75, 1.07)

-0.38 (-2.25, 1.50) 0.30 (-1.18, 1.78) Acupuncture point patch -0.09 (-2.03, 1.85) 1.92 (0.01, 3.83) 1.21 (-0.28, 2.70)

-0.29 (-0.80. 0.22) 0.39 (-0.87, 1.64) 0.09 (-1.85, 2.03) Behavioral therapy 2.01 (1.37, 2.65) 1.30 (0.05, 2.54)

-2.30 (-2.68, -1.92) -1.62 (-2.83, -0.41) -1.92 (-3.83, -0.01) -2.01 (-2.65, -1.37) Western medicine -0.71 (-1.91, 0.49)

-1.59 (-2.73, -0.45) -0.91 (-1.07, -0.75) -1.21 (-2.70, 0.28) -1.30 (-2.54, -0.05) 0.71 (-0.49, 1.91) The blank control
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
TABLE 4 Efficacy ranking of mesh meta-analysis: homeostasis model
assessment—insulin resistance (HOMA-IR) and body mass index (BMI).

Treatment SUCRA Rank

HOMA-IR

Electropuncture 87.8 1

Behavioral therapy 67.5 2

Acupuncture point patch 67.4 3

Acupoint catgut embedding 55 4

Blank control 19.3 5

Western medicine 3 6

BMI

Acupoint catgut embedding 89.9 1

Acupuncture point patch 71.5 2

Electropuncture 38.5 3

Blank control 0.1 4
As shown in the table, the surface under the cumulative ranking curve (SUCRA)
represents the area under the curve of the cumulative probability graph of efficacy
ranking. The decrease in fasting blood glucose is better, the SUCRA value is bigger, and
the efficacy ranking is higher.
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In summary, this study focused on three acupuncture

methods in existing studies: electropuncture, acupoint catgut

embedding, and acupuncture point patch. The network meta

results showed that these three acupuncture methods had

significant efficacy in reducing FBG, FINS, HOMA-IR, BMI,

waistline, and waist–hip ratio in obesity combined with

insulin resistance compared with the blank control group.

Meanwhile, compared with the western medicine group, these

three acupuncture methods had better efficacy in some

outcome indicators. In a series of outcomes related to blood

lipid, the efficacy of electropuncture was significantly better

than behavioral therapy and western medicine. Except for the

fact that acupoint catgut embedding was superior to

electropuncture in reducing BMI, there was no statistically

s ignificant di fference in efficacy among the three

acupuncture methods.
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Discussion

Acupuncture, which is among the oldest healing practices in

the world, was suggested as an application to a wide range of

conditions including musculoskeletal diseases, neurological

disorders, gynecological disorders, addictions, and dentistry by

the WHO (7). It exerts its effect through the insertion of thin

metallic needles at specific points on the body that can be

manipulated manually or by electrical stimulation (15).

Electropuncture, consisting of stimulating specific points on

the body by inserting thin metal needles into superficial

structures with a tiny electrical current, is employed for

removing blockages in the flow of vital energy that circulates

throughout the body through a system of pathways. Acupoint

catgut embedding therapy, involving persistent stimulation

produced by a suture with mild irritation in subcutaneous
TABLE 6 Network meta-analysis ladder table of body mass index.

Electropuncture -1.71 (-3.13, 0.29) -1.22 (-3.49, 1.05) 1.68 (0.66, 2.70)

1.71 (0.29,3.13) Acupoint catgut embedding 0.49 (-1.29, 2.27) 3.39 (2.40, 4.38)

1.22 (-1.05, 3.49) -0.49 (-2.27, 1.29) Acupuncture point patch 2.90 (0.87, 4.93)

-1.68 (-2.70, -0.66) -3.39 (-4.38, -2.40) -2.90 (-4.93, -0.87) The blank control
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
A B

DC

FIGURE 6

Efficacy ranking and cumulative probability graph of body mass index (BMI) treated by different types of intervention. Comparison of efficacy
ranking and cumulative probability of BMI between each kind of intervention. (A) Electropuncture, (B) acupoint catgut embedding,
(C) acupuncture point patch, and (D) blank control.
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tissue, may be related to a combination of proteolytic enzymes,

and macrophage action against the absorbable surgical thread

may improve and extend the acupoint stimulation (16). By

acupuncture point patch, which is a combination of traditional

Chinese medicine, acupuncture, and channels and collaterals in

applying Chinese medicine to the corresponding acupoints of

the human body, diseases can be prevented and cured.
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The current conventional therapeutic strategies for obesity

(i.e., diet, physical exercise, drugs, and bariatric surgery) cannot

achieve adequate weight control in all patients. Complementary

types of treatment are therefore being tested, and in this context,

acupuncture is one of the most rapidly growing complementary

therapies. In the USA, the National Institutes of Health

consensus panel recommends acupuncture as a useful

clinical procedure.

The pathogenesis and pathological process of obesity

combined with IR are complex. Currently, it is known that

acupuncture can improve obesity combined with IR through

multilevel, multisystem, and multitarget synergistic action, but

the exact mechanism still needs to be clarified. Due to the

influence of acupoint specificity, acupoint compatibility, and

acupuncture stimulation parameters on the acupuncture effect

and curative effect of obesity combined with insulin resistance

(17), the specific internal mechanism is still not comprehensive.

We hereby critically examine major developments in the

treatment of obesity combined with IR by acupuncture, which

have helped shape our contemporary diagnostic and treatment

strategies in obesity combined with IR. Acupuncture, in this

study, involved electropuncture, acupoint catgut embedding,

and acupuncture point patch, all of which were compared with

other acupuncture treatments, drug therapy, or blank control.

The results of this study showed that these three acupuncture
TABLE 7 Efficacy ranking of mesh meta-analysis: waistline and
waist–hip ratio.

Treatment SUCRA Rank

Waistline

Electropuncture 73.2 1

Acupoint catgut embedding 63.6 2

Acupuncture point patch 62.3 3

Blank control 0.9 4

Waist-hip ratio

Acupoint catgut embedding 100 1

Electropuncture 50 2

Blank control 0 3
As shown in the table, the surface under the cumulative ranking curve (SUCRA)
represents the area under the curve of the cumulative probability graph of efficacy
ranking. The decrease in fasting blood glucose is better, the SUCRA value is bigger, and
the efficacy ranking is higher.
A B

DC

FIGURE 7

Efficacy ranking and cumulative probability graph of waistline treated by different types of intervention. Comparison of efficacy ranking and
cumulative probability of waistline between each kind of intervention. (A) Electropuncture, (B) acupoint catgut embedding, (C) acupuncture
point patch, and (D) blank control.
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methods had significant efficacy in reducing FBG, FINS,

HOMA-IR, BMI, waistline, and waist–hip ratio in obesity

combined with IR compared with the control group.

Meanwhile, compared with the western medicine group, these

three acupuncture methods had better efficacy in some outcome

indicators. In a series of outcomes related to blood lipid, the

efficacy of electropuncture was significantly better than

behavioral therapy and western medicine, with its respective

advantages. According to the above-mentioned research results,

different acupuncture methods have obvious advantages in the

diagnosis and treatment of obesity combined with IR.
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Conclusion

This study has some limitations: (1) most of the included

literatures did not report specific allocation concealment, blind

method, and follow-up, which may lead to selection and

measurement bias, and (2) the number of RCTs involved in this

study was limited, and some literatures did not report safety

indicators. Therefore, it is impossible to draw conclusions about

the safety of different acupuncture methods. More RCTs with high-

quality, multicenter, large-sample randomized controlled trials are

needed to explore in depth so as to provide stronger clinical
A B

C

FIGURE 8

Efficacy ranking and cumulative probability graph of waist–hip ratio treated by different types of intervention. Comparison of efficacy ranking
and cumulative probability of waist–hip ratio between each kind of intervention. (A) Electropuncture, (B) acupoint catgut embedding, and
(C) blank control.
TABLE 8 Network meta-analysis ladder table of waistline.

Electropuncture 0.58 (-3.44, 4.60) 0.72 (-5.06, 6.50) 5.49 (2.42, 8.56)

-0.58 (-4.60, 3.44) Acupoint catgut embedding 0.14 (-4.01, 4.29) 4.91 (2.31, 7.51)

-0.72 (-6.50, 5.06) -0.14 (-4.29, 4.01) Acupuncture point patch 4.77 (-0.13, 9.67)

-5.49 (-8.56, -2.42) -4.91 (-7.51, -2.31) -4.77 (-9.67, 0.13) Blank control
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
TABLE 9 Network meta-analysis ladder table of waist–hip ratio.

Electropuncture -0.06 (-0.09, -0.03) 0.02 (0.01, 0.03)

0.06 (0.03, 0.09) Acupoint catgut embedding 0.08 (0.05, 0.11)

-0.02 (-0.03, -0.01) -0.08 (-0.11, -0.05) Blank control
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evidence in the future. In addition, (3) at present, only the selection

of acupuncture points and treatment modality have more

observations on the efficacy. The timing of acupuncture for

weight loss treatment is not uniformly reported clinically. Of

course, the existence of different treatment durations will affect
Frontiers in Endocrinology 13
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the final evaluation of efficacy. More quality literature on the

duration of acupuncture treatment for obesity is expected to follow.

In summary, our study evaluated the clinical efficacy of

different acupuncture methods commonly used in clinical

treatment on obesity combined with IR. Different acupuncture
A B

C

FIGURE 9

Efficacy ranking and cumulative probability graph of triglyceride (TG) treated by different types of intervention. Comparison of efficacy ranking
and cumulative probability of TG between each kind of intervention. (A) Electropuncture, (B) behavioral therapy, and (C) western medicine.
TABLE 10 Efficacy ranking of mesh meta-analysis: triglyceride and total cholesterol.

Treatment SUCRA Rank

Triglyceride

Electropuncture 63.5 1

Behavioral therapy 50.6 2

Western medicine 36 3

Total cholesterol

Electropuncture 74.3 1

Western medicine 73.4 2

Behavioral therapy 2.3 3
frontier
As shown in the table, surface under the cumulative ranking curve (SUCRA) represents the area under the curve of the cumulative probability graph of efficacy ranking. The decrease in
fasting blood glucose is better, the SUCRA value is bigger, and the efficacy ranking is higher.
TABLE 11 Network meta-analysis ladder table of triglyceride.

Electropuncture 0.02 (-0.21, 0.25) 0.04 (-0.11, 0.19)

-0.02 (-0.25, 0.21) Behavioral therapy 0.02 (-0.25, 0.29)

-0.04 (-0.19, 0.11) -0.02 (-0.29, 0.25) Western medicine
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A B

C

FIGURE 10

Efficacy ranking and cumulative probability graph of total cholesterol (TC) treated by different types of intervention. Comparison of efficacy ranking and
cumulative probability of TC between each kind of intervention. (A) Electropuncture, (B) behavioral therapy, and (C) western medicine.
TABLE 12 Network meta-analysis ladder table of total cholesterol.

Electropuncture 0.40 (0.06, 0.74) 0.00 (-0.26, 0.26)

-0.40 (-0.74, -0.06) Behavioral therapy -0.40 (-0.83, 0.03)

-0.00 (-0.26, -.0.26) 0.40 (-0.03, 0.83) Western medicine
Frontiers in Endocrinology
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Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
A B

C

FIGURE 11

Efficacy ranking and cumulative probability graph of high-density lipoprotein (HDL) treated by different types of intervention. Comparison of efficacy
ranking and cumulative probability of HDL between each kind of intervention. (A) Electropuncture, (B) behavioral therapy, and (C) western medicine.
frontiersin.org

https://doi.org/10.3389/fendo.2022.968481
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Chen et al. 10.3389/fendo.2022.968481
TABLE 13 Efficacy ranking of mesh meta-analysis: high-density lipoprotein (HDL) and low-density lipoprotein (LDL).

Treatment SUCRA Rank

HDL

Electropuncture 89.5 1

Behavioral therapy 51.4 2

Western medicine 9.1 3

LDL

Electropuncture 83.6 1

Western medicine 65.9 2

Behavioral therapy 0.5 3
Frontiers in Endocrinology 15
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As shown in the table, the surface under the cumulative ranking curve (SUCRA) represents the area under the curve of the cumulative probability graph of efficacy ranking. The decrease in
fasting blood glucose is better, the SUCRA value is bigger, and the efficacy ranking is higher.
A B

C

FIGURE 12

Efficacy ranking and cumulative probability graph of low-density lipoprotein (LDL) treated by different types of intervention. Comparison of efficacy ranking
and cumulative probability of LDL between each kind of intervention. (A) Electropuncture, (B) behavioral therapy, and (C) western medicine.
TABLE 14 Network meta-analysis ladder table of high-density lipoprotein.

Electropuncture -0.03 (-0.10, 0.04) -0.07 (-0.13, -0.01)

0.03 (-0.04, 0.10) Behavioral therapy -0.04 (-0.13, 0.05)

0.07 (0.01, 0.13) 0.04 (-0.05, 0.13) Western medicine
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
TABLE 15 Network meta-analysis ladder table of low-density lipoprotein.

Electropuncture 0.38 (0.15, 0.61) 0.04 (-0.13, 0.21)

-0.38 (-0.61, -0.15) Behavioral therapy -0.34 (-0.63, -0.05)

-0.04 (-0.21, 0.13) 0.34 (0.05, 0.63) Western medicine
Bold values means the sorting tables represent the area under the curve of the cumulative probability sorting chart, the bold values are the rank of the sorting by different types of
intervention in our study. While the number of the ladder table is the relative effect value and 95% CI.
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methods have good advantages in both overall efficacy score and

single index evaluation, providing strong objective evidence for

obesity combined with IR in the future.
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Epidemic obesity is contributing to increases in the prevalence of obesity-

related metabolic diseases and has, therefore, become an important public

health problem. Adipose tissue is a vital energy storage organ that regulates

whole-body energy metabolism. Triglyceride degradation in adipocytes is

called lipolysis. It is closely tied to obesity and the metabolic disorders

associated with it. Various natural products such as flavonoids, alkaloids, and

terpenoids regulate lipolysis and can promote weight loss or improve obesity-

related metabolic conditions. It is important to identify the specific secondary

metabolites that are most effective at reducing weight and the health risks

associated with obesity and lipolysis regulation. The aims of this review were to

identify, categorize, and clarify the modes of action of a wide diversity of plant

secondary metabolites that have demonstrated prophylactic and therapeutic

efficacy against obesity by regulating lipolysis. The present review explores the

regulatory mechanisms of lipolysis and summarizes the effects and modes of

action of various natural products on this process. We propose that the

discovery and development of natural product-based lipolysis regulators

could diminish the r isks associated with obes i ty and cer ta in

metabolic conditions.
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1 Introduction

Obesity is excessive lipid accumulation in adipose tissue. It is

caused by an imbalance between energy intake and energy

consumption. According to the World Health Organization

(WHO), more than 650 million adults over 18 years of age

were obese as of 2016 (1). Obesity is a risk factor for

cardiovascular disease (CVD), insulin resistance (IR), type 2

diabetes mellitus (T2DM), hypertension, dyslipidemia, and

certain cancers (2). Increased adipocyte number (hyperplasia)

and size (hypertrophy) are morphological manifestations of

obesity (3). Adipose tissue is classified into three distinct types:

white (WAT), brown (BAT), and beige (4). WAT stores excess

energy in the form of triglycerides (TG), whereas BAT and beige

adipose tissues catabolize TG into heat (5). Adipose tissue also

functions as an endocrine organ and filler tissue and cushions,

supports, and insulates the body (6).

WAT is generally considered a ‘troublesome and excessive

tissue’. Body weight may be lost via intermittent fasting,

medication, exercise, or surgery (7). However, it is uncertain

whether these approaches maintain weight loss or have

unacceptable side effects in the long term. Exercise appears to

be an effective weight loss method, although its efficacy depends

largely on its duration, frequency, and intensity (8). The

administration of certain drugs is promising for obesity

prevention and treatment. Intermittent fasting, drugs, and

exercise decompose TG faster than they are synthesized in the

adipocytes. Hence, pharmacological and nutritional

enhancements of this process are potential strategies for

weight loss and the prevent ion of obesity-re lated

metabolic syndrome.

The reservoir effect of WAT protects other tissues against the

toxic effects of glycolipids associated with excess energy storage.

Adipocytes have limited lipid storage capacity and can hold no

additional TG when their volume expands beyond a critical

point. At this stage, the adipose tissue becomes dysfunctional.

This condition is observed in patients with insulin resistance,

T2DM, and obesity and is manifested by decreased TG synthesis

and excess free fatty acid (FFA) release (9). In cases of adipose

tissue dysfunction, certain compounds improve whole-body

energy metabolism by inhibiting lipolysis.

Natural products are vital sources of lead compounds and

are important in drug discovery. Several natural products are

widely used in obesity treatment (10). Various natural products

(11–14), including flavonoids, alkaloids, and terpenoids control

obesity by stimulating lipolysis, inhibiting adipogenesis and

lipogenesis, and promoting energy expenditure. However, the

activities and mechanisms of natural products in modulating

lipolytic activity have not yet been systematically summarized. In

the present review, from a lipolysis perspective, we describe the

biosynthesis and metabolism of TG in adipose tissue and review

the regulatory mechanisms of lipolysis. Furthermore, we
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summarize a wide diversity of plant secondary metabolites

that have demonstrated anti-obesity effects via the promotion

of lipolysis. We also focus on the progress of research on

inhibitors of lipolysis with different mechanisms of action in

adipose tissue dysfunction. This review provides insight into the

precise biochemical and molecular mechanisms by which plant

secondary metabolites inhibit the onset and/or progression of

obesity and, by extension, its related co-morbidities. In addition,

it highlights the potential of lipolysis as a therapeutic target for

obesity and its complications.
2 Triglyceride biosynthesis and
metabolism

Adipose tissue, the liver, and skeletal muscle are the mains

organs responsible for the regulation of lipid metabolism. TG

biosynthesis and decomposition (lipolysis) in WAT equilibrate

lipid metabolism. After feeding, glucose and lipids from food are

absorbed in the intestine in the form of chylomicrons and enter

the bloodstream. The chylomicrons are then hydrolyzed into

FFAs by lipoprotein lipase and absorbed and utilized by

adipocytes and liver and muscle tissue. Insulin is secreted by

b-cells in the pancreas and promotes FFA and glucose uptake,

while insulin inhibits lipolysis via lipase inhibition. Adipocytes

absorb excess FFA and glucose and produce TG as an energy

storage form (15). During this process, adipogenesis and

lipogenesis increase, while lipolysis, thermogenesis, and

browning decrease. De novo lipogenesis involves TG

biosynthesis and occurs in the adipocytes and liver. To

maintain normal blood glucose levels, the liver converts excess

glucose into glycogen and stores it in liver cells, or hepatocytes,

which can also synthesize TG through the de novo TG synthesis

pathway. TG subsequently is transported from the liver to

adipose tissue by very low-density lipid (VLDL) (16). An

important contributor to hepatic fat accumulation is the

insufficient hepatic export of TG in the form of VLDL

particles. TG synthesis and metabolism are illustrated

in Figure 1.

During fasting and starvation, TG is decomposed into

glycerol and FFA (17). Adipose triglyceride lipase (ATGL),

hormone-sensitive lipase (HSL), and monoacylglycerol lipase

(MAGL) hydrolyze TG to FFAs and glycerol. The glycerol is

used to make glucose in gluconeogenesis. FFAs are then released

into circulation, where they are utilized by the peripheral tissues

and/or re-esterified into TG in the adipocytes. Skeletal muscle

and the liver are the most important organs involved in FFA

metabolism via b-oxidation and subsequent ATP generation.

Mitochondrial-rich beige adipose tissue or BAT are the major

sites responsible for non-shivering thermogenesis in mammals.

Cold exposure, b-adrenergic receptor (b-AR) agonists,

peroxisome proliferator-activated receptor-g, and exercise can
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induce the browning of WAT. FFA produced by

l ipo ly s i s i s a l so absorbed and ut i l i z ed by be ige

adipocytes or BAT through UCP-1-dependent shiver-

independent thermogenesis.
3 Lipolysis and its mechanisms

Lipolysis is a finely regulated process mediated by the

consecutive actions of ATGL, HSL, and MAGL. ATGL or HSL

first hydrolyzes TG to diglycerides and FFA. HSL then

hydrolyzes diglycerides to monoglycerides and FFA. MAGL

then hydrolyzes monoglycerides to glycerol and FFA (18).

Lipid droplet autophagy or lipophagy is a complementary

cellular lipid breakdown pathway (19). Sex, age, physical

activity, fat deposit location, and genetic variation regulate

basal lipolytic activity in adipocytes (20). The proinflammatory

cytokines TNF-a (21), IL-6 (22), and IL-1b (23) as well as

lipopolysaccharide (LPS) (24) and hypoxia (25) may induce TG

lipolysis. Lipid droplet-associated proteins (LDAPs) (26), cyclic

guanosine monophosphate dependent-protein kinase G (cGMP-

PKG) (8), mitogen-activated protein kinase (MAPK) (27), and

adenosine 5’-monophosphate (AMP)-activated protein kinase

(AMPK) (28) are also implicated in TG lipolysis.
3.1 LDAPs

Lipid droplets (LD) are dynamic lipid storage organelles

surrounded by single layers of polar and amphipathic

phospholipids and structural proteins. They are now

considered major fat storage, lipid secretion, and lipolysis
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regulators (29). The perilipins, including perilipin1, perilipin2,

and perilipin5, as well as the cell death-inducing DNA

fragmentation factor alpha (DFFA)-like effector (CIDE) family

proteins, including Cidea, Cideb, and Cidec/Fsp27, have

emerged as key lipolysis regulators (30, 31). Perilipin1 is a

scaffold for organized protein-protein interactions on LD

surfaces. It binds CGI-58 and suppresses HSL translocation to

LD under basal conditions. During stimulatory conditions,

however, phosphorylation causes perilipin to dissociate from

CGI-58. The free CGI-58 then binds phosphorylated ATGL and

co-activates TG hydrolysis (32). Perilipin phosphorylation

recruits HSL from the cytosols to the surfaces of the LDs, and

diglycerides are then hydrolyzed (26). FSP27-deficient cells

exhibite increased basal lipolysis and reduced lipid storage

capacity (33). The mechanisms by which perilipin1 regulates

lipolysis are generally understood. However, the roles and

mechanism of perilipin2, perilipin5, and the CIDE family in

lipolysis remain to be elucidated.
3.2 cAMP-PKA pathway

In vivo, dynamic lipolysis processes are mainly regulated by

hormones, such as catecholamines, ghrelin, adiponectin, and

insulin. Under conditions of fasting, cold stress, and other

compound treatment, norepinephrine is released from

sympathetic nerve terminals. b-AR agonists, such as

epinephrine, norepinephrine, and dopamine, upregulate cyclic

AMP (cAMP) by linking various AR subtypes to the G-protein

receptor complex that controls adenylate cyclase in the cell

membrane. Thereafter, protein kinase A (PKA) is activated by

cAMP (34). PKA phosphorylates both HSLs at Ser563, Ser659,
FIGURE 1

TG synthesis and metabolism.
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and Ser660, thereby activating them and promoting their

translocation from the cytoplasm to the surfaces of LDs (35).

cAMP degradation is mediated by phosphodiesterase (PDE).

Insul in inhibits l ipolysis mainly by activating the

phosphoinositide 3-kinase/protein kinase B/PDE 3B (PDE3B)

pa thway , wh i ch l eads to p-HSL and p-pe r i l i p in

dephosphorylation (36). In addition, ligands of Gi protein-

coupled receptors, such as succinic acid, nicotinic acid, beta-

hydroxybutyric acid, and neuropeptide Y, inhibit the formation

of cAMP by binding to their receptors, thereby exerting an anti-

lipolytic effect.
3.3 cGMP-PKG

Cyclic guanosine 3’5’-monophosphate (cGMP) is an

important intracellular secondary messenger of hormone-

induced lipolysis. Atrial and b-type natriuretic peptides are

nitric oxide (NO) donors that stimulate lipolysis in adipocytes

via the cGMP/PKG pathway (8). PKG phosphorylates proteins

associated with lipolysis, including HSL and perilipin, thereby

promoting TG breakdown (37). The cGMP is also involved in

TNF-a (iNOS/NO/GC/cGMP-dependent pathway)- and

endothelin-1 (GC/cGMP/Ca2+/ERK/CaMKIII signaling

pathway)-induced lipolysis in adipocytes (38–40). Few studies

have reported on the involvement of cGMP/PKG in lipolysis

regulation. Moreover, the roles of cGMP/PKG in lipolytic

enzymes regulation and LDAPs remain to be clarified.
3.4 Mitogen-activated protein kinase

The mitogen-activated protein kinase (MAPK) family,

which including extracellular signal-regulated kinases (ERKs),

jun aminoterminal kinase (JNK), and p38 mitogen-activated

protein kinases (p38) plays vital roles in adipogenesis and

lipolysis. (b−AR) stimulation by catecholamine activates

ERK1/2, which is sufficient to induce lipolysis by direct HSL

phosphorylation at Ser600. JNK regulates lipolysis. JNK1/2

deficiency accelerates basal lipolysis in mouse adipocytes (41).

The MEK1/2-ERK1/2 pathway controls TNF-a-stimulated

lipolysis in human adipocytes (42).
3.5 AMPK pathway

AMPK is a Ser/Thr protein and an important regulatory

sensor of cellular energy metabolism. Activated AMPK inhibits

sterol regulatory element binding protein-1, CCAAT/enhancer

binding protein alpha, peroxisome proliferator activated

receptor gamma, and acetyl-CoA carboxylase (ACC). Hence,

AMPK suppresses adipocyte differentiation (43). AMPK also

phosphorylates ATGL Ser406, which promotes TG
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decomposition (44). However, the roles of AMPK in

regulating TG lipolysis in adipocytes are controversial. AMPK

may phosphorylate HSL at Ser565 to inhibit phosphorylation at

HSL Ser660 and Ser563. In this manner, it reduces HSL activity

and suppresses lipolysis (45). AMPK is implicated in chaperone-

mediated autophagy which selectively degrades perilipins and

initiates lipolysis (46). Therefore, proteins and signaling

pathways that modulate AMPK expression and activity, such

as SIRT (47) and SIRT3 (48), mobilize TG in adipocytes.

Protein kinase C (49), Ca2+ (50), inositol hexakisphosphate

kinase-1 (51), transient receptor potential vanilloid channels (38,

52), and endoplasmic reticulum (ER) stress (53) regulate

lipolysis in adipocytes either alone or by interacting with the

aforementioned signaling pathways (Figure 2).
4 Natural products involved in
lipolysis

The structural diversity of natural products determines their

wide range of pharmacological activity. Natural products may be

used to treat obesity and its associated metabolic diseases.

Traditional and complementary medicines including various

herbs and extracts have been widely used to prevent and treat

metabolic disorders (54, 55). Flavonoids (56), alkaloids (57),

terpenoids (58), and polyphenols (59) stimulate lipolysis in

adipocytes, thereby causing weight loss and improving

metabolic status. Their modes of action involve the PKA-HSL,

PKC, AMPK, MAPK, and other signaling pathways.
4.1 Natural products promote lipolysis

4.1.1 Flavonoids
Flavonoids comprise a large family of natural substances

sharing a molecular structure characterized by at least one

phenolic ring. Flavonoids are reputed for their health benefits.

Epigallocatechin-3-gallate (EGCG) is a polyphenolic catechin in

green tea that improves the lipid prolife and reduces body weight

(60). EGCG inhibits adipogenesis and adipocyte differentiation,

reduces energy intake, and increases energy expenditure and

lipolysis (61, 62). EGCG-stimulated lipolysis is mediated by

activating HSL (63), ERK1/2 (64), and p-AMPK (65).

Lipophagy is also associated with EGCG-induced lipolysis.

Rab7 knockdown attenuates EGCG-dependent lipid reduction

(65). However, a clinical trial demonstrated no effect of EGCG

on obesity reduction, lipolysis, or white adipocyte browning in

humans (66).

Kaempferol (67), apigenin (68), genistein (69), morusin (70),

medicarpin (71), and myricetin (72) commonly occur in fruits,

vegetables, and tea. These flavonoids have anti-obesity and pro-

lipolysis efficacy. Elevated lipolysis upregulates thermogenic
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genes and increases mitochondrial biogenesis by supplying FFAs

for mitochondrial b-oxidation. Apigenin activates lipolysis via

the ATGL/FOXO1/SIRT1 pathway and increases FFA

consumption by upregulating fatty acid oxidation (FAO)

(AMPK/ACC), thermogenesis, and browning (UCP-1, PGC-

1a) (68). Lipolysis is also associated with activated BAT or

beiging which is regarded as an alternative strategy against diet-

induced obesity. Xanthohumol (73), apigenin (68), and EGCG
Frontiers in Endocrinology 05
67
(65) inhibit adipogenesis, stimulate adipocyte lipolysis, and may

act as browning or beiging agents because they upregulate the

thermogenic protein UCP1 (Table 1).

4.1.2 Alkaloids
Consumption of coffee, ephedrine, or capsaicin increases

lipolytic responses, raise metabolic rates, and increase energy

expenditure and weight loss (74, 75). Caffeine is the main
frontiersin.org
FIGURE 2

Signaling pathways regulating lipolysis in adipocytes.
TABLE 1 Lipolytic effects and modes of action of flavonoids.

Compound Model Concentration Effect Mechanism Reference

EGCG 3T3-L1 adipocytes;
C3H10T1/2 cells

10 µM Adipogenesis inhibition
Lipophagy activation and adipocyte
browning

Increasing p-AMPK
Lipophagy mediates EGCG-induced
lipolysis

Kim et al. (65)

3T3-L1 adipocytes 10 µM Lipolysis promotion Increasing HSL Lee et al. (63)

Rat primary adipocytes 2.79 µM Lipolysis promotion Increasing p-ERK1/2 Ogasawara et al.
(64)

Kaempferol 3T3-L1 adipocytes 60 mM Lipolysis promotion
Adipogenesis inhibition

Increasing ATGL and HSL Torres-Villarreal
et al. (67)

Apigenin HFD-Fed mice 0.04% Increasing lipolysis, thermogenesis,
and browning

Increasing ATGL, SIRT1, and p-
AMPK

Sun et al. (68)

Myricetin 3T3-L1 adipocytes 50 and 100 mM Increasing lipolysis Decreasing perilipin1
Increasing p-p38 and p-JNK

Wang et al. (72)

Genistein Primary rat adipocytes 0.1 and 1 mM Increasing lipolysis PKA-mediates, genistein-induced
lipolysis

Szkudelska et al.
(69)

Morusin 3T3-L1 and primary
adipocytes

5, 10 and 20 mM Lipolysis promotion
Adipogenesis inhibition

Increasing HSL, ATGL, and p-
perilipin expression

Lee et al. (70)

Medicarpin BAT cells (10 mM) Lipolysis promotion PKA-mediates, medicarpin-induced
lipolysis

Imran et al. (71)

Xanthohumol 3T3-L1 and primary human
adipocytes.

25 mM Adipogenesis suppression
Increasing lipolysis and white
adipocyte beiging

AMPK signaling pathway mediates
lipolysis

Samuels et al. (73)
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alkaloid in tea, coffee, and cacao. It decreases body fat, improves

glucose tolerance and insulin sensitivity (76), and increases

lipolysis by raising cAMP levels and upregulating lipolytic

enzymes (77). Ephedrine is an a- and b-adrenergic receptor

agonist with efficacy as a bronchodilator. It also activates the b-
adrenergic receptors, contributing to lipolysis (78). Capsaicin

analogs significantly increase cAMP levels and PKA activity in

BAT (79). While ephedrine, caffeine, capsaicin, and synephrine

strongly induce lipolysis, they are also associated with various

cardiovascular and gastrointestinal side effects when they are

administered for weight loss (80). Therefore, novel lipolytic

compounds with minimal adverse react ions meri t

further investigation.

Berberine (BBR) is an isoquinoline alkaloid derived from the

Chinese herb Coptis chinensis. It has anti-obesity, anti-diabetic,

and anti-hyperlipidemic efficacy. BBR stimulates basal lipolysis

in 3T3−L1 adipocytes by upregulating ATGL via the AMPK

pathway (81, 82). However, Zhou et al. found that BBR

attenuates isoprenaline-stimulated lipolysis in 3T3−L1

adipocytes by reducing phosphodiesterase-3B and -4

inhibition, thereby decreasing cAMP production and

inhibiting HSL activation (83). Trigonelline (N-methylnicotinic

acid) is a pyridine derivative that increases brown and beige fat-

specific markers as well as mitochondrial biogenesis in 3T3-L1

adipocytes (57). Trigonelline as well as cordycepin from

Cordyceps militaris promotes white adipocytes beiging and

browning and increases lipolysis by various mechanisms (57,

84) (Table 2).
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4.1.3 Terpenoids
Terpenoids comprise five-carbon isoprene units and have

diverse effects on obesity and its associated metabolic diseases.

Triterpenoids include 18b-glycyrrhetinic acid (18b-GA) (88),

ursolic acid (89), acetyl-keto-b-boswellic acid (AKBA) (90),

alisol A 24-acetate (AA-24-a) (91), celastrol (92), and betulinic

acid (93). All of these reduce neutral lipids in the cytosol and

increase FFA release. Madecassoside (94), tanshinone 1 (95),

triptolide (58), crocin (96), guggulsterone (97), bilobalide

(98), a-cubebenoate (99, 100), betulinic acid (93),

fucoxanthinol (101), widdrol (102), ginkgolide C (103), and

illudins C2 and C3 (104) could all potentially treat obesity

either by inhibiting adipocyte differentiation and lipogenesis or

by increasing lipolysis. The LDAP (88–90), PKA (89, 90),

AMPK (96, 98), and PKC-MEK-ERK (102) pathways are

involved in the lipolytic mechanisms induced by these

compounds (Table 3).

Celastrol and triptolide are the main bioactive constituents

in the root of Tripterygium wilfordii. The administration of

celastrol and triptolide reduces body and fat weight, suppresses

lipogenesis (58, 92), increases heat production in BAT, and

enhances lipolysis (58). Celastrol rapidly lowers body weight by

covalently inhibiting GRP78 chaperone activity and

disconnecting ER stress signal transduction (92). Elevated

lipolysis induced by triptolide is mediated by p53 which

directly binds and promotes the transcription of the ATGL

promoter (58). Although triptolide and celastrol have good

anti-obesity efficacy, their potential toxicity must be established.
TABLE 2 Lipolytic effects and modes of action of alkaloids.

Compound Animal or cell model Concentration Effect Mechanism Reference

BBR Differentiated porcine adipocytes 10-40 mM Lipolysis and FFA oxidation
promotion

Increasing p-ATGL
Decreasing perilipin
AMPK mediates BBR-induced
lipolysis

Yang et al.
(82)

Trigonelline 3T3-L1 cells 75 mM Promoting lipolysis, browning, and
FFA oxidation
Decreasing adipogenesis and
lipogenesis

b3-AR/PKA activation
PDE4 inactivation

Choi et al.
(57)

Capsaicin 3T3-L1 cells 10 mM Promoting lipolysis Increasing HSL and UCP2 Lee, et al. (85)

HFD-Fed transient receptor potential
vanilloid 1 deficient (TRPV1-/-) mice
3T3-L1 cells

Animal: chow plus
0.01% capsaicin
Cell: 1 mmol/L

Promoting lipolysis TRPV1 mediates capsaicin-induced
lipolysis

Chen, et al.
(86)

Caffeine SD rats 5 mg/kg Promoting lipolysis N.A. Kobayashi-
Hattori et al.
(87)

Cordycepin Animal: S-D rats
Cell: 3T3-L1 cells

Animal: 12.5, 25,
and 50 mg/kg
Cell: 1.563-25 mg/
mL

White adipocyte beiging and
browning
Blocking lipid droplet formation
and promoting lipid droplet
degradation

Decreasing Fsp27, perilipin 3,
perilipin 2, Rab5, Rab11, CGI-58 and
perilipin 1
Increasing ATGL

Xu et al. (84)
f

HFD, high-fat diet; N.A., not available.
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TABLE 3 Lipolytic effects and modes of action of terpenoids.

Compound Animal or cell model Concentration Effect Mechanism Reference

18b-GA 3T3-L1 cells 40 mM Inhibiting adipogenic
differentiation
Increasing lipolysis

Increasing HSL, ATGL, perilipin and
p-HSL expression

Moon et al.
(88)

Ursolic acid Primary rat adipocytes 25 and 50 mM Increasing lipolysis Increasing HSL translocation and
ATGL expression
Decreasing perilipin1
PKA participates in lipolytic action of
UA

Li et al. (89).

AKBA 3T3-L1 adipocytes 30 mM Increasing lipolysis Increasing ATGL and HSL
Decreasing perilipin

Liu et al.
(90)

Betulinic acid Rat adipocytes 10 and 25 mM Increasing lipolysis Decreasing PDE activity Kim et al.
(93)

AA-24-a 3 T3-L1 cells 30, 40 and 50 mM Increasing lipolysis PKA- and ERK- mediated AA-24-A-
promote lipolysis

Lou et al.
(91)

Celastrol C57BL/6N mice fed HFD 7.5 mg/kg/d for 21 d Inhibiting lipogenesis
Increasing lipolysis and
thermogenesis

Inhibiting endoplasmic reticulum (ER)
stress

Luo et al.
(92)

3T3-L1 adipocytes 400 nM Inhibiting adipocyte
differentiation and
adipogenesis

N.A. Choi et al.
(105)

Tanshinone 1 Immortalized brown adipocytes (iBAs)
and differentiated C3H10T1/2 cells

15 mM Reducing HFD-induced
obesity
Activating brown adipocytes
Increasing lipolysis and
browning

Increasing HSL and p-AMPK Jung et al.
(95)

Cis-Guggul-
sterone

3T3-L1 adipocytes 25 and 50 mM Inhibiting lipid content
Increasing lipolysis

Increasing p-ERK1/2 Yang et al.
(97)

Madecas-
soside

KKay/TaJcl obese diabetic mice 40 mg/kg/d Inhibiting lipogenesis.
Promoting lipolysis and
thermogenesis

Increasing p-HSL, p-AMPK Sun et al.
(94)

Triptolide Cell: 3T3-L1 and porcine adipocytes
Animal: C57BL/6J fed HFD

Cell: 10 nM Animal:
0.2 mg/kg for 7 wks

Reducing fat tissue
accumulation
Increasing heat production
Increasing lipolysis

P53-mediated ATGL transcription
responsible for triptolide-induced
lipolysis

Wang et al.
(58)

Crocin Cell: 3T3-L1 adipocytes Animal: db/db
mice

Cell: 20 mM
Animal: 20 mg/kg/d

Increasing lipolysis
Inhibiting preadipocyte
differentiation and
adipogenesis

AMPK mediates crocin-trigged
lipolysis

Gu et al.
(96)

Bilobalide 3T3-L1 adipocytes 25 and 100 mM Inhibiting preadipocyte
differentiation and
adipogenesis
Increasing lipolysis

Increasing ATGL, pHSL, pACC1/
ACC1, and pAMPK/AMPK

Bu et al.
(98)

a-Cubebe-
noate

Primary adipocytes and 3T3-L1
adipocytes

10, 20, and 30 mg/mL Inhibiting adipogenesis and
lipogenesis
Increasing lipolysis

Increasing pHSL, ATGL, and p-
perilipin

Bae et al.
(99)

a-Cubebenol 3T3-L1 adipocytes 7.5, 15, and 30 mg/mL Inhibiting adipogenesis
Increasing lipolysis

Increasing cAMP, ATGL, p-perilipin,
and p-HSL
Decreasing perilipins and PDE4

Lee et al.
(100)

Illudins C2
and C3

3T3-L1 adipocytes 5 and 10 mM Suppressing adipogenesis
Increasing lipolysis

PKA and ERK mediate illudins C2 and
C3-stimulated lipolysis

Kim et al.
(104)

Fuco-
xanthinol

3T3-L1 adipocytes 5 and 10 mM Decreasing TG content
Increasing lipolysis

Increasing ATGL, pHSL, pACC1/
ACC1, and pAMPK/AMPK
Decreasing CGI-58, ATGL, p-HSL, and
perilipin

Yoshikawa
et al. (101)

Widdrol 3T3-L1 adipocytes 10-25 mg/mL Increasing lipolysis PKC and MEK/ERK pathway mediated
Widdrol-induced lipolysis

Jeong et al.
(102)

Ginkgolide C 3T3-L1 adipocytes 10, 30 and 100 mM Suppressing adipogenesis and
promoting lipolysis

Increasing ATGL, p-HSL, and p-
AMPK

Liou et al.
(103)
Frontiers in En
docrinology
 07
69
fro
N.A., not available.
ntiersin.org

https://doi.org/10.3389/fendo.2022.1000739
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Yang et al. 10.3389/fendo.2022.1000739
4.1.4 Other compounds
Resveratrol (RSV) (106), 2,4,5-trimethoxybenzaldehyde

(2 ,4 ,5-TMBA) (11) , raspberry ketone (RK) (107) ,

cinnamaldehyde (108), lipoic acid (109), syringic acid (110),

6’-O-acetyl mangiferin (111), ferulic acid (112), and magnolol

(113) have all demonstrated potential prophylactic and

therapeutic efficacy against obesity. RSV directly affectes

isoprenaline-stimulated lipolysis in vitro in fac cells from

overweight humans (114). It also increases FFA and glycerol

content in high-fat diet (HFD)-fed mice or 3T3-L1 adipocytes

(106). Arrate et al. showed ATGL-mediated, RSV-induced

lipolysis in vivo (115). However, a randomized, double-blind,

crossover study revealed that RSV improved adipose tissue

lipolysis and decreased plasma FFA and glycerol levels (116).

This apparent contradiction in the anti-obesity effects of RSV in
Frontiers in Endocrinology 08
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rodents and humans necessitates the re-evaluation of RSV as a

putative anti-obesity drug.

RK has a structure resembling those of capsaicin and

synephrine and can prevent HFD-induced obesity (117). 3T3-

L1 adipocytes treated with 10 µM RK presented with elevated

FAO and inhibition of lipid accumulation (118). Magnolol is the

main bioactive compound in Magnolia officinalis. Its lipolytic

effect is mediated by the calcium/calmodulin-dependent protein

kinase (CaMK)/ERK1/2 signaling pathway and not by PKA

(119). Magnolol may cause browning in white adipocytes and

augment thermogenesis (113) (Table 4). Further research in the

form of animal models is required to validate the lipolytic

potential and clinical value of the foregoing compounds.

The lipolytic effects of the compounds above have already

been established in in vivo or in vitro experiments. For
TABLE 4 Lipolytic effects and modes of action of other compounds.

Compound Animal or cell model Concentration Effect Mechanism Reference

2,4,5-TMBA 3T3-L1 adipocytes 100 mg/mL Suppressing differentiation and
adipogenesis
Increasing lipolysis

Reducing perilipin
Increasing HSL

Wu et al. (11)

Raspberry
ketone

Animal: ICR mice +HFD
Cell: Primary adipocytes

Animal: 1) HFD
including 0.5, 1, or 2%
RK
2) HFD containing 1%
RK
Cell: 10−3 mM and 10-4

mM

Preventing obesity
Increasing norepinephrine-induced
lipolysis

Increasing HSL protein
translocation

Morimoto (117).

3T3-L1 adipocytes 10 mM Increasing FAO and lipolysis
Suppressing lipid accumulation

N.A. Park et al. (118)

3T3-L1 adipocytes 10, 20, and 50 mM Inhibiting adipogenic and lipogenesis
Increasing lipolysis

Increasing ATGL and HSL Park et al. (120)

RSV Human adipocytes 100 mM Increasing isoprenaline-induced lipolysis
Impairing insulin-mediated anti-lipolysis

N.A. Gomez-Zorita
et al. (114)

Animal: C57BL/6J mice +HFD
Cell: 3T3-L1 adipocytes

Animal: 15 mg/kg
Cell: 20 mM

Promoting lipolysis
Improving metabolic abnormalities

N.A. Gong et al.
(106)

Cell: 3T3-L1 adipocytes, human
SGBS adipocytes
Tissue: fat pads from wild-type,
ATGL-/- and HSL-/- mice

100 mM Increasing basal-, isoproterenol-, and
isoproterenol-stimulated lipolysis

ATGL mediates RVS-
induced lipolysis

Lasa et al. (115)

Lipoic acid 3T3-L1 adipocytes 250 mM Increasing lipolysis cAMP-PKA mediates LA-
induced lipolysis

Fernández-
Galilea et al.
(109)

Cinnamal-
dehyde

Animal: Swiss albino mice fed
HFD.
Cell: 3T3-L1 adipocytes

Animal: 10 mg/kg/d for
14 wks
Cells: 20 mM and 40 mM

Inhibiting preadipocyte differentiation and
lipid accumulation in adipocytes
Increasing lipolysis and browning

Increasing HSL
Decreasing Plin1

Khare et al.
(108)

Magnolol Sterol ester (SE)-loaded 3T3-L1
preadipocytes

5-60 mM Promoting lipolysis CaMK/ERK mediate
magnolol-induced lipolysis

Huang et al.
(119)

3T3-L1 adipocytes Promoting lipolysis, browning, and
thermogenesis

Increasing p-HSL, PKA, p-
AMPK, Plin1

Parray, et al.
(113)

Syringic acid 3T3-L1 adipocytes 1000 mmol/mL Promoting lipolysis N.A. John et al. (110)

6’-O-acetyl
mangiferin

3T3-L1 adipocytes 12.5, 25, and 50 mM Promoting lipolysis Increasing p-HSL, ATGL,
and p-AMPK

Sim et al. (111)

Ferulic acid 3T3-L1 adipocytes 10 mM Inhibiting lipogenesis and promoting
lipolysis

Increasing p-perilipin, p-
HSL

Kuppusamy
et al. (112)
N.A., not available.
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compounds with pro-lipolytic activity tested only in vivo,

preclinical pharmacodynamics and safety evaluations are

required. In pharmacodynamics experiments, primary

outcome measures, such as change in body weight, food

intake, resting metabolic rate, blood lipids, and biochemistry,

need to be tested. In addition to general and specific toxicities of

drugs, the safety evaluation should pay special attention to liver

and kidney toxicity caused by long-term use of lipolysis agonists,

as well as pancreatic damage, insulin resistance, and

cardiovascular events that may be caused by elevated FFA.
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4.2 Natural products that inhibit lipolysis

Adipose tissue dysfunction increases circulating FFA levels.

Elevated FFAs are often observed in patients with IR and T2DM

(9). Impaired lipogenic capacity driven by insulin signaling and

re-esterification of FFA with adipocytes results in impaired

buffering capacity for FFA and high concentrations of

circulating FFA (26). Long-term over-activation of lipolysis

may promote lipid ‘overflow ’ into the muscle, liver,

endothelium, heart, and b-cells, thereby causing muscular/
TABLE 5 Anti-lipolytic effects and mechanisms of various compounds.

Compound Animal or cell model Concentration Effect Mechanism Reference

RA 3T3-L1 adipocytes 50 mM Inhibiting adipogenesis and
lipolysis

Decreasing p-HSL-ser660 and p-perilipin A Rui et al.
(136)

AS-IV Animal: ICR mice fed HFD Animal: 50 and
100 mg/kg

Inhibiting lipolysis and hepatic
lipid deposition
Improving glucose tolerance

Decreasing cAMP
Increasing PDE3B, AMP, and Akt

Du et al.
(126)

3T3-L1 adipocytes 50, 100, and 200
mM

Inhibiting TNF-a-induced
lipolysis and improving IR

Increasing perilipin
Decreasing p-ERK1/2

Jiang et al.
(131)

Curcumin Adipose tissue
Cells: 3T3-L1 adipocytes

0.1, 1, and 10 mM Inhibiting lipolysis
Reducing lipid deposition and
IR in liver

Decreasing cAMP, p-HSL and ER stress
Increasing AMP and PDE3B

Wang et al.
(125)

3T3-L1 adipocytes 20 mM Inhibiting TNF-a or
catecholamine-induced lipolysis

Decreasing p-ERK1/2, p-perilipin, and HSL
translocation

Xie et al.
(132)

Ilexgenin A Adipose tissue 20 or 50 mg/kg Inhibiting lipolysis and hepatic
IR

Decreasing cAMP, pSer-660-HSL and ER
stress
Increasing AMP, PDE3B, pSer-565-HSL,
and p-AMPK

Li et al. (127)

BBR 3T3-L1 adipocytes 10 mM BBR-decreased isoprenaline-
and noradrenaline-induced
lipolysis

Reducing PDE inhibition Zhou et al.
(83)

RSV Obese human 150 mg/d for 30 d Inhibiting lipolysis
Increasing muscle and
decreasing hepatic lipid content

N.A. Timmers
et al. (116)

Piceatannol 3T3-L1 adipocytes, brown
adipocyte, and WAT

25 and 50 mM Inhibiting basal and
isoprenaline-stimulated lipolysis

Autophagy mediated ATGL, CGI-58, and
perilipin1 downregulation induced by
piceatannol

Kwon et al.
(140)

EPA Primary rat adipocytes, 3T3-L1
adipocytes, and rat adipose tissue

100 and 200 mM Inhibiting IL-6- and TNF-a-
induced lipolysis

Increasing pSer565 HSL
Decreasing ATGL

Lorente-
Cebrián et al.
(134)

C3G 3T3-L1 adipocytes 50 mM Inhibiting high glucose-induced
lipolysis

Increasing AMPK activity
Decreasing FoxO1-mediated ATGL
transcription

Guo et al.
(138)

Emodin 3T3-L1 adipocytes 50 mM Increasing glucose metabolism
Decreasing TNF-a-induced
lipolysis

Decreasing p-perilipin and p-ERK1/2 Zhang et al.
(133)

DDE 3T3-L1 adipocytes or human
subcutaneous adipocytes

1 and 10 mM Inhibiting basal- and TNF-a-
induced lipolysis

N.A. Nehrenheim
et al. (139)

Phillyrin 3T3-L1 adipocytes 20, 40, 80 mM Increase in glucose uptake and
decrease in TNF-a-induced
lipolysis

Decreasing p-ERK1/2
Increasing perilipin

Kong et al.
(135)

Rg5 Animal: ICR mice fed HFD
Cells: 3T3-L1 adipocytes

Animal: 50 mg/kg
Cells: 0.1, 1, 10
mM

Inhibiting lipolysis in adipocytes
and IR in muscle

Decreasing cAMP and p-PKA
Increasing PDE3B and AMP

Xiao et al.
(128)

Carnosic acid Human multipotent, adipose-
derived stem cells

10 mM Inhibiting isoprenaline-induced
lipolysis

N.A. Colson et al.
(137)
f

N.A., not available.
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hepatic IR, CVD, and impaired insulin secretion (121). For

example, adipocyte-derived FFA is involved in regulating

hepatic energy metabolism (122). FFA impairs the insulin

signaling pathway by forming diacylglycerol and ceramides

and increases gluconeogenesis via the hepatic acetyl-CoA

pathway in liver during diseased states (26, 123), which leads

to TG accumulation in the liver. In patients with adipose tissue

dysfunction, then, the inhibition of lipolysis may ameliorate IR-

and obesity-associated metabolic diseases. Thiazolidinedione

antidiabetic drugs improve insulin sensitivity and reduce

circulating FFA levels by attenuating lipolysis and FFA

release (124).

Curcumin (125), astragaloside IV (AS-IV) (126), and ilexgenin

A (127) attenuate lipolysis by modulating the cAMP/PKA/HSL

pathway. The inhibition of lipolysis in adipose tissue may improve

hepatic insulin sensitivity (125, 126). Ginsenoside Rg5 (Rg5)

suppresses lipolysis and inhibited IR in muscle (128). The

foregoing findings suggest that a decrease in adipose tissue

lipolysis mediated by natural bioactive components is a

potentially efficacious therapy for hepatic IR and related disorders.

TNF-a is a proinflammatory cytokine expressed in adipose

tissue that might link obesity and IR (129) and increases plasma

FFA levels in obesity and T2DM (130). AS-IV (131), curcumin

(132), emodin (133), eicosapentaenoic acid (EPA) (134), and

phillyrin (135) attenuates TNF-a-induced lipolysis by

suppressing p-ERK1/2 and reversing perilipin or p-perilipin

downregulation. Rosmarinic acid (RA) (136, 137), RSV (116),

BBR (83) , cyanidin-3-O-b-g lucos ide (C3G) (138) ,

dihydrodehydrodiisoeugenol (DDE) (139), carnosic acid (137),
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and piceatannol (140) may also inhibit lipolysis. The effects

and mechanisms of these compounds are summarized

in Table 5.
5 Conclusions and perspectives

In the present review, we summarized the effect and modes

of action of a wide range of natural products on lipolysis.

Overall, these compounds individually or synergistically affect

lipolytic enzymes, LDAPs, ER stress, and the cAMP-PKA,

MAPK, AMPK, and PKC signaling pathways (Figure 3). The

lipolytic effects of certain compounds have already been

established. Nevertheless, their influences and mechanisms in

fat synthesis and metabolism, their toxicity, and their effects on

whole-body phenotypes, appetite, energy expenditure, and

thermogenesis remain to be determined. About half the

compounds evaluated herein affect lipolytic enzyme

expression. However, in vitro enzyme activity assay and

compound-enzyme interaction data were lacking for them.

These experiments may help identify novel lipolysis inhibitors

and agonists.

Our understanding of adipocyte lipolysis has progressed

from basic knowledge of its associated enzymatic processes to

elucidtation of the dynamic and complex regulatory

mechanisms involved. Lipolysis interacts with other related

processes, including thermogenesis, adipocyte browning, and

lipogenesis. Clarification of the mechanisms of lipolysis and the

changes it causes in whole-body energy metabolism has positive
FIGURE 3

Network analysis of natural products and lipolytic pathways.
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clinical value and socioeconomic benefits in that it may help

develop modalities to prevent and treat obesity and its associated

metabolic disorders. Lipolysis regulates TG metabolism and

weight loss. Certain compounds with lipolytic activity, such

as celastrol (141), apigenin (142), cordycepin (84), and BBR

(143), have demonstrated anti-obesity efficacy. Theoretically,

activating lipolysis may be a rational therapeutic approach

for obesity. Thus far, however, no anti-obesity drugs

targeting lipolytic enzymes or its related targets have

been marketed.

The pathologies of obesity and its related metabolic

conditions are highly complex. Simply targeting lipolysis can

achieve weight loss. From the perspective of energy metabolism,

however, weight loss is the result of multiple factors, including

dietary restrictions and increases in lipolysis and energy

utilization. It remains to be established whether lipolysis

triggered by lipolytic agonists may damage certain cells,

tissues, and organs or cause complications. The ideal anti-

obesity drug should safely suppress appetite, increase lipolysis,

and activate energy expenditure. Finally, the physiological

functions of adipocytes should be rationally exploited, and

their roles during metabolic disease should be identified. For

patients with adipose dysfunction, the dynamic regulation of

lipolysis and the amelioration of adipocyte dysfunction could

improve obesity-associated metabolic conditions. For

example, AS-IV and curcumin inhibit adipose lipolysis and

thus prevent hepatic IR, which demonstrates their potential

as treatments for metabolic-associated fatty liver disease

through the regulation of lipolysis in adipose tissue during

diseased states.
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Mauricio and Goday. This is an open-
access article distributed under the
terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use,
distribution or reproduction is
permitted which does not comply with
these terms.

TYPE Original Research
PUBLISHED 02 December 2022

DOI 10.3389/fendo.2022.1015614
Obesity and related
comorbidities in a large
population-based cohort
of subjects with type 1
diabetes in Catalonia

Idoia Genua1,2,3, Josep Franch-Nadal4,5,6, Elena Navas7,
Manel Mata-Cases4,6,8, Gabriel Giménez-Pérez9,10,
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Introduction: Obesity, an increasing global health problem, can affect people

with other disease conditions. The prevalence of obesity in people with type 1

diabetes (T1D) is not well known. The aim of this study was to describe

extensively the characteristics and prevalence of different classes of obesity

according to BMI (body mass index) categories in a large cohort of patients

with T1D.

Material and methods: This was a retrospective, cross-sectional study in

Catalonia. We reviewed all patients with T1D diagnosis, ≥ 18 years old and

with BMI data from the SIDIAP database. Sociodemographic and clinical data,

cardiovascular risk factors, laboratory parameters and concomitant

medications were collected.

Results: A total of 6,068 patients with T1D were analyzed. The prevalence of

obesity in the total sample was 18% (13.8% with class 1 obesity [BMI 30-34.9 kg/

m2]). Patients with obesity had a higher prevalence of other cardiovascular risk

factors (i.e. hypertension was 61.4% vs. 37.5%; dyslipidemia 63.6% vs 44%, and

chronic kidney disease 38.4% vs. 24.4%; p<0.001 in all cases) and poorer
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control of them. The higher prevalence was regardless of sex, age and duration

of diabetes. The increase in these comorbidities was noticeable from a BMI > 25

kg/m2. Patients with obesity did not have poorer glycemic control.

Conclusion: The presence of obesity in people with T1D is frequent and

cardiovascular risk factors are more common and more poorly controlled in

T1D patients with obesity.
KEYWORDS

Obesity, type 1 diabetes, cardiovascular risk factors, metabolic syndrome, comorbidities
Introduction

While it is well-known that obesity is commonly linked to

type 2 diabetes (T2D), obesity may also be associated with type 1

diabetes (T1D) in a bidirectional way (1). With the ongoing

obesity epidemic and the improvement in T1D treatments, the

concern about possible consequences of this relationship has

increased in the recent years.

The prevalence of obesity in patients with T1D is not well

known. Furthermore, it differs widely among the available

studies, varying from 8.9% to 28.4% across large cohort studies

made in the USA and west and northern European countries (2–

7), and reported to be only 2% in a smaller cohort in an Asian

population (8). These variations can probably be explained

because the incidence and prevalence of both conditions in the

general population vary by country and by regions and, also, the

fact that the prevalence of both T1D and obesity has increased in

the last decades in the general population (9–11). It is therefore

important to have current, region-specific data. Overall, the

association between obesity and T1D appears to be frequent

and the current prevalence of different classes of obesity in T1D

and its characteristics need to be further studied.

The deleterious effect of obesity in the general population is

well described (12). Nevertheless, data about the characteristics

and consequences in patients with T1D are scarce. The

association of obesity in people with T1D may entail

additional problems such as poor metabolic control, increased

cardiovascular (CV) risk factors and a consequent increase in

related complications (13).

In a previous study (14), we described the clinical

characteristics of a large cohort of patients with T1D in

Catalonia, finding a high prevalence of obesity (16.5%).

However, the different degrees of obesity, its characteristics

and its implications were not addressed in that initial study.

Considering its prevalence and its possible implications, we

strongly felt that a more comprehensive analysis was needed;

this led us to plan the current sub-study.
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The aim of this study was to describe extensively the

characteristics and prevalence of obesity (including according

to different degrees of obesity) in a large population-based

cohort of patients with T1D living in a Mediterranean area, i.e.

Catalonia, with a high prevalence of obesity in the general

population, and to analyze the impact of the obesity on

metabolic control and other CV risk factors.
Material and methods

We performed a cross-sectional analysis of retrospective

routinely collected pseudo-anonymized health data from

people who attended primary healthcare centers from the

leading public healthcare provider (Institut Català de la Salut,

ICS) in Catalonia (Spain). This pseudo-anonymized health data

was obtained from the SIDIAP database (Sistema d’Informacio ́
per al desenvolupament de la Investigacio ́ en Atencio ́ Primària,

https://www.sidiap.org/), which is a well validated primary

healthcare database used in diabetes epidemiological research

(14). The SIDIAP database collects healthcare data from more

than 74% (5,564,292 persons) of the Catalonian population. The

cross-sectional analysis was performed on the cut-off date

(December 31st, 2016) for 12 months (from January 1st, 2016).
Study participants

For our analysis, we included all of the subjects in the

database with a diagnosis of T1D, defined as the presence of

the diagnostic ICD-10 (International Classification of Diseases

10) code E10 and sub-codes, as described in the previous study

(14). Only patients ≥18 years old and with body mass index

(BMI) data (directly measured and recorded by a healthcare

professional) were considered for the analysis. Those with an

E10 diagnosis treated with any glucose-lowering agents other

than insulin and those who had not been treated with short-
frontiersin.org
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acting insulins for more than two years after the recorded date of

diagnosis were excluded, as described previously (14).

No formal sample size calculation was done, as the current

study is a sub-analysis of the initial study on the characteristics

of type 1 diabetes in Catalonia (14).
Study variables

On the cut-off date, we collected different sociodemographic

data (age, sex), clinical data (BMI, blood pressure, age at T1D

diagnosis, duration of T1D), CV risk factors (hypertension,

dyslipidemia, smoking, and obesity), laboratory parameters

(HbA1c, blood lipids, estimated glomerular filtration rate

(GFR; using the CKD-EPI formula) and insulin therapy and

other concomitant medications related to CV risk factors.

Dyslipidemia and hypertension were defined by the ICD-10

diagnostic code and/or a record of lipid-lowering or

antihypertensive drugs, respectively. Chronic kidney disease

(CKD) was defined by the ICD-10 diagnostic code and/or

GFR <60 or urine albumin to creatinine ratio (ACR) >30 mg/

g. Diagnostic codes and proxies used to define the study variables

are presented in Supplementary Appendix 1 (code list).

Objectives for CV prevention were established according to

the European Society of Cardiology guidelines (15)

(HbA1c <7% and blood pressure <140/90 mmHg and low-

density lipoprotein cholesterol (LDLc) <100 mg/dl for primary

prevention and HbA1c <7% and blood pressure <140/90mmHg

and LDLc <70mg/dl for secondary prevention).

A complete-case analysis was performed.
Statistical analysis

Descriptive statistics were calculated to summarize the

sociodemographic characteristics, as well as the study variables

(clinics and treatments). Continuous variables were expressed as

means and standard deviations or medians and interquartile

range, and categorical variables were expressed as frequencies

and percentages. Descriptive analyses were conducted for the

overall population, and stratified by sex and BMI groups (<30, 30

– 34.9, 35 – 39.9 and ≥40 kg/m2) for all the study variables. In

addition, for the clinical variables, analyses were stratified by sex,

age groups (<40 and ≥40 years) and diabetes duration (<10, 10–

19 and >19 years). To evaluate the differences between the

characteristics (variables) according to the generated groups,

the Chi-square test and the F-Fisher test were used when

appropriate. To analyze continuous variables, the tests used

were the T-Student test or analysis of variance (Anova).

Additionally, the Bonferroni test was performed for multiple

comparisons. To obtain the optimal cut-off points of the BMI in

the ROC analysis, the “Concordance Probability Method (CZ)”
Frontiers in Endocrinology 03
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was used. Statistical analysis was performed using R software for

Windows version 3.6.1, Vienna, Austria.
Results

A description of the whole cohort of patients with T1D in

Catalonia has been published previously by this group elsewhere

(14). From the overall number of subjects with T1D (15,008), we

included those older than 18 years old (13,547) who had BMI

data available (6,610). A total of 6,068 patients with T1D were

analyzed in the current study. The sociodemographic and

clinical characteristics of the studied population according to

sex are shown in Table 1. The mean age of the entire cohort was

48.7 ± 15.9 years old with mean glycosylated hemoglobin

(HbA1c) value of 8.0 ± 1.4%. The mean age at T1D diagnosis

was 35.0 years, and 54.6% were men. Only 8.3% of the patients

achieved all 3 risk factor target level for primary prevention for

cardiovascular diseases (HbA1c <7%, BP<140/90 and

LDLc <100 mg/dl).

The mean BMI was 26.2 ± 4.5 kg/m2, with a prevalence of

obesity (BMI ≥30 kg/m2) of 18%. There were no statistically

significant differences between sexes (20.1% in women and

16.2% in men). Regarding different degrees of obesity, 13.7%

of patients with T1D had class 1 obesity (BMI between 30-34.9

kg/m2), 3.3% had class 2 obesity (BMI between 35-39.9 kg/m2)

and only 1% had class 3 obesity (BMI ≥40 kg/m2) (Table 2).

Compared to patients with T1D without obesity, those with

obesity were older at the time of the study (53.6 ± 15.8 vs 47.7 ±

15.7 years old; p<0.001), and also at the time of T1D diagnosis

(39.4 ± 18.7 vs 34.1 ± 17.2 years old; p<0.001), but there was no

difference in the duration of T1D from diagnosis (14.8 vs 14.2

years). The prevalence of obesity gradually increased with age

(6.2% in ≤20 years old, 9.7% in 21-30 years old, 14.6% in 31-40

years old, 16.1% in 41-50 years old, 20.9% in 51-60 years old,

21.8% in 61-70 years old and 29.6% in >70 years old; p<0.001).

Patients with obesity were more likely to be non-smokers.

Concerning glycemic control, patients with obesity did not

have a poorer control compared to those without obesity (mean

HbA1c 8.0 ± 1.3 vs 8.0 ± 1.5, respectively; p=0.233). Moreover,

having obesity did not make it less likely to have glycemic

control within the optimal range (defined as HbA1c <7%),

with 21.9% of patients with obesity and 21.5% without obesity

having HbA1c < 7%.

Table 2 shows the clinical characteristics of patients with

T1D according to different degrees of obesity. Compared to non-

obese patients, a higher proportion of those with obesity had CV

risk factors (hypertension was 61.4% vs. 37.5%; dyslipidemia

63.6% vs 44%, and chronic kidney disease 38.4% vs. 24.4%;

p<0.001 in all cases). Furthermore, obesity was associated with

poorer control of some CV risk factors; fewer patients with

obesity than those without had fair blood pressure control
frontiersin.org

https://doi.org/10.3389/fendo.2022.1015614
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Genua et al. 10.3389/fendo.2022.1015614
(defined as <140/90 mmHg) (75% vs. 84% (p <0.001),

triglyceride levels were higher in the obese group (134 ± 113

vs 106 ± 84.3 mg/dl; p<0.001), and high density lipoprotein

cholesterol (HDLc) levels were lower in the obese group (53.1 ±

15.2 vs 60.5 ± 17.5 mg/dl; p<0.001). No differences were found in

total cholesterol or LDLc levels. We have also compared CV risk
Frontiers in Endocrinology 04
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factors of patients with T1D according to the different obesity

categories, and the same differences were observed, as shown

in Table 2.

No differences were found in the percentage of patients that

met the established targets for primary (HbA1c <7% and blood

pressure <140/90 and LDLc <100 mg/dl) and secondary
TABLE 1 Characteristics of the whole study population and also according to sex.

Total population Women Men p-value

N 6068 (100.0%) 2756 (45.4%) 3312 (54.6%)

Current age (years) 48.7 (15.9) 49.3 (16.8) 48.3 (15.1) 0.272

Age at diagnosis (years) 35.0 (17.6) 35.3 (18.9) 34.8 (16.4) >0.999

Diabetes duration (years) >0.999

<10 years 2084 (34.3%) 925 (33.6%) 1159 (35.0%)

10 – 19 years 2703 (44.5%) 1227 (44.5%) 1476 (44.6%)

>19 years 1281 (21.1%) 604 (21.9%) 677 (20.4%)

HbA1c % (n = 4249) 8.0 (1.4) 8.0 (1.4) 8.0 (1.4) >0.999

BMI (kg/m2) (n= 6068) 26.2 (4.5) 26.1 (5.0) 26.2 (4.1) 0.003

Non obesity (BMI < 30 kg/m2) 4976 (82.0%) 2202 (79.9%) 2774 (83.8%)

Obesity (BMI ≥ 30 kg/m2) 1092 (18.0%) 554 (20.1%) 538 (16.2%)

Smoking status: <0.001

Non-smoker 2885 (47.5%) 1598 (58.0%) 1287 (38.9%)

Ex-smoker 1638 (27.0%) 625 (22.7%) 1013 (30.6%)

Smoker 1545 (25.5%) 533 (19.3%) 1012 (30.6%)

BP

Systolic BP (mmHg) (n= 5711) 127 (14.0) 125 (14.7) 129 (13.0) <0.001

Diastolic BP (mmHg) (n= 5711) 73.6 (9.1) 72.4 (8.8) 74.6 (9.2) <0.001

Total cholesterol (mg/dl) (n=4331) 182 (37.9) 187 (36.4) 178 (38.7) <0.001

HDLc (mg/dl) (n= 4145) 59.1 (17.3) 65.4 (17.2) 53.7 (15.5) <0.001

LDLc (mg/dl) (n= 3933) 103 (30.2) 103 (29.0) 102 (31.2) >0.999

Triglycerides (mg/dl) (n= 4005) 111 (91.3) 100 (64.3) 120 (108.0) <0.001

Microalbuminuria (n= 3252) 68.2 (275) 61.5 (278) 74.0 (272) >0.999

Estimated GFR (CKDEPI) (n= 3632) 79.2 (22.4) 78.4 (22.3) 79.9 (22.4) 0.929

Other variables

Chronic kidney disease (n= 2962) 805 (27.2%) 366 (26.9%) 439 (27.4%) >0.999

Dyslipidemia (%), (n= 6068) 2881 (47.5%) 1225 (44.4%) 1656 (50.0%) <0.001

Hypertension (%), (n= 6068) 2534 (41.8%) 1082 (39.3%) 1452 (43.8%) 0.009

Cardiovascular prevention

Primary (%), (n = 4434) 368 (8.3%) 170 (8.5%) 198 (8.2%) >0.999

Secondary (%), (n = 4434) 114 (2.5%) 38 (1.8%) 76 (3.1%) 0.256

More treatments

BP lowering (%) 2366 (39.0%) 1005 (36.5%) 1361 (41.1%) 0.006

Antithrombotic (%) 1675 (27.6%) 673 (24.4%) 1002 (30.3%) <0.001

Lipid-lowering (%) 2500 (41.2%) 1055 (38.3%) 1445 (43.6%) <0.001

Insulin therapy

Short-acting insulin (%) 5603 (92.3%) 2576 (93.5%) 3027 (91.4%) 0.068

Long-acting insulin (%) 5093 (83.9%) 2275 (82.5%) 2818 (85.1%) 0.198

Mixed insulin (%) 873 (14.4%) 378 (13.7%) 495 (14.9%) >0.999

Intermediate-acting insulin (%) 316 (5.2%) 135 (4.9%) 181 (5.4%) >0.999
fronti
P-value<0.05 is considered to be statistically significant. Data are mean (SD) or n(%). Where indicated, the n value denotes the number of study patients with available data during the study
period. BMI, bodymass index; BP, blood pressure; HDLc, HDL-cholesterol; LDLc, LDL-cholesterol; GFR, glomerular filtration rate. Primary prevention includes the composite target achievement
of HbA1c<7%, blood pressure <140/90 and LDL-C<100. Secondary prevention includes the composite target achievement of HbA1c<7%, blood pressure <140/90 and LDL-C<70.
Bold values correspond to statistically significant p-values.
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TABLE 2 Characteristics of T1D according to the different categories of body mass index.

No Obesity
< 30kg/m2

Obesity Class 1
30-34.9 kg/m2

Obesity Class 2
35-39.9 kg/m2

Obesity Class 3
≥ 40 kg/m2

p-value

N (%) 4976 (82.0%) 830 (13.8%) 199 (3.2%) 63 (1.0%)

Current age (years) 47.7 (15.7) 53.0 (15.7) 55.9 (15.9) 53.7 (16.6) <0.001

Age at diagnosis (years) 34.1 (17.2) 38.4 (18.4) 42.5 (19.6) 41.9 (19.1) <0.001

Diabetes duration (years) >0.999

<10 years 1722 (34.6%) 258 (31.1%) 80 (40.2%) 24 (38.1%)

10 – 19 years 2221 (44.6%) 380 (45.8%) 73 (36.7%) 29 (46.0%)

>19 years 1033 (20.8%) 192 (23.1%) 46 (23.1%) 10 (15.9%)

HbA1c % (n = 4249) 8.0 (1.5) 7.9 (1.3) 8.1 (1.3) 8.1 (1.6) >0.999

BMI (kg/m2) (n= 6068) 24.6 (2.9) 31.9 (1.3) 36.9 (1.4) 43.3 (3.2) <0.001

Smoking status <0.001

Non smoker 2321 (46.6%) 422 (50.8%) 105 (52.8%) 37 (58.7%)

Former Smoker 1209 (24.3%) 252 (30.4%) 68 (34.2%) 16 (25.4%)

Smoker 1446 (29.1%) 156 (18.8%) 26 (13.1%) 10 (15.9%)

BP

Systolic BP (mmHg) (n= 5711) 126 (13.9) 131 (13.3) 131 (12.4) 132 (16.6) <0.001

Diastolic BP (mmHg) (n= 5711) 73.2 (9.0) 75.3 (9.2) 75.5 (9.2) 74.2 (12.0) <0.001

Total cholesterol (mg/dl) (n=4331) 183 (37.6) 180 (38.0) 179 (41.0) 194 (48.0) 0.709

HDLc (mg/dl) (n= 4145) 60.5 (17.5) 53.6 (15.3) 51.2 (15.1) 51.8 (13.5) <0.001

LDLc (mg/dl) (n= 3933) 103 (30.1) 102 (31.4) 98.8 (30.6) 103 (25.2) >0.999

Triglycerides (mg/dl) (n= 4005) 106 (84.3) 129 (119) 141 (82.9) 164 (122) <0.001

Microalbuminuria (n= 3252) 64.7 (273) 64.5 (251) 108 (301) 224 (452) 0.024

Estimated GFR (CKDEPI) (n= 3632) 80.4 (21.7) 76.4 (23.3) 69.1 (24.3) 62.9 (28.8) <0.001

Other variables

Chronic kidney disease (n= 2962) 577 (24.4%) 155 (34.9%) 51 (46.8%) 22 (53.7%) <0.001

Dyslipidemia (%), (n= 6068) 2187 (44.0%) 519 (62.5%) 135 (67.8%) 40 (63.5%) <0.001

Hypertension (%), (n= 6068) 1864 (37.5%) 485 (58.4%) 139 (69.8%) 46 (73.0%) <0.001

Cardiovascular Prevention

Primary (%), (n = 4434) 303 (8.5%) 54 (8.3%) 9 (5.9%) 2 (3.9%) >0.999

Secondary (%), (n = 4434) 86 (2.4%) 24 (3.7%) 4 (2.6%) 0 (0.0%) >0.999

More treatments

BP lowering (%) 1735 (34.9%) 455 (54.8%) 132 (66.3%) 44 (69.8%) <0.001

Antithrombotic (%) 1259 (25.3%) 307 (37.0%) 80 (40.2%) 29 (46.0%) <0.001

Lipid-lowering (%) 1868 (37.5%) 472 (56.9%) 124 (62.3%) 36 (57.1%) <0.001

Insulin therapy

Short-acting insulin (%) 4626 (93.0%) 747 (90.0%) 176 (88.4%) 54 (85.7%) 0.016

Long-acting insulin (%) 4220 (84.8%) 672 (81.0%) 155 (77.9%) 46 (73.0%) 0.008

Mixed insulin (%) 673 (13.5%) 144 (17.3%) 37 (18.6%) 19 (30.2%) 0.001

Intermediate-acting insulin (%) 258 (5.1%) 42 (5.0%) 12 (6.0%) 4 (6.3%) >0.999
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P-value<0.05 is considered to be statistically significant. Data are mean (SD) or n(%). Where indicated, the n value denotes the number of study patients with available data during the study
period. BMI, bodymass index; BP, blood pressure; GFR, glomerular filtration rate; HDLc, HDL-cholesterol; LDLc, LDL-cholesterol. Primary prevention includes the composite target achievement
of HbA1c<7%, blood pressure <140/90 and LDL-C<100. Secondary prevention includes the composite target achievement of HbA1c<7%, blood pressure <140/90 and LDL-C<70.
Bold values correspond to statistically significant p-values.
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(HbA1c <7% and blood pressure <140/90 and LDLc <70 mg/dl)

CV prevention when comparing distinct BMI categories.

The prevalence of obesity and clinical characteristics

according to gender, current age and diabetes duration are

presented in Tables 3A–C. The higher prevalence of

hypertension and dyslipidemia in the obesity group was

maintained irrespective of sex, age and duration of diabetes.

Table 4 represents the relation between BMI, as a continuous

variable, and the degree of control of CV risk factors showing a

progressive worsening in their control from a BMI of >25 kg/m2.

The BMI cut-off values at which the progressive worsening

occurred were 25.6, 25.6, 25.4, 26.6, 25.2 and 26.5 kg/m2 for

systolic and diastolic blood pressure, total cholesterol, HDLc,

LDLc and triglycerides, respectively.
Discussion

The present study confirms a high prevalence of obesity in

people with T1D, with a concomitant higher prevalence and

poorer control of other CV risk factors. The prevalence of T1D

in Spain is medium-high, being around 15 cases per 1,000 in

people under 19 years old (16) and 0.3% in the working

population (17). The estimated prevalence of obesity in Spain

is also medium-high at around 23% (18). With the prevalence of

both conditions being medium-high in our area, it is relevant to

explore the association between both diseases. To our

knowledge, this is the largest cohort that describes extensively

the prevalence and clinical characteristics of obesity, including

different degrees of obesity, in adults with T1D.

The prevalence of obesity observed in patients with T1D

(18%, mainly class 1 obesity) is similar or a bit lower than the

prevalence of obesity in the general population in Spain (23%)

(18). Both epidemiological data are based on BMI according to

the direct measurement of weight and height, and therefore are

methodologically homogeneous. These data are more accurate

than data on self-declaration of weight and height, as obtained in

national health surveys. The prevalence found in our cohort is in

line with another recently published European study in Belgium

in a cohort of 32,809 patients (between 2017 and 2018) with T1D

that reported a prevalence of obesity of around 17%, similar to

that in the Belgium general population (4). Another recent large

European cohort study found a prevalence of obesity of 15.3% in

T1D (3). As mentioned in a recent review (1), the prevalence

found in the current study is close to the prevalence of obesity

seen in the general population. On the other hand, other recent

studies in large cohorts from non-European countries with a

higher prevalence of obesity in the general population, observed

a markedly lower prevalence of obesity in T1D (2, 19). Despite

these differences, it is definitely clear that obesity in people with

T1D is a prevalent comorbidity that we cannot disregard.

As expected, considering the general population, patients

with obesity were older (18). Unlike in the general population,
Frontiers in Endocrinology 06
82
few studies have evaluated the association of obesity with other

CV risk factors in people with T1D. A study that assessed this in

11,348 children in the USA, with a 14% prevalence of obesity,

also found a higher prevalence of hypertension and dyslipidemia

in the obese group, with no differences in HbA1c values (20). In

contrast, a Swedish study in 26,125 people with T1D, found

higher HbA1c levels in patients with obesity at baseline, as well

as higher mean systolic blood pressure (21). Considering that the

main cause of mortality in T1D is CV disease, having an increase

and poorer control of CV risk factors in those with obesity is a

relevant finding. Further, a study found higher major

complication outcomes (an aggregate of mortality, coronary

artery disease, and renal failure) in T1D patients with

metabolic syndrome (22). Interestingly, patients with obesity

were more frequently non-smokers, a fact that is favorable and

does not further increase the adverse CV risk profile of

these subjects.

Whether people with T1D and obesity have poorer glycemic

control remains unclear. We did not find differences in chronic

glycemic control (HbA1c). The T1D exchange clinic registry

(23) found that adolescents who had better metabolic control

were at higher risk of obesity. However, a study of the SWEET

registry in children and adolescents found that underweight and

obese children had significantly higher HbA1c (24). Although

these studies were conducted in pediatric populations that might

not be comparable to adults, results from the few studies in adult

populations are also inconsistent (21, 25). The fact that a more

intensive insulin therapy is related to weight gain could go some

way to explaining why obesity does not clearly worsen metabolic

control (26).

The established cut-off points by WHO for overweight and

obesity in the general population are based on the relationship

between BMI and morbidity and mortality. However, it is well

known that these cut-offs are inaccurate for some groups (27).

Nevertheless, we found a good correlation between the classic

BMI cut-off points and the risk of comorbidities in this specific

subgroup of patients. We acknowledge that obtained AUC,

sensitivity and specificity are not very discriminant. However,

we did not aim at building a screening tool, but at exploring the

threshold upon which the overweight-related risk factor profile

was unfavorable. The major strengths of the study are the

extensive description of patients and the large cohort used for

the analysis. Data are representative and robust, encompassing a

large proportion of the Catalonian population, with the SIDIAP

database having been used in several other diabetes studies (14,

28, 29). The restrictive criteria used to define the diagnosis of

T1D ensured the correct diagnosis of T1D.

The study has some limitations. First, due to the cross-

sectional retrospective nature of the study, inherent limitations

of this type of study are presented. We cannot establish

tendencies or causality. In addition, obesity was frequently not

well documented compared to other diseases, and BMI was

probably more often recorded in more complicated and older
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TABLE 3A Prevalence of obesity and clinical characteristics according to sex.

Sex Women (n = 2756) Men (n = 3312)

<30kg/m2 ≥30kg/m2 p-value <30kg/m2 ≥30kg/m2 p-value

n (%) 2,202 (79.8%) 554 (20.2%) 2774 (83.7%) 538 (16.2%)

Systolic BP, mmHg 123 (14.5) 130 (14.1) <0.001 129 (13.0) 132 (12.4) <0.001

Diastolic BP, mmHg 72.0 (8.7) 73.7 (9.4) <0.001 74.1 (9.2) 76.8 (9.1) <0.001

Total cholesterol (mg/dl) 188 (36.2) 185 (37.1) >0.999 178 (38.2) 176 (41.2) >0.999

HDLc (mg/dl) 67.4 (17.2) 58.0 (15.0) <0.001 54.9 (15.6) 47.8 (13.5) <0.001

LDLc (mg/dl) 103 (28.8) 103 (29.8) >0.999 103 (31.1) 99.9 (32.0) >0.999

Triglycerides (mg/dl) 94.7 (60.5) 120 (72.9) <0.001 114 (98.2) 148 (143) <0.001

HbA1c % 8.0 (1.5) 8.0 (1.3) >0.999 8.0 (1.5) 7.9 (1.3) >0.999

Dyslipidemia 903 (41.0%) 322 (58.1%) <0.001 1284 (46.3%) 372 (69.1%) <0.001

Hypertension 756 (34.3%) 326 (58.8%) <0.001 1108 (39.9%) 344 (63.9%) <0.001

Chronic kidney disease 239 (22.7%) 127 (41.5%) <0.001 338 (25.7%) 101 (35.1%) 0.018

BP, blood pressure, HbA1c, glycosylate haemoglobin; HDLc, HDL-cholesterol; LDLc, LDL-cholesterol. P-value<0.05 is considered to be statistically significant.
Bold values correspond to statistically significant p-values.
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TABLE 3B Prevalence of obesity and clinical characteristics according to current age.

Current age (years) <40 years (n = 1843) ≥40 years (n = 4225)

<30kg/m2 ≥30kg/m2 p-value <30kg/m2 ≥30kg/m2 p-value

N (%) 1618 (87.8%) 225 (12.2%) 3358 (79.4%) 867 (20.6%)

Systolic BP, mmHg 121 (12.6) 125 (12.0) <0.001 129 (13.8) 133 (13.2) <0.001

Diastolic BP, mmHg 72.9 (8.6) 77.9 (7.3) <0.001 73.4 (9.2) 74.6 (9.7) 0.007

Total cholesterol (mg/dl) 184 (39.1) 183 (36.8) >0.999 182 (36.9) 180 (40.0) >0.999

HDLc (mg/dl) 59.4 (15.3) 51.3 (13.6) <0.001 61.0 (18.3) 53.5 (15.5) <0.001

LDLc (mg/dl) 105 (30.5) 108 (30.1) >0.999 102 (29.9) 99.9 (30.9) >0.999

Triglycerides (mg/dl) 104 (88.2) 133 (187) 0.618 106 (82.5) 132 (86.6) <0.001

HbA1c % 8.2 (1.7) 7.9 (1.3) 0.028 8.0 (1.3) 8.0 (1.3) >0.999

Dyslipidemia 200 (12.4%) 53 (23.6%) <0.001 1987 (59.2%) 641 (73.9%) <0.001

Hypertension 154 (9.5%) 45 (20.0%) <0.001 1710 (50.9%) 625 (72.1%) <0.001

Chronic kidney disease 87 (12.7%) 18 (17.1%) >0.999 490 (29.1%) 210 (42.9%) <0.001

BP, blood pressure; HbA1c, glycosylate haemoglobin; HDLc, HDL-cholesterol; LDLc, LDL-cholesterol. P-value<0.05 is considered to be statistically significant.
Bold values correspond to statistically significant p-values.
TABLE 3C Prevalence of obesity and clinical characteristics according to diabetes duration.

Diabetes duration (years) <10 years (n = 2084) 10 – 19 years (n = 2703) >19 years (n = 1281)

<30kg/m2 ≥30kg/m2 p-value <30kg/m2 ≥30kg/m2 p-value <30kg/m2 ≥30kg/m2 p-value

N(%) 1722 (82.7%) 362 (17.3%) 2221 (82.1%) 482 (17.9%) 1033 (80.6%) 248 (19.4%)

Systolic BP, mmHg 125 (14.6) 131 (14.4) <0.001 127 (13.7) 132 (12.6) <0.001 128 (13.1) 131 (13.2) 0.036

Diastolic BP, mmHg 72.8 (9.0) 75.7 (9.3) <0.001 73.6 (8.9) 75.5 (9.5) <0.001 73.0 (9.3) 74.2 (9.2) >0.999

Total cholesterol (mg/dl) 183 (39.2) 181 (41.0) >0.999 183 (36.6) 182 (38.1) >0.999 181 (36.9) 179 (39.4) >0.999

HDLc (mg/dl) 58.7 (17.6) 50.2 (14.3) <0.001 61.3 (17.2) 53.7 (15.1) <0.001 62.0 (17.7) 56.3 (15.9) <0.001

LDLc (mg/dl) 103 (31.4) 103 (30.7) >0.999 103 (29.7) 103 (31.3) >0.999 100 (28.4) 95.3 (29.8) 0.725

Triglycerides (mg/dl) 114 (108) 154 (157) <0.001 102 (69.7) 123 (76.1) <0.001 99.0 (60.5) 123 (85.3) 0.008

HbA1c % 8.0 (1.7) 7.8 (1.5) 0.405 8.1 (1.3) 8.1 (1.3) >0.999 8.0 (1.3) 7.9 (1.2) >0.999

(Continued)
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patients. The study relied on the recorded codes without external

validation and because of the restrictive definition criteria we

may have excluded a few subjects with T1D who were also

treated with glucose-lowering agents other than insulin.
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In conclusion, the prevalence of obesity in T1D is relevant

and is associated with a higher risk of having other CV risk

factors with a suboptimal control of them. It seems that glycemic

control is not related to the degree of obesity.
TABLE 4 Cut-off points of the body mass index that show optimal or suboptimal control according to clinical variables.

Variables Suboptimal
control

Patients with
suboptimal

control N (%)

Optimal
control

Patients with
optimal control

N (%)

BMI
cut-off
points

AUC
(95%
CI)

Sensitivity or
True Positive

Rate

Specificity or
True Negative

Rate

Systolic BP, mmHg ≥130 mmHg 2709 (47.4%) <130
mmHg

3002 (52.5%) 25.6 kg/m2 0.62
(0.60;
0.63)

60.1% 57.4%

Diastolic BP,
mmHg

≥80 mmHg 1570 (27.4%) <80 mmHg 4141 (72.5%) 25.6 kg/m2 0.58
(0.56;
0.59)

60.3% 52.6%

Total cholesterol
(mg/dl)

≥240 mg/dl 307 (7.1%) <240 mg/dl 4024 (92.9%) 25.4 kg/m2 0.50
(0.46;
0.53)

56.4% 46.3%

HDLc (mg/dl)

Men <40 mg/dl 351 (15.6%) ≥40 mg/dl 1891 (84.3%) 26.6 kg/m2 0.61
(0.57;
0.64)

59.8% 57.9%

Women <50 mg/dl 329 (17.2%) ≥50 mg/dl 1574 (82.7%) 26.1 kg/m2 0.67
(0.63;
0.70)

69.9% 59.4%

LDLc (mg/dl) ≥100 mg/dl 1987 (50.5%) <100 mg/dl 1946 (49.4%) 25.2 kg/m2 0.51
(0.49;
0.53)

57.9% 46.8%

Triglycerides
(mg/dl)

≥150 mg/dl 662 (16.5%) <150 mg/dl 3343 (84.4%) 26.5 kg/m2 0.60
(0.58;
0.62)

59.8% 57.7%

Glomerular
Filtration (mg/dL)

<60 mg/dL 471 (12.9%) ≥60 mg/dL 3161 (87.0%) 27.6 kg/m2 0.60
(0.57;
0.63)

51.6% 66.4%

Microalbuminuria >30 mg 542 (16.6%) ≤30 mg 2710 (83.3%) 27.2 kg/m2 0.53
(0.51;
0.56)

45.8% 62.1%
AUC, area under the curve; BP, blood pressure; CI, confidence interval; HDLc, high-density lipoprotein cholesterol; LDLc, low-density lipoprotein cholesterol; BMI, body mass index.
TABLE 3C Continued

Diabetes duration (years) <10 years (n = 2084) 10 – 19 years (n = 2703) >19 years (n = 1281)

<30kg/m2 ≥30kg/m2 p-value <30kg/m2 ≥30kg/m2 p-value <30kg/m2 ≥30kg/m2 p-value

Dyslipidemia 640 (37.2%) 211 (58.3%) <0.001 980 (44.1%) 301 (62.4%) <0.001 567 (54.9%) 182 (73.4%) <0.001

Hypertension 528 (30.7%) 216 (59.7%) <0.001 808 (36.4%) 277 (57.5%) <0.001 528 (51.1%) 177 (71.4%) <0.001

Chronic kidney disease 201 (23.9%) 102 (48.1%) <0.001 234 (23.6%) 75 (29.4%) 0.675 142 (26.5%) 51 (40.2%) 0.036

P-value<0.05 is considered to be statistically significant. BP, blood pressure; HDLc, HDL-cholesterol; LDLc, LDL-cholesterol.
Bold values correspond to statistically significant p-values.
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Anti-hyperglycemic contours
of Madhugrit are robustly
translated in the Caenorhabditis
elegans model of lipid
accumulation by regulating
oxidative stress and
inflammatory response

Acharya Balkrishna1,2,3, Vivek Gohel1, Nishit Pathak1,
Meenu Tomer1, Malini Rawat1, Rishabh Dev1

and Anurag Varshney1,2,4*

1Drug Discovery and Development Division, Patanjali Research Institute, Governed by Patanjali
Research Foundation Trust, Haridwar, Uttarakhand, India, 2Department of Allied and Applied
Sciences, University of Patanjali, Haridwar, Uttarakhand, India, 3Patanjali Yog Peeth (UK) Trust,
Glasgow, United Kingdom, 4Special Centre for Systems Medicine, Jawaharlal Nehru University,
New Delhi, India
Background: The prevalence of diabetes has considerably increased in recent

years. In the long run, use of dual therapy of anti-diabetic agents becomes

mandatory to attain euglycemia. Also, the incidences of diabetes-related co-

morbidities have warranted the search for new therapeutic approaches for the

management of the disease. Traditional herbo-mineral, anti-diabetic agents

like Madhugrit are often prescribed to mitigate diabetes and related

complications. The present study aimed to thoroughly characterize the

pharmacological applications of Madhugrit.

Methods: Phytometabolite characterization of Madhugrit was performed by

ultra-high performance liquid chromatography. Evaluation of cell viability, a-
amylase inhibition, glucose uptake, inflammation, and wound healing was

performed by in vitro model systems using AR42J, L6, THP1, HaCaT cells,

and reporter cell lines namely NF-kB, TNF-a, and IL-1b. The formation of

advanced glycation end products was determined by cell-free assay. In

addition, the therapeutic potential of Madhugrit was also analyzed in the in

vivo Caenorhabditis elegans model system. Parameters like brood size, %

curling, glucose and triglyceride accumulation, lipid deposition, ROS

generation, and lipid peroxidation were determined under hyperglycemic

conditions induced by the addition of supraphysiological glucose levels.

Results: Madhugrit treatment significantly reduced the a-amylase release,

enhanced glucose uptake, decreased AGEs formation, reduced differentiation

of monocyte to macrophage, lowered the pro-inflammatory cytokine release,
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and enhanced wound healing in the in vitro hyperglycemic (glucose; 25 mM)

conditions. In C. elegans stimulated with 100 mM glucose, Madhugrit (30 µg/

ml) treatment normalized brood size, reduced curling behavior, decreased

accumulation of glucose, triglycerides, and lowered oxidative stress.

Conclusions: Madhugrit showed multimodal approaches in combating

hyperglycemia and related complications due to the presence of anti-

diabetic, anti-inflammatory, anti-oxidant, wound healing, and lipid-lowering

phytoconstituents in its arsenal. The study warrants the translational use of

Madhugrit as an effective medicine for diabetes and associated co-morbidities.
KEYWORDS

Madhugrit, ayurveda, diabetes, inflammation, wound healing, lipid accumulation,
oxidative stress
Introduction

Diabetes is a fast-growing chronic metabolic disorder of

global concern. Currently, about 463 million people have

diabetes which has been estimated to increase to 700 million

by the year 2045 (1, 2). The sub-optimal glycemic control in

diabetes has been linked to persistent systemic inflammation,

immune cell dysfunction, and poor wound healing (3). An

effective therapeutic approach to manage diabetes must

include control of postprandial hyperglycemia, utilization of

excess glucose, minimization of protein glycation, oxidative

stress, and inflammation (4–6). The current therapeutic agents

can only address one part of the pathologic manifestations,

leaving a considerable portion of diabetic complications

unchecked. Since multiple problems are associated with the

pathophysiology and treatment of diabetes, the use of

monotherapy is not sufficient (6, 7). The long-term use of

pharmacological agents for the treatment of diabetes can also

incur adverse effects and treatment resistance, mandating dose

titration and inclusion of additional drugs (7–9).

The a-amylase, a calcium metalloenzyme, causes

postprandial hyperglycemia by increasing the digestion of

ingested carbohydrates (10, 11). A sustained increase in

glucose levels leads to the development of oxidative stress

which is reported to be responsible for inflammation, impaired

glucose utilization in peripheral tissues, and delayed wound
uid Chromatography;

ctivated B cells; TNF-

beta; IL-6, Interleukin

ycation end products;

th medium; MDA,

Trichloroacetic acid;
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healing (4, 7, 12, 13). During diabetes, an alteration occurs in

the gut microbiota which leads to the release of microbial

products like lipopolysaccharide (LPS). These events are

believed to cause low-grade inflammation, mediated by the

induction of inflammatory cytokines by gut immune cells (14).

Hence, an effective therapeutic agent for diabetes must be able to

subside hyperglycemia, oxidative stress, and inflammation to

control diabetes and related symptoms.

The phytopharmaceutical product Madhugrit is routinely

prescribed to diabetic individuals for the maintenance of

euglycemia. Madhugrit is composed of Chandraprabha Vati

(classical Ayurvedic medicine) (15), supplemented with Giloy

(Tinospora cordifolia), Indrayana (Citrullus colocynthis), Karela

(Momordica charantia), Chirayata (Swertia chirata), Shatavar

(Asparagus racemosus), Ashwagandha (Withania somnifera)

a nd Shuddh Sh i l a j i t (Aspha l t um pun j ab i anum )

(Supplementary Tables 1, 2). Due to the presence of these

anti-diabetic (16–18), anti-oxidant (19–21), and anti-

inflammatory (22) components, Madhugrit might be able to

maintain glucose levels efficiently and manage other diabetes

related complications.

At present, the pre-clinical evaluation of anti-diabetic agents

is carried out by chemical, surgical, and genetic manipulations

on rodents (23). A disadvantage of such models is that they are

time-consuming, expensive, and require comprehensive

regulatory approvals (24). The nematode Caenorhabditis

elegans is being increasingly used as an acceptable in vivo

model of human diseases. This model of the multiorgan

eukaryotic organism has several benefits like small size (~1

mm length of an adult), substantial progeny (~300 by

parthenogenesis) , and a short l ifespan (~21 days).

Furthermore, research using C. elegans does not need

extensive regulatory approvals. C. elegans has been

substantially used in studies of glucose-induced toxicity (24,
frontiersin.org
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25). Consequently, C. elegansmodel could also be used to screen

anti-diabetic test articles (26).

The present study investigated the effect of Madhugrit on

alleviating diabetic complications induced by hyperglycemic

conditions. Extensive phytochemical profiling of Madhugrit

was carried out by HPLC analysis and subsequently, its

pharmacological activity was explored. The therapeutic

potential of Madhugrit was evaluated by in vitro analysis of

parameters such as cell viability, modulations in a-amylase

release, glucose uptake, inflammation, wound healing, and

formation of advanced glycation end products (AGEs). These

in vitro experiments were followed by in vivo analysis in C.

elegans by measuring brood size, % curling, glucose levels,

triglyceride accumulation, lipid deposition, ROS generation

and lipid peroxidation. The biguanide anti-hyperglycemic

drug, Metformin, was used as the method control (27–30),

in parallel.
Materials and methods

Reagents

Madhugrit (batch #1MDT-210081) was sourced from Divya

Pharmacy, India. The standards for HPLC analysis namely gallic

acid, magnoflorine, piperine, rutin, ellagic acid, coumarin,

cinnamic acid, and palmatine were obtained from Sigma-

Aldrich, USA; protocatechuic acid, corilagin from Natural

remedies, India, and methyl gallate from TCI chemicals, India.

Reagents namely RPMI 1640 (no glucose), DMEM (low

glucose), DPBS, antibiotic-antimycotic solution, starch,

Malondialdehyde (MDA), Trichloroacetic acid (TCA), LPS,

and 2′,7′-Dichlorofluorescin diacetate (H2DCFDA) were

procured from Sigma-Aldrich, USA. Heat-inactivated FBS,

TPVG, Bovine serum albumin (BSA), Nile red, and Alamar

blue were obtained from HiMedia, India. Horse serum was

bought from Gibco, USA. Chemicals, 2-thiobarbituric acid

(TBA), D-glucose, Metformin, and dexamethasone were

obtained from TCI chemicals, India. Phorbol 12-myristate 13-

acetate (PMA) was purchased from Alfa Aesar, UK. Mitomycin

C was obtained from Roche, Germany. Pierce BCA protein assay

kit and sodium azide were obtained from Thermo Fisher

Scientific, USA. Human TNF-a and IL-6 ELISA kits were

obtained from BD Biosciences, USA. QUANTI-Blue reagent

was purchased from InvivoGen, USA.
Phytochemical analysis of Madhugrit on
UHPLC platform

Madhugrit powder(500 mg) was diluted with 10 ml water:

methanol (50:50), sonicated for 30 min, centrifuged at 10,000×g

for 5 min, and filtered by a 0.45 µm nylon filter. This solution
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was further used for the metabolite analysis. Prominence-XR

UHPLC system (Shimadzu, Japan) equipped with a Quaternary

pump (Nexera XR LC-20AD XR), DAD detector (SPD-M20 A),

auto-sampler (Nexera XR SIL-20 AC XR), degassing unit (DGU-

20A 5R) and column oven (CTO-10 AS VP) were used for

analysis. Separation was achieved using a Shodex C18-4E (5µm,

4.6 X 250 mm) column subjected to binary gradient elution. The

two solvents used for the analysis were: (A) water containing

0.1% orthophosphoric acid (pH 2.5) and (B) 0.1%

orthophosphoric acid in a mixture of acetonitrile and water

(88:12). Gradient programming of the solvent system: 5% B for

0-5 min, 5-10% B from 5-20 min, 10% B from 20-30 min, 10-

20% B from 30-40 min, 20-35% B from 40-50 min, 35-60% B

from 50-65 min, 60-85% B from 65-70 min, 85-5% B from 70-

71 min and 5% B from 71-75 min with a flow rate of 1 ml/min. A

10 µl of standard and test solution was injected and the column

temperature was maintained at 30°C. Wavelength of 270 nm was

used for gallic acid, methyl gallate, protocatechuic acid,

magnoflorine, corilagin, coumarin, cinnamic acid, piperine,

and palmatine; 250 nm for ellagic acid and 350 nm for rutin.

The obtained chromatograms of standards and sample were

overlayed and the phytometabolites were quantified respectively

at different retention times (RT).
Cell culture maintenance

The rat pancreatic cell line AR42J; rat myoblast cells L6;

human monocytic cells THP-1 were procured from the ATCC

licensed repository, National Centre for Cell Science, India. The

human keratinocyte cells HaCaT were purchased from Krishgen

Biosystems, India. The reporter cell lines namely HEK-Blue

TNF-a, HEK-Blue IL-1b, and THP1-Blue NF-kB were

obtained from In vivoGen, USA. AR42J, L6, and HaCaT were

propagated in normal glucose (NG, 5.5 mM) DMEM

supplemented with 10% FBS and 1% antibiotic-antimycotic

solution. THP-1 cells were cultured in normal NG (5.5 mM)

RPMI 1640 supplemented with 10% FBS and 1% antibiotic-

antimycotic solution. The reporter cell lines were cultured as per

the manufacturer’s instructions. The cultured cells were

maintained at 37°C and 5% CO2 in a humidified incubator

and used within 5 passages after revival.
Cell viability

The effect of Madhugrit on the viability of AR42J, L6, THP-1

monocytes, THP1 macrophages, and HaCaT, were evaluated by

Alamar blue dye (15 µg/ml). Madhugrit (10, 30, 100 µg/ml) was

added during differentiation of AR42J into amylase-secreting

exocrine cells by 100 nM dexamethasone and incubated for 72 hr

(31–33). The L6 cells were differentiated with 2% Horse serum

containing media for 72 hr post which the cells were incubated
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with Madhugrit (10-100 µg/ml) for 24 hr. THP1 monocytes and

macrophages were incubated with Madhugrit (10-100 µg/ml) for

48 hr. HaCaT cells were also treated for 48 hr with Madhugrit

(10-100 µg/ml). Following incubation with Alamar blue dye, the

plates were read at Ex. 560/Em.590 nm by Envision multimode

plate reader (PerkinElmer, USA). All treatments were performed

with NG (5.5 mM) culture media. Data were presented as mean

± SEM (n=3).
Assessment of a-amylase inhibition in
AR42J cells

AR42J cells were plated at a density of 1×106 cells per well in

a 6-well plate. Post 72 hr treatment, as described earlier, cells

were washed with DPBS and induced with 1% (w/v) starch for 1

hr after which the supernatant was collected and a-amylase (U/

L) levels were analyzed by Architect ci8200 biochemical analyzer

(Abbott Diagnostics, USA), at an external laboratory.

Undifferentiated cells (UDC) were used as normal control.

Data were presented as mean ± SEM (n=3).
Assessment of glucose uptake in L6 cells

L6 cells were seeded at a density of 2×105 cells per well in 12-

well plate. After differentiation, cells were treated with

Madhugrit (10, 30, and 100 µg/ml) or Metformin (2 mM) in

serum-free NG (5.5 mM) culture media. After 24 hr the cells

were washed with DPBS and stimulated with 100 µM 2-NBDG

dye for 1 hr in DPBS, thereafter cells were washed twice with

DPBS and lysed by 2 phased freeze-thaw process. The cell lysate

was collected, centrifuged at 12,000×g for 10 min and 100 µl of

the supernatant was pipetted in 96-well black plate and read at

Ex.475/Em.529 nm by Envision multimode plate reader

(PerkinElmer, USA). Data were presented as mean ± SEM (n=3).
Advanced glycation end products
(AGEs) assessment

The evaluation of the anti-glycation activity of Madhugrit

was done as per Starowicz et al. (34) with slight modifications.

Briefly, glucose (90 mg/ml) and BSA (10 mg/ml) were separately

dissolved in DPBS. Then, Madhugrit (0-100 µg/ml) or

Metformin (2 mM) were mixed with a BSA-glucose solution.

The use of 0.01% sodium azide was done to prevent microbe

development. After 1 week of incubation at 37°C, the

fluorescence of AGEs was measured at Ex.350/Em.420 nm and

the inhibition of AGEs formation was evaluated. Data were

presented as mean ± SEM (n=3).
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Assessment of THP-1 monocyte
(suspension cells) to macrophage
(adherent cells) differentiation

THP-1 monocytes (5×105 cells) were pre-treated with

Madhugrit (10, 30, and 100 µg/ml) or Metformin (2 mM) in

T-25 flasks for 24 hr. Afterward, the cells were centrifuged,

washed with DPBS, and plated at a density of 3×104 cells/well in

a 96-well plate. The cells were again treated with Madhugrit or

Metformin in presence of 20 ng/ml PMA for 24 hr. All

treatments were performed with NG (5.5 mM) culture media.

Post incubation the cells were washed and Alamar blue assay was

performed. Data were presented as mean ± SEM (n=3).
Assessment of LPS-induced TNF-a
and IL-6 cytokine release in
THP-1 macrophages

THP-1 monocytes were plated at a density of 1×105 cells per

well. The cells were differentiated to macrophages and pre-

treated with Madhugrit (10, 30, and 100 µg/ml) or Metformin

(2 mM) for 24 hr. Following incubation, the cells were washed

and stimulated with 100 ng/ml LPS in presence of Madhugrit

(10, 30, and 100 µg/ml) or Metformin (2 mM) for 24 hr.

Untreated control (UC) group was taken as normal control.

All treatments were performed with NG (5.5 mM) culture

media. The cell supernatant was then collected and assessed

for TNF-a and IL-6 release by sandwich ELISA as per the

manufacturer’s instructions. Data were presented as mean ±

SEM (n=4).
Assessment of LPS-induced NF-kB, TNF-
a, and IL-1b activity under high
glucose conditions

THP-1 macrophages were pre-treated with Madhugrit (10,

30, and 100 µg/ml) or Metformin (2 mM) for 24 hr. Later on, the

cells were stimulated for 24 hr by LPS (500 ng/ml) and divided

into 5 groups: (1) UC NG (5.5 mM), (2) LPS NG (5.5 mM), (3)

UC HG (25 mM), (4) LPS HG (25 mM) and (5) LPS HG (25

mM) with Madhugrit (10, 30, 100 µg/ml) or Metformin (2 mM).

After 24 hr the cell supernatant was collected and incubated with

the NF-kB, TNF-a, and IL-1b reporter cells. Subsequently, based
on the secreted embryonic alkaline phosphatase (SEAP) levels

released by the reporter cells the activity of NF-kB, TNF-a and

IL-1b was evaluated by QUANTI-Blue reagent as per the

manufacturer’s instructions. The plates were read at an optical

density of 630 nm by Envision multimode plate reader. Data

were presented as mean ± SEM (n=3).
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Scratch wound healing assay

HaCaT cells (2×105/well) were cultured in 12 well plates and

pre-treated with Madhugrit (10, 30, 100 µg/ml) or Metformin (2

mM) for 24 hr. Later on, the cells were washed with DPBS and

induced with mitomycin C (5 µg/ml) to inhibit proliferation.

The cells were washed and wounded by a 10 µl plastic pipette tip

and further rinsed with DPBS to remove cell debris. The cells

were treated and divided into 5 groups: (1) UC NG (5.5 mM), (2)

UC HG (25 mM), and (3) HG (25 mM) with Madhugrit (10, 30,

100 µg/ml) or Metformin (2 mM). Images were acquired at 0 hr

and 24 hr. Analysis of % wound closure and rate of migration

(µm/hr) were done by Fiji, ImageJ (NIH, USA) (13, 35). Data

were presented as mean ± SEM (n=3).
Maintenance and treatment of
Caenorhabditis elegans

The N2 (wild type) C. elegans strain was procured from the

Caenorhabditis Genetics Center (CGC) and maintained in NGM

(nematode growth medium) seeded with E. coli OP50 at 20°C. A

synchronization technique was used to separate the eggs from the

worms by treatment with an alkaline hypochlorite solution (25,

36). The hatched eggs released the L1 larvae, used for exposure to

various treatments. The L1 nematodes were exposed to different

concentrations of Madhugrit (3, 10, and 30 mg/ml) or Metformin

(2 mM) for 24 hr. After incubation, the nematodes were

transferred to an NGM plate seeded with E. coli OP50 with or
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without high glucose (HG, 100 mM) supplementation along with

Madhugrit (3, 10, and 30 mg/ml) or Metformin (2 mM).

Treatment scheme and parameters analyzed on C. elegans

experimental model are depicted in Figure 1.
Brood size assessment

The nematodes were treated as described above and were

maintained on NGM/E. coli OP50 plates until they reached

larval stage L4. To evaluate progeny size, one nematode from

each treated group was transferred to a new NGM plate seeded

with E. coli OP50 with or without 100 mM glucose

supplementation along with Madhugrit (3, 10, and 30 mg/ml)

or Metformin (2 mM). The total number of progenies were

counted by ZEISS Stemi 305 stereo microscope (Carl Zeiss,

Germany). Data were presented as mean ± SEM (n=5).
Analysis of aberrant behavior (curling) in
C. elegans

After pre-treatment, 30 worms of the L4 stage were

transferred to new NGM plates seeded with E. coli OP50 with

or without 100 mM glucose supplementation along with

Madhugrit (3, 10, and 30 mg/ml) or Metformin (2 mM). The

worms that displayed a curling behavior (37) were counted by

ZEISS Stemi 305 stereo microscope (Carl Zeiss, Germany). Data

were presented as mean ± SEM (n=5).
FIGURE 1

Schematic of C. elegans treatment and parameters evaluated.
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Assessment of glucose and triglyceride
accumulation in C. elegans

The pre-treated L4 stage nematodes were transferred to a

new NGM plate seeded with E. coli OP50 with or without 100

mM glucose supplementation along with Madhugrit (3, 10, and

30 mg/ml) or Metformin (2 mM). On Day 5, worms were washed

off from the plates and centrifuged at 600×g for 1 min. Worms

were washed rigorously and placed in lysis buffer (Tris 100 mM,

NaCl 150 mM, EGTA 1 mM, EDTA 1 mM, Triton X-100 1%,

and sodium deoxycholate 0.5%) supplemented with protease

inhibitor cocktail (Thermo Fisher Scientific, USA) and passed

through three cycles of freeze-thaw and centrifuged at 14000×g

for 10 min. The supernatant was collected and analyzed for

glucose and triglyceride levels by Erba 200 biochemical analyzer

(Erba Mannheim, Germany). Protein concentration was

determined using the Pierce BCA protein assay kit. The

obtained values were further normalized with protein

concentration. Data were presented as mean ± SEM (n=3).
Microscopy of lipid deposition in C.
elegans by Nile red stain

After treatment, worms were washed off from the plates and

centrifuged at 600×g for 1 min. The worms were washed thrice

and fixed with 40% isopropanol for 3 min, centrifuged at 600×g

for 1 min, and stained with Nile red as per the protocol of

Escorcia et al. (38). The images were acquired using a FITC filter

on an Olympus BX43 microscope equipped with a Mantra

imaging platform (PerkinElmer, USA) and further processed

on Inform 2.2 software suite (PerkinElmer, USA).
Evaluation of ROS levels in C. elegans

ROS levels in C. elegans were detected by the H2DCFDA dye

as mentioned by Zhou et al. (39) with slight modifications.

Briefly, worms were lysed, centrifuged and the supernatant was

incubated with H2DCFDA (200 µM) at 37°C for 1 hr. The plates

were read at Ex. 495/Em.523 nm by Envision multimode plate

reader and the fluorescence values were normalized with protein

concentration (40). Data were presented as mean ± SEM (n=3).
Assessment of lipid peroxidation in
C. elegans

The MDA content from the lysate of treated nematodes was

measured by the TBA-TCA method (41). The optical density

was read at 532 nm by Envision multimode plate reader and the

amount of MDA present in the samples was determined from
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the standard curve. The data was further normalized with

protein concentration. Data were presented as mean ±

SEM (n=3).
Data analysis

Statistical analysis was performed using one-way ANOVA

with Dunnett’s multiple comparisons post-hoc test. Data were

analyzed using GraphPad Prism 7 (GraphPad Software, USA).

Results were considered to be statistically significant at a

probability level of p < 0.05.
Results

Phytometabolite analysis of Madhugrit

The quantitative analysis of phytometabolites using standard

marker compounds (Figure 2) confirmed the presence of rutin,

ellagic acid, gallic acid, protocatechuic acid, methyl gallate,

magnoflorine, corilagin, palmatine, coumarin, cinnamic acid

and piperine in Madhugrit. The quantitative analysis of

phytochemicals using reference standards is mentioned

in Table 1.
Cell viability analysis of Madhugrit

The effect of Madhugrit on the viability of cells was assessed

on rat pancreatic exocrine like AR42J cells (Figures 3A, F), rat L6

myotubes (Figures 3B, G), human monocytic THP1 cells

(Figures 3C, H), human THP1 macrophages (Figures 3D, I)

and human HaCaT epidermal keratinocytes (Figures 3E, J). The

cell lines were subjected to various concentrations of Madhugrit

(10, 30, and 100 µg/ml) and no significant decrease in cell

viability was observed even at 100 µg/ml concentration in all

the cell lines. These preliminary results indicated that Madhugrit

is non-toxic at all physiologically relevant concentrations and

has no effect on the metabolic functionality of cells.
Madhugrit reduced a-amylase secretion
from pancreatic acinar-like cells and
increased glucose uptake in
skeletal myotubes

The AR42J cells was differentiated into an exocrine acinar-

like pancreatic cell line (31) as the undifferentiated cells secrete

less a-amylase in response to starch (Figure 4A). The bioactivity

of Madhugrit in presence of starch load which mimics the

physiological postprandial condition was determined on the
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differentiated cells. It was observed that Madhugrit (10, 30, and

100 µg/ml) treated cells released significantly (p <0.01) less a-
amylase compared to control (Figure 4A) in response to 1% (w/

v) starch. Next, to confirm the hypoglycemic activity of

Madhugrit we evaluated its effect on glucose uptake levels in

L6 cells (42). When compared with the control group,

Madhugrit treatment with 10, 30, and 100 µg/ml significantly

(p <0.05) promoted the uptake of glucose by 1.64, 2.48, and 2.84-

fold respectively, in a concentration-dependent manner

(Figure 4B). The results were at par with the positive control
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drug Metformin (2 mM) which also significantly (p <0.05)

enhanced the glucose uptake levels by 2.53-fold compared to

normal control.
Madhugrit inhibited the in vitro
AGEs formation

Advanced glycation end products (AGEs) are formed in high

amounts during diabetes which get accumulated and develop

oxidative stress (43). It was observed that Madhugrit (3-100 µg/

ml) inhibited the in vitro formation of AGEs in a concentration-

dependent manner (Figure 4C). An inhibition of more than 15%

was observed in the Madhugrit (100 µg/ml) treated group.

Hence, it was established that Madhugrit possesses a property

to inhibit AGEs formation.
Madhugrit decreased inflammation by
inhibition of monocyte to macrophage
differentiation and release of TNF-a and
IL-6 cytokines

The differentiation of monocytes to macrophages is a critical

event that activates various pro-inflammatory signaling

networks. The anti-inflammatory properties of Madhugrit

were confirmed by the use of the in vitro model of THP1
B

C

A

FIGURE 2

Phytometabolite analysis of Madhugrit by HPLC. Overlap chromatogram of standards (green line) and Madhugrit (pink line). Rutin was quantified
at 350 nm (A), Ellagic acid at 250 nm (B), and Gallic acid, Protocatechuic acid, Methyl gallate, Magnoflorine, Corilagin, Palmatine, Coumarin,
Cinnamic acid, and Piperine at 270 nm wavelength (C).
TABLE 1 Quantitative analysis of phytometabolites in Madhugrit.

Sr.
No.

Compound
name

Retention time
(min)

Amount (in µg/
mg)

1 Gallic acid 8.46 1.158

2 Magnoflorine 38.28 0.950

3 Corilagin 41.58 0.770

4 Piperine 69.71 0.449

5 Methyl gallate 26.86 0.305

6 Rutin 47.15 0.278

7 Ellagic acid 47.95 0.198

8 Protocatechuic acid 16.79 0.081

9 Coumarin 52.87 0.026

10 Cinnamic acid 57.66 0.021

11 Palmatine 51.67 0.014
HPLC quantified major metabolites present in as deciphered from the chromatogram
shown in Figure 2.
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monocyte to macrophage differentiation by PMA. It was

observed that compared to control, Madhugrit at the

concentration of 100 µg/ml significantly (p <0.01) decreased
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the conversion of monocytes to macrophages in presence of

PMA (Figure 5A) as depicted by Alamar blue assay. Similarly, a

significant (p <0.05) decrease was also observed in Metformin (2

mM) treated cells which was also previously reported by

Vasamsetti et al. (28). Furthermore, the levels of LPS induced

pro-inflammatory cytokines namely TNF-a and IL-6 were also

evaluated post-Madhugrit treatment. An increase in the levels of

LPS is observed due to an imbalance of gut microbiota during

diabetes. LPS upon binding to toll-like receptor 4, found on

immune cells activates a series of pro-inflammatory cascades,

generally accompanied by an increase in levels of TNF-a and IL-

6 (14, 44, 45). Madhugrit (10, 30, and 100 µg/ml) treated THP1

macrophages inhibited the release of LPS (100 ng/ml) induced

TNF-a and IL-6 release, in a concentration-dependent manner

(Figures 5B, C). The inhibitory effect of Madhugrit at 100 µg/ml

concentration was more pronounced than Metformin (2 mM) in

the case of TNF-a (Figure 5B) and IL-6 release (Figure 5C).

Taken together, Madhugrit has anti-inflammatory properties,

evident by its potential to inhibit macrophage differentiation and

release of pro-inflammatory cytokines which is helpful to control

the low-grade inflammation during diabetes.
Madhugrit inhibited the activity of NF-kB,
TNF-a, and IL-1b in THP-1 macrophages
under hyperglycemic conditions

Macrophages under hyperglycemic state constantly express a

pro-inflammatory phenotype which is more prominent in

presence of exogenous stimulants (endotoxins) (3). In high

glucose (25 mM) conditions, it was observed that THP1

macrophages without any LPS (500 ng/ml) challenge, compared

to normal glucose (5.5 mM) conditions, showed an increase in

their pro-inflammatory phenotype which became more

pronounced upon LPS stimulation (Figures 5D–F). It was

observed that Madhugrit (10, 30, and 100 µg/ml) treated

macrophages, in a concentration-dependent manner, were able

to decrease their pro-inflammatory phenotype when exposed to

high glucose and LPS, evident from the significantly decreased

activity of NF-kB, TNF-a, and IL-1b (Figures 5D–F). Similar

findings were observed in the Metformin (2 mM) treated group as

well (Figures 5D–F). Taken together, these results suggest that

Madhugrit has potentials to reduce persistent inflammatory

phenotype of macrophages exposed to high glucose and bacterial

endotoxins, in chronic diabetic conditions.
Madhugrit normalized wound healing
process under high glucose enviornment

One of the common complication of diabetes is delayed and

impaired wound healing process (46). A controlled inflammation

and re-epithelization of the wound are paramount for effective
B

C

D

E

F
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A

FIGURE 3

Cell viability analysis of Madhugrit. Cell viability of Madhugrit (10,
30, and 100 µg/ml) was performed on Exocrine acinar AR42J cells
(A), L6 myotubes (B), THP1 monocytes (C), THP1 macrophages (D)
and HaCaT keratinocytes (E) by Alamar blue assay. Corresponding
representative images of the cell lines used for the analysis (F-J).
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wound healing. Keratinocytemigration, which is an integral part of

re-epithelization is inhibited in high glucose conditions (13). Based

on Madhugrit’s ability to resolve inflammation, we sought to

examine its activity on wound healing under hyperglycemic

conditions. As the HaCaT cells were induced with mitomycin C,
Frontiers in Endocrinology 09
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the cell proliferation process was inhibited to remove any

confounding observations related to the rate of migration. The

HaCaT cells under high glucose (25 mM) condition displayed a

visible defect in the wound healing process. In comparison, the

cells treated with Madhugrit (10, 30, and 100 µg/ml) showed a
B

C

A

FIGURE 4

Analysis of amylase release, glucose uptake and inhibition of AGEs in presence of Madhugrit. (A) The release of amylase in dexamethasone
differentiated AR42J cells was performed after induction with starch (1% w/v) in presence of Madhugrit. Undifferentiated cells (UDC) were taken
as a normal control. (B) The uptake of glucose post Madhugrit treatment was evaluated in L6 myotubes by the fluorescent glucose analog 2-
NBDG. (C) Evaluation of inhibitory potential of Madhugrit against AGEs formation. The statistical significance of the observed differences in the
means compared to the Madhugrit (0 µg/ml) group was analyzed through one-way ANOVA followed by Dunnett’s multiple comparison test and
represented as *, ** or *** depending on whether the calculated p value was <0.05, <0.01 or <0.001.
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prominent ability for wound healing, but it was not apparent in the

Metformin (2 mM) treated group (Figure 6A). Based on the image

analysis a significant (p <0.05) decrease in the percentage of wound

closure and rate of cell migration was observed when HaCaT cells

were kept in high glucose conditions (Figures 6B, C). Upon

Madhugrit treatment, the cells started to display effective wound
Frontiers in Endocrinology 10
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healing in a concentration-dependent manner. Notably, at 100 µg/

ml concentration of Madhugrit the rate of migration and

percentage of wound closure was equivalent to that of HaCaT

cells kept in normal glucose (5.5 mM) condition (Figures 6B, C).

These results suggest that Madhugrit has a potential to normalize

the wound healing process in a high glucose condition.
B
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FIGURE 5

Madhugrit reduced monocyte to macrophage differentiation, release and activity of pro-inflammatory cytokines and NF-kB response. (A)
Madhugrit inhibited the THP1monocyte to macrophage conversion in presence of PMA (20 ng/ml) represented as fold change. (B, C) The levels
of released TNF-a and IL-6 (pg/ml) in presence of Madhugrit (0-100 µg/ml) or Metformin (2 mM) after LPS (100 ng/ml) induction. (D-F) Activity
of NF-kB, TNF-a and IL-1b under normal glucose (NG) and high glucose (HG) conditions in presence of Madhugrit (0-100 µg/ml) or Metformin
(2 mM) after LPS (500 ng/ml) induction. The statistical significance of the observed differences in the means compared to the (A) Madhugrit (0
µg/ml) was analyzed through one-way ANOVA followed by Dunnett’s multiple comparison test and represented as * (p<0.05) or ** (p<0.01).
Statistical significance between Untreated control (UC) and Madhugrit (0 µg/ml) group (B, C) is represented as ### (p<0.001) and between UC
HG and LPS HG group (D-F) as ## (p<0.01) or ### (p<0.001). Comparison of the treatments with Madhugrit (0 µg/ml) or LPS HG group was
represented as *, ** or *** depending on whether the calculated p value was <0.05, <0.01 or <0.001.
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Madhugrit decreased the toxic effects on
progeny and aberrant behavior of C.
elegans in high glucose condition

A constant level of high glucose leads to multi-organ

dysfunction which underlies the complications of diabetes (47).

To confirm the potency of Madhugrit in vivo, the non-

mammalian model of C. elegans was utilized as the effects of

glucose toxicity have been previously reported on the nematode

(25). The effect of standalone Madhugrit (3-30 µg/ml) treatment

on Brood size was evaluated which showed that it had no toxic

effect (data not shown). Further experiments were performed

using the same concentrations of Madhugrit. The worms exposed

to high glucose (100 mM) showed a significant (p <0.001)

reduction in their brood size but the worms exposed to 30 µg/

ml concentration of Madhugrit were able to significantly (p

<0.001) counteract the negative effects of glucose on their egg

laying capacity. Similar effects were observed in the case of

Metformin (Figure 7A). Under high glucose exposure, C.

elegans displayed aberrant behavior like curling. Nearly, 80% of

the worms were observed to have curling behavior due to glucose-

induced stress. Madhugrit (3, 10, and 30 µg/ml) treated worms

showed a decrease in the incidences of curling behavior in a

concentration-dependent manner (Figure 7B). The positive

control drug Metformin (2 mM) also reduced % curling in the

high glucose exposed worms. The observed increase in brood size

and a decrease in % curling suggests that Madhugrit has a strong

potential to negate the effects of glucose toxicity on

normal physiology.
Madhugrit normalized the glucose and
lipid levels in C. elegans under high
glucose exposure

The qualitative assessment of the lipid content post glucose

exposure and Madhugrit treatment was evaluated by Nile red

staining. The worms exposed to 100 mM glucose clearly showed

increased lipid accumulation compared to worms grown without

added glucose. Madhugrit (3, 10, and 30 µg/ml) treated worms

showed a visible reduction in lipid content in a dose-dependent

manner. Worms with Metformin (2 mM) treatment also displayed

less lipid deposition (Figure 7C). Furthermore, the worms exposed

to high glucose (100 mM) showed a significant (p <0.05) increase in

their glucose (0.92 mM/mg protein) and triglyceride (137.8 mg/mg

protein) levels compared to worms grown without added glucose

(Figures 7D, E). Such biochemical alterations were significantly

reduced in the Madhugrit (3, 10, and 30 µg/ml) treated nematodes.

Metformin (2 mM) treated worms also efficiently resisted the

biochemical changes in response to high glucose exposure. The

worms treated with 30 µg/ml of Madhugrit had nearly normalized

levels of glucose and triglyceride levels (Figures 7D, E).
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Madhugrit decreased ROS levels and
lipid peroxidation in C. elegans exposed
to high glucose

The evaluation of changes in ROS levels was done by the

normalized fluorescence intensity of dichlorofluorescein (DCF)

(48). High glucose exposure significantly (p <0.001) increased

the DCF fluorescence compared to worms grown without added

glucose (Figure 7F). Madhugrit (3, 10, 30 µg/ml) treated

nematodes were able to counteract the development of ROS in

response to high glucose as observed by the dose-dependent

decrease in fluorescence (Figure 7F). An increase in ROS causes

the overproduction of MDA, an indicator of oxidative stress

(49). The worms exposed to 100 mM glucose displayed a

significant (p <0.001) increase in MDA (404.9 nM/mg protein)

levels (Figure 7G). Whereas, Madhugrit (3, 10, 30 µg/ml) treated

worms were able to offset the generation of oxidative stress in a

dose-dependent fashion (Figure 7G). The 30 µg/ml Madhugrit

treated worms had MDA (121.4 nM/mg protein) levels

equivalent to the worms grown without added glucose (121.3

nM/mg protein). Collectively, these results implied that

Madhugrit possesses robust anti-oxidant properties.
Discussion

Globally, the pandemic of obesity, inappropriate diet, and

sedentary lifestyle has led to an increase in the prevalence of

diabetes, decade after decade (50). In 2015 the global economic

burden of diabetes was estimated to be more than $1.3 trillion

(51). The current pharmacotherapy for diabetes involves insulin

secretagogues, insulin sensitizers, alpha-glucosidase inhibitors,

biguanides, incretin mimetics, sodium-glucose co-transport-2

inhibitors, amylin antagonists, and insulin. Monotherapy of

conventional oral hypoglycemic agents often fail to achieve

therapeutic goals and so the use of dual drug therapy is on the

rise. Such combinatorial therapies lead to increased incidences of

adverse effects like diarrhoea, lactic acidosis, and hepatotoxicity

which leads to a decline in patient compliance (52, 53). Anti-

diabetic agents from ethnopharmacological origins may be an

attractive alternative due to their low cost, better safety profile,

and other beneficial pleiotropic effects. Additionally, they might

alleviate metabolic abnormalities and abrogate the development

of comorbidities associated with diabetes (6).

The present study aimed to characterize the phytochemistry

and bioactivity of the Ayurvedic anti-diabetic medicine

Madhugrit, a herbo-mineral formulation composed of extracts

from 29 herbs and a mineral pitch. The phytometabolite

characterization of Madhugrit revealed the presence of several

bioactive compounds namely gallic acid, magnoflorine,

corilagin, piperine, methyl gallate, rutin, ellagic acid,

protocatechuic acid, coumarin, cinnamic acid, and palmatine.
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These phytochemicals have been reported to possess anti-

diabetic, anti-inflammatory, antioxidant, and wound healing

properties (6, 7, 54). To assess the collective pharmacological

effects of these phytometabolites, we determined the effects of

Madhugrit on various in vitro models of diabetes and related

complications. After establishing the therapeutic properties of

Madhugrit we determined its effectiveness on a non-mammalian

in vivo model of the nematode C. elegans. Thus, various in vitro

and in vivo methods were employed to determine the

therapeutic potentials of Madhugrit.

Before beginning pharmacological screening of Madhugrit

its effect on cell viability was evaluated on rat pancreatic acinar

cells (AR42J), rat skeletal myotubes (L6), human monocyte and

macrophage (THP-1) cells, and human epidermal keratinocytes
Frontiers in Endocrinology 12
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(HaCaT). Madhugrit was found to be viable at all physiologically

relevant concentrations. The cell viability profile of Madhugrit

allowed us to rule out any confounding bias in our obtained

results. In order to assess the anti-diabetic properties of

Madhugrit, we mainly studied its effect on a-amylase release.

Post-prandial hyperglycemia is one of the major symptoms of

diabetes. As amylase helps in the breakdown of complex

carbohydrates obtained from diet to simple sugars, it promotes

the rise of glucose levels in the blood. Therefore, amylase

inhibition can help in the effective control of raised glucose

levels after meals (10, 32, 33). Madhugrit was found to retard the

release of a-amylase from rat pancreatic acinar cells post a starch

load. Upon confirmation of the a-amylase inhibitory activity of

Madhugrit, we further evaluated its effect on glucose uptake as
B C

A

FIGURE 6

Madhugrit enhanced keratinocyte (HaCaT) migration capacity. (A) Representative pictures of scratched wound of HaCaT monolayers (0 and 24
hr) placed in normal glucose (NG) or high glucose (HG) conditions in presence of Madhugrit (10, 30, and 100 µg/ml) or Metformin (2 mM). Blue
lines represent wounded area. Scale bar (red) = 100 µm. (B, C) Graph quantifying the average wound closure and rate of migration of the
wounded HaCaT cells in presence of Madhugrit (10, 30, and 100 µg/ml) or Metformin (2 mM). The statistical significance of the observed
differences in the means compared to the UC NG group was analyzed through one-way ANOVA followed by Dunnett’s multiple comparison
test and represented as # (p<0.05) or ## (p<0.01). Comparison of the treatments with UC HG group was represented as * (p<0.05).
frontiersin.org

https://doi.org/10.3389/fendo.2022.1064532
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Balkrishna et al. 10.3389/fendo.2022.1064532
both work in synergy to maintain euglycemia. The potential of

Madhugrit to enhance glucose uptake was performed on rat

skeletal myotubes using Metformin as a positive control. It was

found that Madhugrit substantially improved the glucose uptake

activity of L6 cells as observed by the uptake of fluorescent
Frontiers in Endocrinology 13
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glucose analog 2-NBDG. The hypoglycemic properties of

Madhugrit can be attributed to the presence of gallic acid as

one of its major phytoconstituents (55). Gallic acid in vitrois

reported to directly inhibit a-amylase activity in an in vitro

model system (56). A study described that when isolated rat
B

C

D E

F G

A

FIGURE 7

Madhugrit staved off the glucose toxicity markers in C. elegans exposed to high glucose (HG) conditions. (A) Brood size of the nematodes
placed under HG was determined in presence or absence of Madhugrit (3, 10, and 30 µg/ml) or Metformin (2 mM). (B) Aberrant behavior of the
worms in HG was observed in the form of curling and the number of worms in curled state were quantified in presence or absence of
Madhugrit (3, 10, and 30 µg/ml) or Metformin (2 mM). (C) Lipid deposition (green) in the nematodes exposed to HG was qualitatively determined
by Nile red staining in presence of different treatments. Scale bar (red)=200 µm. (D-G) Glucose, triglyceride accumulation, ROS generation and
MDA levels in the nematodes were evaluated in presence in presence or absence of Madhugrit (3, 10, and 30 µg/ml) or Metformin (2 mM). The
statistical significance of the observed differences in the means compared to the UC NG group was analyzed through one-way ANOVA
followed by Dunnett’s multiple comparison test and represented as # (p<0.05), ## (p<0.01), or ### (p<0.001). Comparison of the treatments
with UC HG group was represented *, ** or *** depending on whether the calculated p value was <0.05, <0.01 or <0.001.
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skeletal muscles were treated with gallic acid-rich Pu-erh tea

extract, glucose transport was stimulated by the enhanced

insulin signal transduction in the absence of insulin. This

raises the possibility that gallic acid, a major content in

Madhugrit, might be an insulin-mimetic agent (57).

Inflammation of the intestinal epithelium observed in obese

diabetic patients is reportedly associated with changes in gut

microflora. It has been reported that LPS derived from gut

microbiota is involved in the onset and progression of the

chronic low-grade inflammation observed in obesity (58).

Furthermore, the activation of various inflammatory signaling

networks initiates the monocyte to macrophage differentiation

(28). The present data confirmed that Madhugrit might be able

to decrease the LPS-mediated inflammation as observed by the

reduced release of TNF-a and IL-6 from the LPS-stimulated

THP1 macrophages. Moreover, the conversion of THP1

monocytes to macrophages in the presence of PMA is also

reduced by Madhugrit. Such properties of Madhugrit might be

able to stave off diabetes-related complications like metabolic

endotoxemia and atherosclerosis (27, 28, 58). These pleiotropic

effects of Madhugrit can be correlated with the presence of

corilagin which is known to be effective in the prevention of LPS-

induced inflammation by the inhibition of TLR4 involved in the

inflammatory cascade (59, 60).

Inflammat ion re la ted to d iabe tes seems to be

involved in the development of renal, ophthalmological,

cardiovascular, and several other co-morbidities (61).

Macrophages under hyperglycemic conditions constantly

express a pro-inflammatory phenotype even in the absence of

any infection or tissue damage (3). A constant high glucose

exposure to macrophages enhances NF-kB activity which

further augments TNF-a and IL-1b activity (3, 62–64). In

our study, we found that high glucose primed THP1

macrophages even after the LPS challenge, displayed a

considerably decreased activity of NF-kB, TNF-a, and IL-1b
in presence of Madhugrit. This validates that Madhugrit might

possess a potent anti-inflammatory property in addition to

being an effective anti-diabetic agent. The presence of

magnoflorine and methyl gallate in Madhugrit might explain

its potent anti-inflammatory effects. Magnoflorine has been

reported to ameliorate inflammation in the in vivo diabetic

nephropathy model in rats (65). Also, methyl gallate is known

to modulate the NF-kB signaling pathway which is majorly

responsible for pro-inflammatory cytokine release (66). Thus,

in combination, both the phytochemicals might be more

effective in lessening the burden of inflammation-related

diabetic complications.

Delayed wound healing in diabetes is mainly described as

persistent inflammation and an imbalance in extracellular

matrix regulation. The production of various growth factors is

compromised which results in malfunctioning of cell migration

and wound re-epithelization (3, 67). Chronic wounds are highly

prone to infection, which can eventually lead to septicemia and
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other morbidities (68). As Madhugrit considerably staved off

inflammation we further investigated its effects on keratinocyte

migration, a key process of wound-healing which is also

hampered in hyperglycemic conditions (13, 46). When a

scratch was applied on the monolayer of high glucose exposed

human epidermal keratinocytes (HaCaT cells), a visible

reduction of wound closure was observed which was in

response to the impaired keratinocyte migration. Madhugrit

was able to enhance the migration of keratinocytes exposed to

high glucose and accelerate wound closure. This effect of

Madhugrit might be due to the presence of a plethora of

phytochemicals namely ellagic acid, coumarin, cinnamic acid,

and palmatine which are known to enhance wound healing (69–

72). Also, it has been reported that cinnamic acid-based

formulations in addition to wound healing, have antimicrobial

properties as well (73). This further augments the therapeutic

potential of Madhugrit.

A prolonged hyperglycemic state leads to the formation of

glycated proteins and AGEs which are responsible for various

co-morbidities due to the loss of function in proteins in response

to crosslink formation. Moreover, AGEs also cause tissue injury

by enhancing oxidative stress and inflammation (74). Madhugrit

inhibited the formation of AGEs which further bolsters its

effectiveness as an anti-diabetic agent. Rutin, a major

phytochemical in Madhugrit is known to ameliorate AGEs

formation as observed in an in vitro model system of protein

glycation (75).

After we established the pharmacological effects of

Madhugrit using various in vitro models we sought to further

evaluate its effectiveness in a whole-body organism. Further

evaluations were then performed in vivo on C. elegans. In

contrast to in vivo rodent models, the short lifespan of the

nematode makes it an ideal model to study the detrimental

effects of high glucose exposure (76). The insulin signaling

pathway is conserved across diverse metazoan. In C. elegans

the pathway regulates fat storage and reproduction.

Disturbances in this pathway are a major contributor to the

pathogenesis of obesity and diabetes, and the use of the

nematode can be done to study the effects of anti-diabetic

agents that may modulate this pathway. Moreover, various

natural phytochemicals like quercetin have been reported to

prevent high-glucose-induced toxicity in C. elegans (77). One of

the preliminary physiological defects observed in high glucose

exposed C. elegans was a decrease in the brood size and aberrant

behavior like curling. But these effects were observed in a low

frequency in Madhugrit treated groups. Similar attenuation of

high glucose-induced reduction in brood size is reported after

treatment of worms with leaves of Aquilaria crassna (agarwood)

(78). Secondly, we observed that high levels of glucose

accumulation in the nematode promoted lipogenesis and

enhanced triglyceride formation which was visually inspected

by Nile red staining. This was not observed in the case of

Madhugrit treatment as the worms displayed a normalized
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lipid deposition. Akin to our findings one study reported that

Apios americanaMedik flower extract treated C. elegans showed

a drastic reduction in glucose and lipid levels under

hyperglycemic conditions (79). A study on the flavonoid-rich

extracts of Citrus aurantium L. var. amara Engl. also showed

that the extract-fed C. elegans lowered lipid accumulation in the

nematodes by affecting the fatty acid synthesis pathway (80).

Here, the lipid and glucose-lowering bioactivity of Madhugrit

can be correlated with the presence of piperine as one of its

constituents (81). It has been documented that high-glucose

conditions result in a substantial accumulation of modified

mitochondrial proteins and a steady increase in ROS

formation in C. elegans (82). Hence, we also evaluated the

potency of Madhugrit against the formation of ROS and lipid

peroxidation products like MDA in high glucose-exposed C.

elegans. The observed decrease in the ROS and MDA levels can

be attributed to the presence of protocatechuic acid as phenolic

compounds have been reported to reduce the ROS generation in

C. elegans (83, 84).

In summary, Madhugrit was found to have robust anti-

diabetic, anti-inflammatory, and antioxidant properties which

were assessed in various in vitro models and on a nematode

model. Most of the pharmacological effects of Madhugrit were at

par with that of Metformin, the classical anti-diabetic agent (29,

30) but Madhugrit displayed a superior wound healing and anti-

oxidant ability than Metformin. Also, due to adverse effects of

Metformin, like gastrointestinal disturbances, pancreatitis,

hepatitis, vitamin B12 and coagulation abnormalities, and

reactive hypoglycemia make its long-term use rather limited

(85). Collectively, Madhugrit was able to display a myriad of

pharmacological actions against diabetes and related

complications. This study also advocates detailed clinical

investigations of Madhugrit on human subjects of

hyperglycemia and associated co-morbidities.
Conclusion

This study explored the anti-diabetic, anti-inflammatory,

anti-oxidant, wound healing, and lipid-lowering capacity of

the ayurvedic prescription medicine Madhugrit. The a-
amylase inhibitory and glucose uptake-enhancing properties of

the phytomedicine support its purported use as a glucose-

lowering agent. The ability of Madhugrit to abrogate pro-

inflammatory cytokine production via modulation of the NF-

kB pathway and hindering the monocyte to macrophage

conversion hints towards its use as an effective anti-

inflammatory agent as well. The enhanced rate of migration of

epidermal keratinocytes under hyperglycemic conditions in

presence of Madhugrit evidences its use in the mitigation of

diabetic wounds and ulcers. The in vivo observations of reduced

triglyceride and glucose accumulation, and a decrease of ROS

and MDA levels in high glucose-induced C. elegans state that
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Madhugrit might also be able to mitigate the co-morbidities

associated with diabetes. Furthermore, given the normalization

of brood size and lack of aberrant behavior in the Madhugrit-fed

nematodes, it can be acknowledged that the phytomedicine

might help retain normal physiological functions under

hyperglycemic conditions. Therefore, Madhugrit could be

utilized as an effective medicinal product to manage diabetes

and associated co-morbidities.
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attenuates HIF-1a activation and
fibrosis in hypoxic adipose tissue
via NAD+/SIRT1 axis

Keke Wu1†, Biao Li1,2†, Yingxu Ma1, Tao Tu1, Qiuzhen Lin1,
Jiayi Zhu1, Yong Zhou1, Na Liu1* and Qiming Liu1*
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Background: Fibrosis is increasingly considered as a major contributor in adipose

tissue dysfunction. Hypoxic activation of hypoxia-inducible factor 1a (HIF-1a)
induces a profibrotic transcription, leading to adipose fibrosis. Nicotinamide

mononucleotide (NMN), a member of the vitamin B3 family, has been shown to

relieve hepatic and cardiac fibrosis, but its effects on hypoxic adipose fibrosis and

the underlying mechanism remain unclear. We aimed to elucidate the roles of

NMN in regulating HIF-1a and fibrosis in hypoxic adipose tissue.

Methods: Mice were placed in a hypobaric chamber for four weeks to induce

adipose fibrosis. NMN (500 mg/kg, every three days) was administered by

intraperitoneal injection. In vitro, Stromal vascular fractions (SVF) cells were

treated by hypoxia with or without NMN (200mM), sirtinol (25mM, a SIRT1

inhibitor) and CoCl2 (100mM, a HIF1a enhancer). The effects of NMN on hypoxia-

associated adipose fibrosis, inflammation, NAD+/SIRT1 axis alteration, and HIF-1a
activation were evaluated by real-time polymerase chain reaction (PCR), western

blots, immunohistochemistry staining, immunoprecipitation, and assay kits.

Results:Mice placed in a hypoxic chamber for four weeks showed obvious adipose

fibrosis and inflammation, which were attenuated by NMN. NMN also restore the

compromised NAD+/SIRT1 axis and inhibited the activation of HIF-1a induced by

hypoxia. In hypoxia-induced SVFs, the SIRT1 inhibitor sirtinol blocked the anti-

fibrotic and anti-inflammatory effects of NMN, upregulated the HIF-1a and its

acetylation level. The HIF1a stabilizer CoCl2 showed similar effects as sirtinol.

Conclusion: NMN effectively attenuated HIF-1a activation-induced adipose

fibrosis and inflammation by restoring the compromised NAD+/SIRT1 axis.

KEYWORDS

nicotinamide mononucleotide, adipose tissue fibrosis, inflammation, HIF-1a activation,
NAD +/SIRT1 axis
frontiersin.org01105

https://www.frontiersin.org/articles/10.3389/fendo.2023.1099134/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1099134/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1099134/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1099134/full
https://www.frontiersin.org/articles/10.3389/fendo.2023.1099134/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2023.1099134&domain=pdf&date_stamp=2023-01-26
mailto:qimingliu@csu.edu.cn
mailto:naliu1025@csu.edu.cn
https://doi.org/10.3389/fendo.2023.1099134
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2023.1099134
https://www.frontiersin.org/journals/endocrinology


Wu et al. 10.3389/fendo.2023.1099134
Introduction

Obesity is commonly considered as a persistent low-level

inflammatory state closely related to insulin resistance, metabolic

syndromes, and cardiovascular diseases (1, 2). This inflammatory

state is closely related to adipose tissue hypoxia (3). A pivotal step to

becoming obese is the rapid expansion of adipose tissue (AT) (4). The

progression is accompanied by the shortage of oxygen due to the

inability of the vascular system to keep up with the massive

expansion. Hypoxia is therefore emerging as a causative factor for

adipose dysfunction in obesity (4). The hypoxia state in AT induces

the accumulation of hypoxia-inducible factor 1a (HIF-1a), which
regulates many cellular anti-hypoxic responses (5, 6). Evidence from

many laboratories suggests that the oxygen shortage of AT leads to

several pathological processes, such as fibrosis, adipocytokine

dysregulation, and inflammation, which are closely associated with

adipose dysfunction and metabolic disorders (3, 6, 7).

HIF1a is considered as a significant initiating factor in adipocytes

for fibrotic and inflammatory response, directly linked to metabolic

dysfunction in AT under hypoxic conditions (3, 8). Unlike its action

in the tumor, HIF1a cannot promote an adaptive proangiogenic

reaction in AT (8). Instead, HIF1a induces an alternative

transcriptional program, mainly entailing enhanced synthesis of

extracellular matrix (ECM) components (9). The excessive collagen

deposition in AT impairs ECM flexibility and tissue plasticity, thereby

limiting AT’s overexpansion, which triggers adipocyte necrosis (4, 8).

The proinflammatory M1 macrophages are recruited to remove dead

adipocytes, which eventually results in inflammation (10). HIF1a
may also directly upregulate proinflammatory factors, such as IL-6

and MIF. These proinflammatory factors increase the infiltration of

M1 macrophages, which in turn causes adipose fibrosis. These events

raise the possibility that suppression of HIF-1a can prevent fibrotic

and inflammatory changes induced by hypoxia or obesity (11, 12).

Nicotinamide mononucleotide (NMN), a member of the vitamin

B3 family, is a defined biosynthetic precursor of nicotinamide adenine

dinucleotide (NAD+). The effect of NMN on restoring NAD+

homeostasis and activating sirtuins has been extensively

investigated in the past decades (13, 14). Through restoring NAD+

homeostasis, NMN can regulate mitochondrial metabolism and

oxidative signaling pathway, which are closely related to adipose

inflammation and fibrosis. NMN can also activate sirtuins, known to

be the key regulators of aging and longevity, which have been linked

to the regulating of adipose tissue function, including adipogenesis,

WAT inflammation, and adipokine secretion (15–17). For example,

SIRT1, the most well-known and prevalent sirtuin, has been reported

to inhibit adipose inflammation. Genetic Sirt1 deficiency in rodents

leads to elevated inflammation characterized by increased

macrophage infiltration and mRNA expression of inflammatory

cytokines in WAT under the High Fat Diet (HFD) condition (17–

19). Moreover, SIRT1 has been involved in cardiac and renal fibrosis

by regulating the TGF-b/Smads signaling pathway (20, 21). However,

few studies have investigated whether SIRT1 inhibits hypoxia-

induced inflammation and fibrosis by regulating HIF1a signaling

pathway, especially in WAT. On the other hand, NMN has entered

the stage of preclinical research due to its fewer unfavorable side

effects and higher orally bioavailable (22). It has been well-

documented that NMN delayed aging and ameliorated diseases
Frontiers in Endocrinology 02106
caused by NAD+ depletion, such as Alzheimer’s disease, heart

failure, diabetes, and complications associated with obesity (23–25).

A recent study has shown that one adaptive metabolic pathway

mediated by nicotinamide phosphor-ribosyl-transferase (NAMPT,

the rate-limiting enzyme in NAD+ biosynthesis) and SIRT1 is

severely compromised in white adipose tissue (WAT) by HFD, thus

leading to diabetes, whereas NMN ameliorates these changes (26).

Although several preliminary studies have reported the effect of NMN

on diet-and age-induced metabolic dysfunction, little is known about

its role in hypoxia induced adipose fibrosis and inflammation.

In the present study, we aimed to find out: (a) whether NAMPT/

NAD+/SIRT1 axis is compromised by hypoxia, thus leading to adipose

fibrosis and inflammation; (b) whether NMN inhibits hypoxia-related

adipose fibrosis and inflammation with an emphasis on regulating

HIF1a by restoring the compromised NAD+/SIRT1 axis.
Methods

Chemical and reagents

Nicotinamide mononucleotide (B7878) was purchased from

APExBIO Technology (Houston, United States) (98% purity, as

detected by high-performance liquid chromatography analysis).

Sirtinol was obtained from MedchemExpress (Sollentuna, Sweden).

CoCl2 was obtained from Sigma-Aldrich Co (St. Louis, MO, United

States). The reverse-transcription assay kit was obtained from

Thermo Fisher Scientific (USA). Antibodies against the following

proteins were obtained from Abcam: TGF-b1 (ab92486), SIRT1

(ab110304), adiponectin (APN, ab5694), and NAMPT(ab236874).

Antibodies against HIF1a (NB100-105) were purchased from Novus

Biologicals. Antibodies against acetyl-lysine (9441S) were purchased

from Cell Signaling Technology. Antibodies against MMP9(27306-1-

AP), TIMP1(16644-1-AP), IL-6 (66146-1-lg), GAPDH, and b-actin
were obtained from the Proteintech Group.
Animal experiments

Male C57/B6 mice (8-10 weeks) weighing 20.2 ± 2g were

purchased from the Institute of Laboratory Animal Science, Hunan

SJA Laboratory Animal Co., Ltd (Changsha, China). All animal

experiments were under the approval of the Animal Care and Use

Committee of Second Xiangya Hospital of Central South University

and were performed in strict accordance with the recommendations

in the Guide for the Care and Use of Laboratory Animals of the

National Institutes of Health. Mice were housed in a specific-

pathogen-free (SPF) environment with a regular 12/12h day/night

cycle, a humidity of 70%, and a temperature of 22°C for seven days

before experiments. Mice were randomly divided into three groups

(n = 8), namely, Control, hypoxia, and hypoxia + NMN. Hypoxia

group mice were placed in a hypoxic chamber (54.02 kPa, 10.8% O2)

for four weeks. The chamber was opened daily for 30 min to clean and

replenish food and water. NMN (500mg/kg, i.p, every three days) was

delivered to mice 5-days before hypoxic treatment and one week after

hypoxic treatment finished (25). The mice in the hypoxia and control

groups were delivered equal volumes of saline. After anesthetic
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induction, the mice are sacrificed by cervical dislocation. Lay the

mouse in a supine position. Secure the upper and lower limbs to the

dissection pan. Remove the skin, locate the testes and use forceps to

lift up the epididymal white adipose tissue (eWAT). Use iris scissors

to carefully excise the WAT from the epididymis. Fix one part of

eWAT in 10% neutral buffered formalin for 24 h prior to histological

processing and store the rest in a -80°C refrigerator.
Histological study

After overnight fixation in 4% paraformaldehyde, the obtained

eWAT was embedded in paraffin and sliced into 5-mm-thick sections.

The change in eWAT structure and adipocyte size was examined by

hematoxylin and eosin (H&E)-stained sections. The extent of

interstitial fibrosis in WAT was evaluated from Masson-stained

sections. It was calculated as the mean ratio of the blue-stained

fibrotic area to the total tissue area. For each section, five optical

fields were analyzed using digital analysis software (Image J) in a

blinded manner.

We performed immunohistochemical staining to assess the level

of SIRT1 expression and macrophage infiltration in the eWAT. After

the sections were blocked using 8% goat serum in phosphate buffer

saline (PBS), they were incubated with primary antibody against

SIRT1 or the macrophage marker F4/80 at four °C overnight. Next,

the sections were incubated with GT VisionTM+Detection System/

Mo&Rb reagent for one hour at room temperature and developed

using a peroxide-based substrate diaminobenzidine (DAB) kit (Gene

Tech, Shanghai, China). Eventually, we dehydrated and cleared these

sections in ethanol and xylene, respectively, and took the fields of view

at the magnification of 200 ×. For each adipose depot, five optical

fields per section were analyzed.
Primary cell culture from the stromal
vascular fraction of adipose tissue

Stromal vascular fraction (SVF) cells in epididymal fat depots from

male C57BL/6 mice were isolated and cultured as described previously

(27, 28). Briefly, fat tissues were minced into one mm3 piece, then

digested by type I collagenase (1 mg/ml) under agitation for 30-40 min

at a 37 °C water bath. SVF cells were separated from the top layer of

mature adipocytes by centrifugation (700 g, 10 min), then suspended

in DMEM/F12 (Gibco) with 10% FBS and 100 U/ml penicillin-

streptomycin and filtered by the cell strainer. Next, we centrifuged

and re-suspended the SVF pellets in fresh media. Two hours after

culturing cells under normal conditions (at 37°C in 95% O2 and 5%

CO2), we washed the cells with PBS twice to remove red blood cells,

immune cells, and other contaminants, and fresh media were added.

All cells between 3-5 passages were used in this experiment. After

serum starvation for 24 h, cells were randomly placed in cell culture

chamber with 1% O2 for 24h to conduct hypoxia. NMN was dissolved

in sterile PBS and diluted to the desired final concentrations (200µM).

NMN was added simultaneously with hypoxia treatment. Sirtinol

(25µM) was used to block SIRT1 expression in SVFs. CoCl2
(100mM) was used to enhance HIF1a expression in SVFs. Sirtinol or

CoCl2 was also added simultaneously with NMN.
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Western blot and real-time quantitative PCR

Immunoblotting analysis and qPCR were performed according to

previous articles (29). In brief, Protein-extracts of snap-frozen eWAT

and whole-cell lysates of SVF were prepared using standard

procedures. Protein concentrations in the supernatants were

measured using Bicinchoninic acid (BCA) assay (ASPEN, USA).

Proteins were separated on SDS-polyacrylamide gels and

transferred to PVDF membranes . After blocking with

QuickBlock™ Western (P0252, Beyotime Biotechnology, China),

the membranes were incubated with the primary antibodies

overnight at 4°C, washed in PBST three times, and incubated with

a secondary goat anti-rabbit polyclonal antibody (SA00001-2,

Proteintech Group) at room temperature for 1h. Finally, the signals

were tested by WesternBright™ Sirius ECL kit (K-12043-D20,

Advansta, USA). Protein expression levels were normalized to

b-actin.
Total mRNAwas extracted from eWAT or SVF cells with GeneJET

RNA Purification Kit (K0731, Thermo Fisher Scientific, USA). Reverse

transcribed into cDNA using RevertAid First strand cDNA Synthesis

kit (K1622, Thermo Fisher Scientific, USA). The StepOne Real-Time

PCR (Life tech, Alameda, CA) was used for real-time qPCR analysis.

The primers used are described in Table S1. b-actin was used as an

internal control. The relative expression quantity 2-DDCt value was

calculated to compare the differences among groups.
Immunoprecipitation

For immunoprecipitation experiments, total homogenates from

adipose tissue and cultured cells were treated with RIPA lysis buffer

(P0013B, Beyotime Biotechnology, China), vortexed for the 30s, and

centrifuged for 15 min at 12000 r/min. The tissue or cell extracts was

subjected to immunoprecipitation with HIF1a primary antibody at 4°

C overnight. The antibody-bound proteins were precipitated with 20

mL protein A/G PLUS-Agarose (Santa Cruz Biotechnology, sc-2003)

and rotated for 1 h, then incubated overnight at 4°C. The beads were

then gently centrifuged at 1000 r/min for 5 minutes at 4°C. After four

RIPA buffer washes, the immunoprecipitates were diluted with 40 mL
of 1 × SDS loading buffer (CW0027, Cowin Biotech, China) and

boiled at 100°C for 2-3 min to separate complexes from the protein A/

G PLUS-Agarose. The samples were then subjected to SDS-PAGE and

transferred to polyvinylidene difluoride (PVDF) membranes (Bio-

Rad, USA). After blocking with QuickBlock™ Western (P0252,

Beyotime Biotechnology, China), the membranes were incubated

with an anti-acetylated-lysine antibody (Cell Signaling Technology,

#9441) overnight at 4°C, washed in PBST three times, and incubated

with a secondary goat anti-rabbit polyclonal antibody (SA00001-2,

Proteintech Group) at room temperature for 1h. Finally, the signals

were tested by WesternBright™ Sirius ECL kit (K-12043-D20,

Advansta, USA).
NAD+ measurements

In order to measure the NAD+, EnzyChrom NAD+/NADH Assay

Kit (ECND100, Bioassay Systems, Hayward, California) was used
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according to the manufacturer’s instructions. In brief, mice eWAT

weighing 20 mg for each sample or cells pelleted about 105 for each

sample were taken and homogenized in 100 mL NAD+ or NADH

extraction buffer, respectively. Extracts were heated for 5 min at 60°C,

and 20 mL of assay buffer was added into extracts, followed by 100 mL
of the opposite extraction buffer (to neutralize the extracts). Mixtures

were vortexed and centrifuged at 12,000 g for 5 min. Supernatants (40

mL) were then mixed with a working reagent (80 mL) in each well. The

optical density of supernatants at 565nm were measured at 0 and

15min intervals using a 96-well plate reader spectrophotometer.

NAD+/NADH concentration and their ratio were calculated using

the manufacturers’ equation.
Statistical analysis

Statistical analyses were performed using GraphPad Prism

version 7.0 software (San Diego, CA, USA). All values are expressed

as mean ± standard deviation of the mean (SD). If the data fit normal

distribution by taking Kolmogorov-Smirnov tests, the statistical

comparisons between two groups were performed using Student’s

t-test, and comparisons among multiple groups were performed using

one-way ANOVA followed by Tukey’s post hoc test. P < 0.05 was

considered statistically significant.

Results

NMN inhibits the aberrant deposition of
ECM in the eWAT of hypoxia-induced mice

Adipose tissue structure remodeling is closely related to fibrosis. To

learn whether NMN inhibits hypoxia induced adipose tissue structure

change, we detected the adipocytes morphology and fibrotic area of the

eWAT by HE Staining and Masson staining respectively (Figures 1A,

B). Collagen fibers from the hypoxia-induced eWAT were increased

and mainly distributed around adipocytes compared with the control

group (7.556 ± 0.703 vs. 1.445 ± 0.1626, P<0.05). In contrast, the

observed abnormal collagen deposition was reduced in NMN-treated

eWAT (2.421 ± 0.1732 vs. 7.556 ± 0.703, P<0.05) (Figures 1B, C). Next,

we measured the mRNA levels of collagen type I (Col1a1), type III

(Col3a1), as well as matrix metalloproteinase 2 (MMP-2), MMP-9,

tissue inhibitors of MMPs (TIMP-1), lysyl oxidase (LOX), and

fibronectin (FN) by real-time quantitative PCR. As shown in

Figure 1D, the above fibrotic genes were significantly upregulated in

hypoxia-induced eWAT, whereas NMN reversed these changes.

Moreover, the reduction of MMP9 and TIMP-1 protein expression

levels due to NMN administration was further confirmed by Western

blot (Figures 1E, F).
Effect of NMN on dysregulated adipokines
secretion and macrophage infiltration in the
eWAT of hypoxia-induced mice

WAT is an active endocrine organ that produces many

adipokines related to adipose dysfunction, especially the

inflammatory and fibrotic factors. Therefore, we detected the
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protein level of APN, IL-6, and TGF-b in the eWAT of each group

by Western blot. Hypoxia significantly increased pro-inflammatory

and profibrotic factors levels, including IL-6 and TGF-band decreased
protective adipokine level, such as APN, whereas NMN attenuated

these changes. (Figures 2A, B). The mRNA levels of the adipokines,

including Leptin, Ang, Resistin, IL-6, and TGF-b, were significantly

higher in the hypoxia group while APN expression was decreased

(Figure 2C); NMN reversed these changes of the above adipokines.

We next examined the expression of macrophage marker F4/80

by immunohistochemistry (IHC) and qPCR. NMN significantly

reduced the amounts of macrophages in the eWAT (Figures 2D, E).

To further assess the effect of NMN on macrophage polarization in

the eWAT, we evaluated the mRNA levels of TNFa and iNOS (M1

phenotype markers) and two other proteins, Arg1 and Ym1 (M2

phenotype markers). Compared with the hypoxia group, mice treated

with NMN had lower levels of TNFa and iNOS but higher Arg1 and

Ym1 levels (Figures 2F, G).
NMN restores NAMPT/NAD+/SIRT1 axis and
inhibits HIF-1a in white adipose tissue of
hypoxia-induced mice

As a biosynthetic precursor of NAD+, NMNwas reported to boost

the NAD+ pool in vivo and regulate its related pathway. Thus, we

evaluated NAMPT/NAD+/SIRT1 axis in the eWAT of three groups.

The protein levels of NAMPT were significantly decreased in the

eWAT of hypoxia-induced mice, and the impairment was restored by

NMN(Figure 3A). NAD+ levels and the NAD+/NADH ratio in eWAT

were reduced by hypoxia treatment but were replenished by NMN

(Figures 3B, C). We next examined the protein expression of SIRT1 in

the hypoxia group by IHC and Western blot (Figures 3D–F). It was

significantly decreased in hypoxia-induced eWAT and was notably

increased by NMN. HIF-1a is a key regulator in hypoxia-induced

eWAT fibrosis. Thus, we examined the effects of NMN on HIF-1a in

the eWAT of three groups (Figures 3D, G) and found it can diminish

HIF-1a expression in hypoxia.
NMN suppresses HIF-1a signaling-
associated upregulation of fibrogenic and
inflammatory genes in a SIRT1-dependent
manner in vitro.

To further assess whether the inhibitory effect of NMN on eWAT

structure remodeling is dependent on SIRT1 and its possible

downstream target-HIF1a, SVF cells isolated from eWATof lean

mice were exposed to hypoxia with or without NMN (200µM),

Sirtinol (a SIRT1 inhibitor, 25µM) and CoCl2 (a HIF1a enhancer,

100mM). The protein levels of NAMPT were significantly decreased in

hypoxia-induced SVF cells, and NMN restored the impairment

independently of Sirtinol or CoCl2 treatment (Figure 4A). NAD+

levels and the NAD+/NADH ratio in SVF cells were reduced by

hypoxia treatment but were replenished by NMN (Figures 4B, C).

SVF cells showed a significantly hypoxia-induced downregulation of

SIRT1 and upregulation of HIF1a and ac-HIF1a (Figures 4D–F).

NMN treatment reversed the above changes. Interestingly, sirtinol
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partially blocked the activation of SIRT1 by NMN, accompanied by

increased HIF1a and ac-HIF1a. CoCl2 also augmented the level of

HIF1a and ac-HIF1a after NMN treatment (Figures 4D, F).

We next examined the expression of fibrogenic and inflammatory

genes associated with HIF1a signaling in SVF cells, including Col1a1,

FN, TGF-b, IL-6, MIF, and TNF-a. The expression of the above genes

was significantly increased in hypoxia-induced SVF cells, and this

effect was reversed by NMN (Figures 5A–F). However, the

suppressive effects of NMN on these genes were partly abolished by

sirtinol (a SIRT1 inhibitor) or CoCl2 (a HIF1a enhancer).
Discussion

Adipose tissue hypoxia and the activation of HIF-1a in obesity

contribute to insulin resistance and type 2 diabetes. The mice raised in
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the hypoxia chamber presented similar pathophysiological processes,

such as adipose fibrosis and inflammation, compared with HFD-fed

mice (3, 12, 30). Recently, NAD+ depletion is emerging as a major

contributor to the pathogenesis of metabolic diseases, with the rise of

studies on NAD+ repletion strategies as countermeasure (14). In

obesity, one of the main factors causing NAD+ depletion in AT is that

energy or fat excess, such as HFD-feeding, inhibits NAMPT

expression (26, 31, 32). However, whether hypoxia is involved in

the compromised NAMPT-mediated NAD+ biosynthesis, thus

leading to adipose fibrosis and inflammation is unknown. We

previously demonstrated that NMN attenuates the development of

cardiac fibrosis by inhibiting oxidative stress and the TGF-b/Smad

signaling pathway, but whether NMN plays a role in adipose fibrosis

and its mechanism is dependent on HIF1a are unclear. To fill this

knowledge gap, we explored the effect of NMN on hypoxia-induced

NAD+ metabolism, fibrosis, and inflammation in the eWAT of mice.
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FIGURE 1

NMN alleviates the abnormal degradation and synthesis of ECM components in the eWAT of hypoxia-induced mice. (A, B) Representative images of
eWAT adipocytes morphology and fibrosis as reflected by the H&E staining and Masson staining (400×magnification, scale bar=50 mm). (C) Statistical
result for the interstitial fibrosis of eWAT (n = 6). (D) The relative mRNA levels of Col1a1, Col3a1, MMP-2, MMP-9, TIMP-1, LOX, and FN normalized to
b-actin in eWAT (n = 3). (E, F) The relative protein levels of MMP9 and TIMP1 normalized to b-actin in eWAT (n = 5). *P < 0.05 versus control group,
#P < 0.05 versus hypoxia group.
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In the present study, hypoxia- induced NAMPT down-regulation,

NAD+ depletion, fibrosis, and inflammation in eWAT, whereas the

NAD+ precursor NMN attenuated the changes, indicating the

involvement of NAD+ depletion in hypoxic insult. NMN attenuated

HIF1a expression, suggesting that NAD+ depletion may contribute to

the HIF-1a accumulation in response to hypoxia. NAD+ depletion

and HIF-1a accumulation are the stress response to AT hypoxic state

in the long term. In this context, the inhibitory role of NMN in NAD+

depletion and hypoxia in AT was an attempt to restore

cellular homeostasis.

The induction of HIF-1a in a hypoxia state fails to activate the

angiogenic program in AT and turns to initiate a profibrotic response

instead, causing fibrosis and inflammation in adipose tissue (4, 8).

Inhibition of HIF -1a is the key point to attenuating adipose fibrosis

and inflammation. In the present study, we found that NMN can

inhibit HIF-1a activation and, as a result, effectively inhibit these

profibrotic gene expressions. Consistent with the above results, the

reduced Masson’s staining further confirmed the anti-fibrotic effects

of NMN. In addition, excessive collagen accumulation in AT is closely

related to inflammation characterized by inflammatory cytokines

dysregulation and macrophage infiltration (7), and HIF-1a can
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induce NF-kB-dependent inflammation (7, 33). In the AT of

hypoxia-induced mice, NMN decreased the pro-inflammatory

cytokines (TNF-a, TGF-b, and IL-6) and deleterious adipokines

secretion (Leptin and Resistin) but increased the expression of

adiponectin (APN). APN is a vital adipokine with insulin-

sensitizing and anti-inflammation activities (34–36), but hypoxia

could potentially inhibit APN and subsequently lead to

inflammation and M1 macrophage infiltration in AT (37, 38). The

anti-inflammatory activity of NMN may also be partly attributed to

the regulation of APN. In the adipose tissue of hypoxia mice, NMN

not only reduced the F4/80 (an indicator for the amounts of

macrophage) but also inhibited M1 macrophage polarization,

indicating the effect of NMN on blocking the inflammatory

interplay between macrophages and adipocytes. The above evidence

showed the protective role of NMN aganist adipose fibrosis and

inflammation may be associated with the inhibition of HIF -1a.
NMN has been reported to be a multifunctional compound. In

addition to replenishing NAD+ and inhibiting oxidative stress, it can

activate SIRT1, contributing to its effects on fibrosis and

inflammation (21, 26, 39). In our in vitro study, the anti-fibrotic

and anti-inflammatory effects of NMN on hypoxia-induced SVF were
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FIGURE 2

NMN alleviates dysregulated adipokines secretion and macrophage infiltration in the eWAT of hypoxia induced mice. (A, B) The relative protein levels of APN,
TGFb, and IL-6 normalized to b-actin in eWAT (n = 5). (C) The relative mRNA levels of APN, leptin, ang, resistin, IL-6, and TGF-b normalized to b-actin in
eWAT (n = 6). (D) Representative images of macrophage marker F4/80 in eWAT as reflected by the IHC staining (400 × magnification, scale bar = 50mm).
(E) The relative mRNA levels of F4/80 in eWAT (n = 6). (F, G) The relative mRNA levels of genes encoding TNFa, iNOS, Arg1 and Ym1 in eWAT (n = 6).
*P < 0.05 versus control group, #P < 0.05 versus hypoxia group.
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blocked by Sirtinol (a SIRT1 inhibitor), indicating the involvement of

SIRT1 in NMN treatment. As an energy sensor, SIRT1 regulates

cellular homeostasis, and therefore, we wanted to know whether

NMN inhibited HIF-1a accumulation by activating SIRT1. Gomes

et al. have found that SIRT1 is constantly required to ensure the

efficient degradation of HIF1a under normal oxygen condition (40).

During aging or hypoxia, NAD+ depletion reduces the activity of

SIRT1, leading to the activation of HIF1a (40, 41). Consistently,

whether in vivo or in vitro, our results showed that the hypoxia-

induced HIF1a upregulation was accompanied by reduced NAD+

levels and SIRT1 activity. NMN treatment failed to reverse the above

process with the disturbance of Sirtinol, indicating that NMN reduced

HIF-1a accumulation by promoting proteasomal degradation in a

SIRT1-dependent manner. Although the HIF-1a stabilizer CoCl2
treatment can enhance the HIF1a expression with the existence of

NMN, it failed to block the activation of SIRT1, further

demonstrating that HIF-1a is the downstream target of SIRT1. In

addition, several studies have shown that SIRT1 inactivated HIF1a by

deacetylating it and consequently inhibited HIF-1 target genes (41,

42). In the present study, Sirtinol attenuated the enhanced effect of

NMN on HIF1a deacetylation, indicating a possible role of SIRT1 in
Frontiers in Endocrinology 07111
HIF1a activation. The above evidence is probably why SIRT1 has a

role in the effect of NMN on HIF1a.
In summary, our study showed that NMN inhibited HIF-1a

activation-induced adipose tissue fibrosis and inflammation, while the

underlying mechanism may be associated with the NAD+ repletion

and the regulation of SIRT1 (Figure 6). These results provided further

evidence for the beneficial effects of NMN on regulating adipose

function in hypoxia. The benefit of NAD precursors in mouse model

of metabolic diseases, in particularly NMN and NR, has been

extensively investigated for a long time (23, 26, 39, 43). Currently,

there are several ongoing human clinical trials or recently reported

trials (NCT02191462, NCT02689882, NCT02921659, NCT02303483,

NCT02678611, NCT03151239, UMIN000021309, UMIN000025739,

UMIN000030609). All reported clinical trials of nicotinamide

riboside (NR) or NMN demonstrated that it is safe, well tolerated,

and can significantly increase plasma NAD+ levels in healthy or obese

volunteers (44–48). Besides, a recent study showed that 10 weeks of

NMN administration in doses of 250mg/d improved skeletal muscle

insulin sensitivity and insulin signaling in women with prediabetes

(48). As NAD+ metabolism can be a potential target for

pathophysiological processes, including mitochondrial metabolism,
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FIGURE 3

NMN restores NAMPT/NAD+/SIRT1 axis and inhibited HIF-1a acetylation in eWAT of hypoxia induced mice. (A) The relative protein levels of NAMPT
normalized to b-actin in eWAT (n = 5). (B, C) Statistical results for NAD+/NADH contents and NAD+/NADH ratio in eWAT (n = 6). (D) Representative
images of immunohistochemical staining for the SIRT1 protein in eWAT sections (400× magnification, scale bar=50mm). (E–G) The relative protein levels
of SIRT1 and HIF1a in eWAT (n = 5). *P < 0.05 versus control group, #P < 0.05 versus hypoxia group. NS indicates no significant difference compared
with the matched group.
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FIGURE 4

NMN restores NAMPT/NAD+/SIRT1 axis and inhibited HIF-1a acetylation in SVF cells. (A) The relative protein levels of NAMPT normalized to b-actin in SVF cells
(n = 3). (B, C) Statistical results for NAD+/NADH contents and NAD+/NADH ratio in SVF cells (n = 3). (D–F) The relative protein levels of SIRT1 and HIF1a in SVF
cells (n = 3). *P < 0.05 versus control group, #P < 0.05 versus hypoxia group. NS indicates no significant difference compared with the matched group.
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FIGURE 5

NMN suppresses HIF-1a signalling-associated upregulation of fibrogenic and inflammatory gene in a SIRT1-dependent manner. (A–F) The relative mRNA
levels of Col1a, Fibronectin, IL-6, TGF-b, MIF and TNF-a normalized to b-actin in SVF cells (n = 3). *P < 0.05 versus control group, #P < 0.05 versus
hypoxia group.
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oxidative stress, inflammation, and fibrosis, NMN or NR may become

a therapeutic option. The above evidence increases the possibility of

NAD+ precursors’ clinical application, but its efficacy in patients with

metabolic disorders remains unclear, and more studies are needed.

Data availability statement

The original contributions presented in the study are included in

the article/Supplementary Material. Further inquiries can be directed

to the corresponding authors.

Ethics statement

The animal study was reviewed and approved by the Animal

Ethical and Welfare Committee of Second Xiangya Hospital of

Central South University.
Frontiers in Endocrinology 09113
Author contributions

KW, BL, NL, and QML designed the research. KW and BL

performed the experiments. KW was a major contributor in writing

the manuscript. YM and BL revised the manuscript. QML and NL

supplied financial support and revised the manuscript. All authors

read and approved the final manuscript.
Funding

This research was supported by grants from the Hunan Province

Innovative Project (no. 2020SK1013), the National Natural Science

Foundation of China (no. 82070356), and the Natural Science

Foundation of Hunan Province, China (nos. 2021JJ30033

and 2021JJ40870).
FIGURE 6

The proposed mechanisms for the protective role of NMN in hypoxia-induced adipose tissue remodeling. Hypoxia led to compromised NAMPT/NAD+/
SIRT1 axis, which further promoted HIF1a activation. As a result, the fibrotic and inflammatory response are significantly increased, accompanied by
adipocytokine dysregulation, which ultimately lead to adipose tissue remodeling. NMN restored the NAMPT/NAD+/SIRT1 axis and inhibited HIF1a
activation, which further attenuated adipose tissue remodeling.
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The effects of Sodium-glucose
cotransporter 2 inhibitors on
adipose tissue in patients with
type 2 diabetes: A meta-analysis
of randomized controlled trials

Xindong Liu, Ying Chen, Tao Liu*, Ling Cai, Xiaofeng Yang
and Chuan Mou

Department of Cardiovascular Medicine, Nanchong Central Hospital, The Second Clinical Medical
College of North Sichuan Medical College, Nanchong, China
Purpose: To systematically evaluate the effect of Sodium-glucose cotransporter 2

(SGLT2) inhibitors on adipose tissue in patients with type 2 diabetes.

Methods: We searched PubMed, Cochrane Library, EMBASE, and Web of science

databases for literature pertaining to Randomized controlled trials (RCTs) of SGLT2

inhibitors in treating type 2 diabetes patients. The retrieval time was from the date

of establishment of the databases to September 1, 2022. Meta-analysis was

performed using RevMan5.4 software.

Results: Totally 551 patients were included in 10 articles. Meta-analysis results

showed that compared with the control group, the visceral adipose tissue (WMD =

-16.29 cm2, 95% CI: -25.07 ~ -7.50, P<0.00001), subcutaneous adipose tissue

(WMD = -19.34 cm2, 95% CI: -36.27 ~ -2.41, P<0.00001), body weight (WMD =

-2.36 kg, 95% CI: -2.89 ~ -1.83, P<0.00001) and triglyceride (WMD = -24.41 mg/dl,

95% CI: -45.79 ~ -3.03, P = 0.03) of the trial group significantly reduced.

Conclusion: SGLT2 inhibitors cause significant reductions in visceral adipose

tissue, subcutaneous adipose tissue, body weight and triglycerides in type 2

diabetes patients, which may be attributed to the protective effect of the

inhibitors on cardiovascular system.

KEYWORDS

Sodium-glucose cotransporter 2 inhibitors, SGLT2, type 2 diabetes, adipose tissue,
meta-analysis
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1 Introduction

Cardiovascular disease remains one of the leading causes of death

worldwide, posing huge health risks and economic burdens. SGLT2

inhibitors are novel hypoglycemic agents that lower blood glucose by

inhibiting the reabsorption of glucose in the kidneys and allowing

excess glucose to be excreted from the urine. In recent years, a number

of large randomized controlled clinical trials (the EMPAREG

OUTCOME trial (1), CANVAS Program (2) and DECLARETIMI

58 trial (3), etc.) have confirmed that SGLT2 inhibitors can

significantly reduce all-cause mortality, cardiovascular mortality

and heart failure hospitalization rates in patients with type 2

diabetes, among others. However, their potential mechanism of

cardiovascular protection is not completely clear.

There is considerable evidence that overweight, obesity and their

comorbidities increase the morbidity and mortality of cardiovascular

disease, independent of age and gender (4–6). A meta-analysis

showed that SGLT2 inhibitors significantly reduced body weight in

type 2 diabetes patients as compared to placebo (7). Studies using

dual-energy X-ray absorptiometry (DEXA) and bioelectrical

impedance analysis (BIA) confirmed that the SGLT2 inhibitor-

associated weight loss was attributed to the reduction in (viscera

and subcutaneous) adipose tissue mass, instead of the lean tissue mass

which remained unchanged (8, 9). Type 2 diabetes patients are often

accompanied by obesity, and obese type 2 diabetics have a greater

propensity for ectopic and visceral fat deposition (10). It has been

suggested that SGLT2 inhibitors significantly lowered weight and

adiposity indices, with the potential to improve cardiometabolic risk

among patients with type 2 diabetes mellitus (11). At present, the

effects of SGLT2 inhibitors on visceral adipose tissue (VAT) and

subcutaneous adipose tissue (SAT) are uncertain, and large-scale

clinical trials are lacking. Therefore, we conducted a meta-analysis

to assess the impact of SGLT2 inhibitors on VAT and SAT in patients

with type 2 diabetes.
2 Methods

The meta-analysis was undertaken in accordance with the

recommendations of the Preferred Reporting Items for Systematic

Reviews and Meta-Analyses (PRISMA) guidelines (12). The literature

search, literature screening, data extraction and risk of bias

assessment were carried out independently by two researchers. Any

disagreement was resolved by discussion or a third author. All studies

included in this paper complied with the Declaration of Helsinki and

were approved by the local ethics committee.
2.1 Data source and research search
strategy

We searched the PubMed, Cochrane Library, EMBASE and Web

of science databases from conception to September 1, 2022, for the

data from RCTs of SGLT2 inhibitors in treating type 2 diabetes. The

main search terms include “Diabetes Mellitus, Type 2”, “Sodium

Glucose Transporter 2 Inhibitors”, and “Adipose Tissue”. The

detailed information regarding the search strategy is shown in
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Supplementary Table 1. Additionally, we manually searched the

references of relevant articles to obtain more literature.
2.2 Study selection

Inclusion criteria: 1) articles with type 2 diabetes patients aged ≥

18 years; 2) trials that used SGLT2 inhibitors in the treatment group

and placebo or conventional hypoglycemic drugs in the control

group; 3) articles with randomized controlled trial (RCT); and 4)

articles with outcome indicators including VAT or SAT that was

reported in square centimeters. Exclusion criteria: 1) articles with

missing, incomplete or unreasonable trial data; 2) articles with

unavailable or converted primary outcome indicators; 3) duplicate

literature data; and 4) articles examining animal studies.
2.3 Data extraction and assessment of risk
of bias

A data extraction form was created to pre-extract information

from the eligible literature, and then the data extraction form was

further refined. The extracted data included 1) study characteristics

(first author, publication date, study design, intervention, follow-up

time); 2) study subject characteristics (number of patients, age,

gender, weight, body mass index (BMI), duration of diabetes); 3)

intervention characteristics (drug name, route of administration,

dose, duration of treatment, etc.); 4) primary outcome indicators

(visceral adipose tissue area, subcutaneous adipose tissue area and

relative measurement methods); and 5) secondary outcome indicators

(body weight, BMI, total cholesterol, triglycerides, low density

lipoprotein cholesterol (LDL-C), high density lipoprotein

cholesterol (HDL-C)). We assessed the treatment-related changes

according to the change in the mean values and standard deviations

(SD) of the outcome indicators before and after treatment. Detailed

information on the changes pre- and post-treatment are shown in

Supplementary Table 2.

The Cochrane risk-of-bias tool was used to assess the risk of bias

based on the following seven criteria: random sequence generation,

allocation concealment, blinding of participants and personnel,

blinding of outcome assessment, incomplete outcome data, selective

reporting, and other bias. Each study was judged to be at ‘low’, ‘high’

or ‘unclear’ risk of bias.
2.4 Data synthesis and analysis

All outcome indicators were continuous outcome data, expressed

by weighted mean difference (WMD). Meta-analysis was performed

using RevMan 5.4 software to calculate combined effect sizes and 95%

confidence interval (CI) for each group. Heterogeneity was assessed

using I2 statistics, with I2 of 25-50%, 50%-75% and >75% representing

small, moderate and large heterogeneity, respectively. Considering

that the heterogeneity among the included studies may be large, all

the results are pooled using random effect models. Subgroup analyses

were performed according to possible sources of heterogeneity.

Statistical descriptions were made using forest plots, and
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publication bias was assessed by funnel plots. P<0.05 was considered

statistically significant.
3 Results

3.1 Study selection

Figure 1 illustrates the literature screening process. A total of 1051

articles were obtained after searching the databases based on the

search strategy. The specific databases and corresponding literature

quantity were as follows: PubMed (134), Cochrane Library (227),

EMBASE (466), Web of science (224). 336 duplicates were removed

by using Noteexpress software, 67 articles remained after the initial

screening by reading the abstracts and full text. After excluding non-

RCTs, trials failing to comply with study design protocols, trials

lacking main outcome indicators, articles with missing data, and

duplicate literature, 10 studies were included in the final meta-

analysis (9, 13–21). 2 literature were sub-studies (13, 14), some

research data of which were obtained from their original studies

(22, 23).
3.2 Characteristics of the included studies

The baselines of all the included studies are comparable between

groups. Table 1 shows the characteristics of the included studies. A

total of 551 patients were enrolled, including 306 in the intervention

group and 245 in the control group. Three SGLT2 inhibitors were

evaluated in the studies, namely empagliflozin, dapagliflozin and

ipragliflozin. The follow-up time was 3 or 6 months for most

studies, and 26 months for only one study.
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3.3 Quality assessment

All studies provided methods of random allocation. 3 studies were

double-blinded and 7 studies were unblinded trials. One of the articles

was a conference literature with incomplete information (13), so its

“incomplete outcome data” and “other bias” were classified as unclear

risk. Two trials funded by pharmaceutical companies were classified

as high risk for ‘other bias’ according to guidance provided by

Cochrane (24). Another trial also funded by a pharmaceutical

company was classified as low risk for the ‘other bias’ item, because

the authors declared that the funder had no role in study design, data

collection and analysis, publication decisions or manuscript

preparation. Supplementary Figure 1 provides the quality

assessment details.
3.4 Meta-analysis of outcomes

3.4.1 VAT and SAT
All studies reported results for VAT and 7 studies reported results

for SAT. Meta-analysis results showed that compared with the control

group, VAT (WMD = -16.29 cm2, 95% CI: -25.07 ~ -7.50, P<0.00001)

and SAT (WMD = -19.34 cm2, 95% CI: -36.27 ~ -2.41, P<0.00001) in

the SGLT2 inhibitors treatment group were significantly reduced

(Figures 2, 3). We observed a high degree of heterogeneity in both

VAT (P<0.00001, I2 = 91%) and SAT (P<0.00001, I2 = 97%). Funnel

plot results for both VAT and SAT showed that the scatter points

corresponding to each study was largely distributed on the midline or

largely symmetrically distributed, with no significant publication bias

in either outcome, as shown in Figures 4, 5.

Considering the high heterogeneity of VAT and SAT, we further

conducted sensitivity analysis and subgroup analysis (Table 2). In the
FIGURE 1

Flow chart of literature screening.
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TABLE 1 Characteristics of the included studies.

Study Age
(y)

BMI
(kg/m2)

Diabetes
duration

(y)

Follow-up
(weeks)

Number of
patients Intervention Instrument

Kim 2014 (13)
55.7 ±
10.4

31.9 ± 4.9 / 104
29 empagliflozin 25mg qd + metformin

MRI
22 glimepiride 1-4mg qd + metformin

Bando 2017 (14)
55.0 ±
8.6

27.6 ± 3.6 9.7 ± 4.4 12
40 ipragliflozin 50 mg qd

CT
22 continued previous treatment

Ito 2017 (15)
58.2 ±
10.9

30.3 ± 5.6 9.1 ± 5.8 24
32 ipragliflozin 50 mg qd

CT
34 pioglitazone 15–30 mg qd

Inoue 2019 (9)
60.7 ±
10.9

27.8 ± 4.2 17. 5± 9.4 24
24 ipragliflozin 50 mg qd

MRI
24 continued previous treatment

Shimizu 2019 (16)
56.6 ±
12.4

27.9 ± 4.2 / 24
33 dapagliflozin 5mg qd

BIA
24 standard treatment

Han 2020 (18)
53.9 ±
10.9

30.3 ± 4.6 9.4 ± 5.8 24
30

ipragliflozin 50mg qd + metformin +
pioglitazone CT

15 metformin + pioglitazone

Sakurai 2020 (17)
58.6 ±
12.5

27.6 ± 6.0 / 12
31 empagliflozin 10 mg qd

BIA
18 standard treatment

Chehrehgosha 2021
(20)

51.2 ±
8.1

30.5 ± 3.9 6.3 ± 4.7 24
35 empagliflozin 10 mg qd

DEXA
37 placebo

Gaborit 2021 (19)
56.9 ±
9.6

34.9 ± 6.0 11.1 ± 6.7 12
26 empagliflozin 10 mg qd

MRI
25 placebo

Horibe 2022 (21)
60.9 ±
9.7

27.8 ± 3.9 12.5 ± 8.1 24
26 dapagliflozin 5 mg qd

MRI
24 standard treatment
F

FIGURE 3

Forest plot of SAT.
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CT, computed tomography; MRI, magnetic resonance imaging; DEXA, dual-energy x-ray absorptiometry; BIA, bioelectrical impedance analysis.
FIGURE 2

Forest plot of VAT.
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sensitivity analysis, removing any of the included studies caused no

significant change in the results of VAT and SAT. Subsequently,

subgroup analyses were performed based on the type of SGLT2,

baseline BMI level, and duration of follow-up. The results showed that

ipragliflozin significantly reduced VAT and SAT, while neither

empagliflozin nor dapagliflozin reached statistical significance. As

compared to the subgroup with BMI≥28 kg/m2, treatment with

SGLT2 resulted in a more significant reduction in SAT (WMD =

-25.17 cm2, 95% CI: -34.32 ~ -16.02, P<0.00001) in the subgroup with

BMI<28 kg/m2. In addition, neither VAT nor SAT reached statistical

significance in the subgroup with < 24 weeks of follow-up (P>0.05).
3.4.2 Body weight and BMI
7 trials reported body weight, with high heterogeneity among the

studies (P<0.00001, I2 = 88%). Meta-analysis results showed that as

compared to the control group, the body weight (WMD = -2.36 kg,

95% CI: -2.89 ~ -1.83, P<0.00001) of patients in the SGLT2 inhibitor

treatment group was significantly reduced. Only 4 trials reported

BMI, and no heterogeneity existed among the studies (P = 0.84, I2 =

0%). The results also indicated that relative to the control group,

patients in the SGLT2 inhibitor treated group had a significantly

lower BMI (WMD = -0.8 kg/m2, 95% CI: -0.91 ~ -0.69,

P<0.00001) (Table 3).

3.4.3 Blood lipids
According to the meta-analysis, triglycerides (WMD = -24.41 mg/

dl, 95% CI: -45.79 ~ -3.03, P = 0.03) were significantly lower and HDL

cholesterol (WMD = 1.63 mg/dl, 95% CI: 0.62 ~ 2.64, P = 0.002) was

significantly higher in SGLT2 inhibitor-treated patients as compared

to controls, while total cholesterol and LDL cholesterol failed to reach

statistical significance (Table 3).
4 Discussion

In the meta-analysis involving 10 publications and 551 patients,

we demonstrated that SGLT2 inhibitors, in addition to significantly

reducing body weight and triglycerides, considerably lowered VAT

and SAT in patients with type 2 diabetes.
Frontiers in Endocrinology 05120
Subgroup analysis of SGLT2 inhibitors drug categories by VAT

and SAT revealed that ipragliflozin led to significant reductions in

VAT and SAT, whereas empagliflozin and dapagliflozin seemingly

caused no significant changes in VAT and SAT in patients with type

2 diabetes.

Differences in the drugs themselves may be one possible reason

for the result. Neeland et al. analyzed the effects of empagliflozin on

total body and visceral adiposity in over 6000 type 2 diabetes patients

with high cardiovascular risk, finding that the drug significantly

reduced indices of visceral adiposity and total body fat (11), which

is inconsistent with our research results, even if the outcome

indicators are different. In the case of our meta-analysis, only two

studies used dapagliflozin treatment. Therefore, more or large clinical

trials are needed for demonstrating the effects of the two drugs on

VAT and SAT. Differences in the methods of measuring the main

outcome indicators may be another reason for heterogeneity. Studies

of ipragliflozin have mainly used computed tomography (CT) scan to

determine VAT and SAT, whereas studies pertaining to empagliflozin

and dapagliflozin have measured VAT and SAT by magnetic

resonance imaging (MRI), DEXA, BIA.

We found that SGLT2 inhibitors treatment significantly reduced

VAT and SAT when the follow-up time was longer than 6 months,

whereas this positive result was not observed in trials with follow-up

period of less than 6 months. A study indicated that the weight loss

caused by SGLT2 inhibitors treatment was observed in the first week,

and reached a stable level after 6 months (25). In our study, patients in

all trials with follow-up time less than 6 months received a 3-month

treatment, and such short treatment time may lead to the

negative results.

Consistent with the results of several studies, we demonstrated

that SGLT2 inhibitors considerably lower triglyceride levels in

patients with type 2 diabetes (26, 27). At present, much controversy

exists regarding the effect of SGLT2 inhibitor treatment on serum

HDL-C and LDL-C levels. Calapkulu et al. found a decrease of 13.4

mg/dL in the LDL-C level in type 2 diabetes patients who had taken

dapagliflozin (10mg/d) for 6 months (26). However, a study by Rau

et al. showed that after 3 months of treatment for patients with type 2

diabetes, empagliflozin (10mg/d) led to an increase of 9 mg/dL in

LDL-C (28). This growth is likely to be due to increased lipoprotein-

lipase activity and delayed LDL turnover in the circulation (29).
FIGURE 4

Funnel plot of VAT.

FIGURE 5

Funnel plot of SAT.
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Therefore, further research is needed to explore the effect of SGLT2

inhibitor on blood lipids.

In healthy populations, normal adipose tissue has such functions

as protecting internal organs, storing energy, producing heat and

reducing inflammation. Obesity, insulin resistance, diabetes and

inflammation are all associated with the phenotype and biological

changes of adipose tissue (30). In obesity and diabetes, adipose tissue

is infiltrated by increasing numbers of inflammatory and immune

cells, losing its own homeostatic function and developing chronic

low-grade inflammation (31). Dysfunctional adipose tissue reduces

the release of protective factors (e.g. lipocalin, nitric oxide or

protective prostaglandins) and increased activation of stress-related

pathways, leading to the release of pathological adipokines (e.g.

resistin, visceral adiponectin and leptin) and the development of

low-grade inflammation, and promoting metabolic and

cardiovascular dysfunction (32). Dysfunctional adipose tissue may

also increase the production of tissue factors and bioactive

isoprostanes, damage the sensitivity of platelets to insulin signals,

enhance coagulation and impair fibrinolysis, and promote thrombosis

(33). Nesti L et al. showed that in type 2 diabetic patients with normal

cardiac function, higher epicardial adipose tissue thickness was

associated with lower peak oxygen uptake, reduced systolic reserve,

higher natriuretic peptide levels, as well as chronotropic insufficiency

and impaired heart rate recovery (34). Epicardial fat also causes a

mechanical constriction of the diastolic filling leading to micro-
Frontiers in Endocrinology 06121
circulatory dysfunction, which, together with the pro-inflammatory

effect and fibrosis of the underlying myocardium, impairs the

relaxability of the left ventricle and increases its filling pressure (35).

Contributing to reduced VAT and SAT, SGLT2 inhibitors also

reduce ectopic adipose tissues, such as epicardial adipose tissue (36),

hepatic adipose tissue (37) and perivascular adipose tissue (38), without

affecting muscle mass and bone mineral content (9, 39). Sakurai et al.

found that SGLT2 inhibitors reduced plasminogen activator inhibitor-1

(PAI-1) along with VAT, improved fibrinolysis, and increased serum

high molecular weight adiponectin (17). In type 2 diabetes patients with

non-alcoholic fatty liver disease, SGLT2 inhibitors can improve liver

steatosis and fibrosis (18, 20), lowering serum aspartate aminotransferase

(AST) and alanine aminotransferase (ALT) levels (37).

The mechanism by which SGLT2 inhibitors reduce adipose tissue

is not completely clear. An animal study found that SGLT2 inhibitors

triggered glycogen depletion signal and actuated liver-brain-adipose

axis, promoting lipolysis (40). Lauritsen et al. showed that SGLT2

inhibition reduced GLUT4 gene and protein expression in adipose

tissue, possibly by reducing glycerol formation and rebalancing

substrate utilization away from glucose oxidation and lipid storage

capacity (41). Moreover, SGLT2 inhibitors increase fat utilization by

activating M2 macrophages (42). Undoubtedly, the role of SGLT2

inhibitors in ameliorating cardiovascular risk relates not only to the

adipose tissue reduction, but, to their pleiotropic effect in reducing

multiple risk factors (43).
TABLE 2 Subgroup analysis.

Study
characteristics

VAT (cm2) SAT (cm2)

Study
number

Patient
number WMD [95% Cl] P-

value
Study
number

Patient
number WMD [95% Cl] P-

value

Empagliflozin 4 223 -2.55 [-7.47, 2.37] 0.31 1 51 -1.90 [-7.49, 3.69] 0.50

Dapagliflozin 2 99
-10.01 [-27.05,

7.04]
0.25 2 99

-23.87 [-52.72,
4.98]

0.10

Ipragliflozin 4 208
-26.38 [-33.20,

-19.57]
0.0008 4 208

-23.42 [-44.82,
-2.03]

0.03

BMI ≥ 28(kg/m2) 5 284
-18.22 [-30.67,

-5.76]
0.004 3 161

-16.24 [-40.27,
7.80]

0.19

BMI < 28(kg/m2) 5 246
-16.78 [-25.85,

-7.71]
0.0003 4 197

-25.17 [-34.32,
-16.02]

<0.00001

Follow-up ≥

24weeks
7 368

-17.65 [-27.40,
-7.90]

0.0004 6 296
-19.37 [-37.08,

-1.67]
0.03

Follow-up
<24weeks

3 162
-11.34 [-28.70,

6.01]
0.2 1 62

-19.00 [-65.20,
27.20]

0.42
fron
TABLE 3 Meta-analysis results of body weight, BMI and blood lipids.

Study characteristics Study number Patient number WMD [95% Cl] P-value

Body weight (kg) 7 381 -2.36 [-2.89, -1.83] <0.00001

BMI (kg/m2) 4 222 -0.80 [-0.91, -0.69] <0.00001

Total cholesterol (mg/dl) 7 391 -2.51 [-10.69, 5.67] 0.55

Triglyceride (mg/dl) 7 397 -24.41 [-45.79, -3.03] 0.03

LDL-C (mg/dl) 9 497 -1.31 [-9.97, 7.36] 0.77

HDL-C (mg/dl) 8 446 1.63 [0.62, 2.64] 0.002
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There are some limitations to our study that should be noted. First,

we included a limited number of trials and sample sizes, and thus more

RCTs are needed to further validate the current results. Secondly,

although all of these included studies were RCTs, seven of the ten

included studies were not double-blinded, increasing the risk of

performance bias. Third, the majority of RCTs included in the study

were from Asia, so ethnic differences and Asian-specific lifestyles may

have affected the results. Fourth, most trials included in the study had a

short follow-up period, except one study that had a 26-month follow-

up time. Fifth, significant heterogeneity was noted in the analysis of

both the VAT and SAT, which may be due to different demographic

characteristics and substantial differences in intervention type and

design. Sixthly, another limitation is the difference of therapeutic

drugs and doses used in each study, as well as various side effects

caused by other drugs used in the trial population.

5 Conclusion

Our pooled results show that SGLT2 inhibitors significantly reduce

VAT, SAT, body weight, and triglycerides in type 2 diabetes patients,

which may correlate with the cardiovascular protective effects of the

inhibitors and suggest a new therapeutic strategy for obese patients. Due

to the limited sample size of the study and high heterogeneity of the

included studies, the effects of SGLT2 inhibitors on adipose tissue need to

be further investigated by resorting to a large sample of long-term RCTs.
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Novel nutraceutical supplements
with yeast b-glucan, prebiotics,
minerals, and Silybum marianum
(silymarin) ameliorate obesity-
related metabolic and clinical
parameters: A double-blind
randomized trial

Victor Nehmi-Filho1,2†, Aline Boveto Santamarina3†,
Jéssica Alves de Freitas1,2, Ericka Barbosa Trarbach4,
Daniela Rodrigues de Oliveira1,5, Fanny Palace-Berl1,
Erica de Souza6, Danielle Araujo de Miranda7,
Antonio Escamilla-Garcia8, José Pinhata Otoch1,2,8

and Ana Flávia Marçal Pessoa1,2,9*

1Natural Products and Derivatives Laboratory (LIM-26), Department of Surgery, University of São Paulo
Medical School, São Paulo, SP, Brazil, 2Research and Development Efeom Nutrition S/A, São Paulo,
SP, Brazil, 3Department of Biosciences, Federal University of São Paulo (UNIFESP), Santos, SP, Brazil,
4Laboratory of Cellular and Molecular Endocrinology (LIM25), Division of Endocrinology and
Metabology, Clinics Hospital, University of São Paulo Medical School, São Paulo, SP, Brazil, 5Department
of Pharmacology & Toxicology, Medical College of Wisconsin, Milwaukee, WI, United States, 6Monte
Azul Ambulatory, São Paulo, SP, Brazil, 7Departament of Physiology, Escola Paulista de Medicina/
Universidade Federal de São Paulo, São Paulo, SP, Brazil, 8University Hospital of the University of São
Paulo, University of São Paulo Medical School, São Paulo, SP, Brazil, 9Natural Products Committee,
Brazilian Academic Consortium for Integrative Health (CABSIN), São Paulo, Brazil
Purpose: It is known that obesity has a multifactorial etiology that involves genetic

and environmental factors. The WHO estimates the worldwide prevalence of 1.9

billion overweight adults and more than 650 million people with obesity. These

alarming data highlight the high and growing prevalence of obesity and represent a

risk factor for the development and aggravation of other chronic diseases, such as

nonalcoholic fatty liver disease (NAFLD) that is frequently considered the hepatic

outcome of type 2 diabetes. The use of non-pharmacological therapies such as

food supplements, nutraceuticals, and natural integrative therapies has grown as

an alternative tool for obesity-related diseases compared to conventional

medications. However, it is a still little explored research field and lacks scientific

evidence of therapeutic effectiveness. Considering this, the aim is to evaluate

whether a new nutraceutical supplement composition can improve and supply

essential mineral nutrients, providing an improvement of obesity-related

metabolic and endocrine parameters.

Methods: Sedentary volunteers (women and men) with body mass index (BMI)

≤34.9 kg/m2 were divided into two groups: Novel Nutraceutical Supplement_(S) (n

= 30) and Novel Nutraceutical Supplement (n = 29), differing in the absence (S) or
frontiersin.org01124

https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/articles/10.3389/fendo.2022.1089938/full
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fendo.2022.1089938&domain=pdf&date_stamp=2023-01-27
mailto:ana.pessoa@fm.usp.br
https://doi.org/10.3389/fendo.2022.1089938
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://www.frontiersin.org/journals/endocrinology#editorial-board
https://doi.org/10.3389/fendo.2022.1089938
https://www.frontiersin.org/journals/endocrinology


Nehmi-Filho et al. 10.3389/fendo.2022.1089938

Frontiers in Endocrinology
presence of silymarin, respectively. Volunteers were instructed to take two

capsules in the morning and two capsules in the evening. No nutritional

intervention was performed during the study period. The data (anthropometrics

and anamneses) and harvest blood (biochemistry and hormonal exams) were

collected at three different time points: baseline time [day 0 (T0)], day 90 (T90), and

day 180 (T180) post-supplementation.

Results: In the anthropometric analysis, the waist circumference in middle

abdomen (WC-mid) and waist circumference in iliac crest (WC-IC) were

reduced. Also, the waist-to-height ratio (WHt R) and waist-to-hip ratio (WHR)

seem to slightly decrease alongside the supplementation period with both

nutraceutical supplements tested as well as transaminase enzyme ratio

[aspartate aminotransferase (AST)/alanine aminotransferase (ALT) ratio (AAR)], a

known as a biomarker of NAFLD, and endocrine hormones cortisol and thyroid-

stimulating hormone (TSH) at 90 and 180 days post-supplementation.

Conclusions: In a condition associated with sedentary and no nutritional

intervention, the new nutraceutical supplement composition demonstrated the

ability to be a strong and newfangled tool to improve important biomarkers

associated with obesity and its comorbidities.
KEYWORDS

nutraceutics, supplement, Silybum marianum, prebiotic, obesity, endocrine parameters,
transaminases
1 Introduction

The etiology of chronic non-communicable diseases such as

obesity is multifactorial, including genetics and the environment

(1). These diseases are the world’s leading cause of mortality (2, 3).

Data from the World Health Organization (WHO) estimate the

worldwide prevalence of 1.9 billion overweight adults [body mass

index (BMI) ≥25 kg/m²] and more than 650 million people with

obesity (BMI ≥30 kg/m²) (3). Recently, during the critical phase of the

pandemic, the prevalence of chronic non-communicable diseases was

closely related to higher mortality in hospitalization due to

coronavirus disease 2019 (COVID-19) (4). These alarming data

highlight the high and growing prevalence of obesity that represents

a risk factor for the development and aggravation of other

metabolic diseases.

Considering this, the incessant search for nutritional intervention

strategies is essential to pursue the mitigation of obesity and its

comorbidities. In this sense, the use of natural products and

derivatives as non-pharmacological strategies can be an alternative

in the prevention and treatment of acute or chronic diseases. These

tools could contribute to preventing or reducing obesity-related

negative outcomes, promoting longer life spans and better-quality

lives (5). Thus, the use of food supplements, nutraceuticals, and

natural integrative therapies has grown compared to conventional

medications, which are still necessary and indispensable for the

adequate treatment of some conditions (6, 7). Indeed, non-

pharmacological therapies seem to be promising strategies for the

prevention and treatment of metabolic–inflammatory diseases, such
02125
as obesity, metabolic syndrome, dyslipidemia, and type 2 diabetes

(8–10).

Nevertheless, in this study, we also intend to contribute to the

construction of knowledge for clinical practice using anthropometric

assessment and serum tests reachable to practitioners’ daily routines.

Previous studies have shown that increased neck circumference in

obese adults is related to increased cardiovascular and inflammatory

risk, acting as an anthropometric predictor of cardiovascular and

inflammatory risk (11). Also, the waist-to-height ratio (WHtR), a

measure with significant statistical representation, works as a good

predictor of metabolic syndrome and appears to be directly

proportional to inflammatory levels and correlated with poor eating

habits (12–14).

Several cellular mechanisms are involved in obesity pathologies

such as the metabolic pathways activated by directly influencing the

insulin signaling in insulin-target tissues such as the liver, eventually

leading to insulin resistance (15). Thus, nonalcoholic fatty liver

disease (NAFLD) is frequently considered the hepatic outcome of

type 2 diabetes. Indeed, insulin resistance also plays a central role in

the development of the fatty liver (16), since hepatic fatty acid

oxidation is reduced by mitochondrial dysfunctions triggered by

obesity, resulting in hepatic accumulation of triacylglycerols (17,

18). Another common metabolic alteration in obesity is persistent

and systemic low-grade inflammation (19, 20), which has been

termed metainflammation. Metainflammation is closely linked to

insulin resistance mechanisms that feedback each other,

perpetuating long-term metabolic dysfunction (21). The

combination of low-grade inflammation processes and insulin
frontiersin.org
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resistance establishment is an important link between obesity and

its comorbidities.

The increased incidence and prevalence of obesity-related

comorbidities is a concern still unsolved by worldwide public health

regulators. Despite efforts to mitigate obesity, little effect has been

noticed on the increase of all diseases associated with it (22).

Considering this, the benefits of several natural compounds have been

investigated in the obesity research field nowadays. In this sense, the

effect of isolated prebiotic compounds, such as fructooligosaccharides

(FOSs) (23), galactooligosaccharides (GOSs) (24), and yeast b-glucans
(25, 26), has been related to improved metabolic markers recovering the

health status. Also, supplementation with minerals such as magnesium

(27), zinc (28), and selenium (29) and plant-derived compounds such as

Silybum marianum (silymarin) (30) has displayed positive effects in

obesity models. Compounds such as FOS and GOS display a potential

effect of modulating the gut microbiome, which is closely linked to

inflammatory modulation (31). The same aspect might be related to

yeast b-glucans (32), magnesium (27), zinc (28), and selenium (33),

which are known for the immune system-strengthening action.

Likewise, silymarin, the bioactive compound obtained from milk

thistle (S. marianum), has been used over the centuries to primarily

treat liver diseases and protect the liver against obesity injury,

contributing to the restoration of hepatic function (34). The main

bioactive compound of silymarin is the component called silybin.

Silybin is a flavonolignan that has different activities such as

antioxidant and anti-inflammatory properties (35). In this sense,

preclinical protocols testing a combination of these compounds have

shown their benefits in the improvement of mitochondrial activity and

key inflammatory molecules involved in the pathogenesis of several

non-communicable chronic diseases such as type 2 diabetes, obesity, and

cardiovascular diseases (9, 10). The preclinical model compared the

effect of the supplement components separately and in combination,

and findings suggest that the nutraceutical compounds might have a

stronger synergic effect, representing an innovative tool for obesity and

insulin resistance management.

Therefore, in this study, we aim to apply our previously developed

supplement composition containing yeast b-glucan, prebiotics,

minerals, and S. marianum (milk thistle or silymarin) (9, 10) as a

tool to modulate inflammatory and metabolic responses in a

population with obesity. The main hypothesis is that the

supplements can improve and supply essential micronutrients such

as zinc, magnesium, and selenium, which are usually deficient in

populations with obesity (36), providing an improvement of fatty liver

diseases through metabolic and endocrine pathways.
Frontiers in Endocrinology 03126
2 Materials and methods

2.1 Ethics committee approval

This work was approved by the HC-FMUSP Research Ethics

Committee under the CAAE number 39984320.5.0000.0068. This

research project was carried out following the relevant guidelines and

regulations and was approved by the Ethics Committee for the Analysis

of Research Projects (CAPPesq). This study received approval from the

Brazilian National System of Genetic Registration (SisGen), under the

number AC29D69, and registered as a clinical trial under identification

number NCT04810572 (ClinicalTrials.gov).
2.2 Recruitment of volunteers and
experimental design

The “Novel Nutraceutical Supplement Trial” is a randomized

controlled trial addressing sedentary people with three assessment

points (baseline and 90 and 180 days post-supplementation) from

Monte Azul Ambulatory, São Paulo, SP, Brazil, and online invitation

between March and June 2021 (n = 133). Stratified randomization

was applied to ensure a balance of baseline key factors between

groups. In this study, age, BMI, and gender were considered baseline

characteristics for sample stratification before randomization. The

pharmaceutical team responsible for preparing the supplement

capsules was the blind spot between participants and researchers

until the end of the study. The sample size enrolled was based on a

calculation determined using the G*Power software (37). Assuming

an F test with a type I error of 5% at 95% power and a success rate

(effect size) of 0.2, the required total sample size was 66. Due to the

long-term period of supplementation protocol and the progress of the

COVID-19 pandemic during the protocol, to account for a potential

dropout of 20%, we inflate this to at least 80 participants.

The inclusion criteria were as follows: healthy volunteers of both

genders aged between 44 and 64 years; BMI ≤34.9 kg/m2; no diet

intervention; and sedentary lifestyle. To guarantee that the volunteers

had a sedentary lifestyle, we applied International Physical Activity

Questionnaire (IPAQ)-Short Version (38) and presented it in Table 1.

The exclusion criteria were as follows: volunteers who are allergic to

some of the components of the nutraceutical formulation; the use of

insulin, corticoids, and non-steroidal anti-inflammatory drugs for

more than 15 days; AIDS; hepatitis; pregnancy; and patients under

treatment with chemotherapy.
TABLE 1 Population physical activity level is classified by the International Physical Activity Questionnaire (IPAQ).

Physical activity level
Novel Nutraceutical Supplement_(S) Novel Nutraceutical Supplement

T0 T90 T180 T0 T90 T180

Inactive 63.33%
(n=19)

63.33%
(n=19)

66.66%
(n=20)

62.06%
(n=18)

62.06%
(n=18)

62.06%
(n=18)

Minimally active 36.66%
(n=11)

36.66%
(n=11)

33.33%
(n=10)

37.93%
(n=11)

37.93%
(n=11)

37.93%
(n=11)

HEPA active - - - - - -
fr
HEPA active, health-enhancing physical activity.
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All volunteers signed a term of free and informed consent before

starting the study and could withdraw the consent at any time.

Therefore, volunteers were divided into two groups: Novel

Nutraceutical Supplement_(S) (n = 30) and Novel Nutraceutical

Supplement (n = 29) Volunteers were instructed to take two

capsules of the supplements in the morning and two capsules in the

evening. The participants were instructed to maintain their eating

habits, and no nutritional intervention was performed during the

study period.

We used a Consolidated Standards of Reporting Trials

(CONSORT) (39) flow diagram to display the trial. Initially, during

the enrollment process, a total of 133 volunteers were assessed. At that

stage, 42 people were excluded because they did not meet the

inclusion criteria (n = 9) or declined to participate (n = 33). Thus,

91 participants were randomized into the two experimental groups,

the Novel Nutraceutical Supplement_(S) group (n = 47) and the

Novel Nutraceutical Supplement group (n = 44), and initiated the

supplementation period. During the study follow-up at the T90 in

the Novel Nutraceutical Supplement_(S) group, 13 participants

declined the protocol because of time constraints (n = 7) or for no

alleged reason (n = 6) and 34 participants kept on with the study. In

the Novel Nutraceutical Supplement group at T90, a total of nine

participants declined the study because of time constraints (n = 4) or

for no alleged reason (n = 5) and 35 participants were followed in the

study. At T180 on Novel Nutraceutical Supplement_(S), four people

were excluded from the protocol for COVID-19 diagnosis (n = 2) or

no alleged reasons (n = 2); a total of 30 participants then completed

the study. In the Novel Nutraceutical Supplement group, six

participants were excluded because of COVID-19 diagnosis (n = 1)

or no alleged reasons (n = 5); 29 participants completed the

supplementation protocol as demonstrated in the CONSORT
Frontiers in Endocrinology 04127
flowchart (Figure 1). The data and harvested blood were obtained

from the volunteers at three different time points: baseline time [day 0

(T0)] and day 90 (T90) and day 180 (T180) post-supplementation as

shown in Table 2.
FIGURE 1

Consolidated Standards of Reporting Trials (CONSORT) flowchart
describing the recruitment of volunteers and the experimental design
carried out on this clinical trial.
TABLE 2 Anthropometric and demographic characterization of the study population.

Novel Nutraceutical Supplement_(S) Novel Nutraceutical Supplement
p

Variables T0 T90 T180 T0 T90 T180

Sample Size 30 29

Age (years) 54.10 ± 5.52 54.83 ± 4.59 –

Height (cm) 162.0 (153.0-171.0) 161.5 (155.8-186.0) –

Body Mass (kg) 72.10 ± 12.50 72.17 ± 11.69 72.44 ± 12.34 73.47 ± 12.34 73.85 ± 12.47 74.03 ± 12.64 –

BMI (kg/m2) 27.23 ± 3.28 27.29 ± 3.10 27.38 ± 3.31 27.65 ± 3.45 27.80 ± 3.58 27.88 ± 3.64 –

Neck (cm) 35.55 ± 3.16 35.70 ± 4.06 35.03 ± 3.08 36.12 ± 3.02 35.94 ± 3.51 35.78 ± 3.34 –

WC-mid (cm) 90.68 ± 9.64 89.77 ± 9.76 88.89 ± 9.82 92.12 ± 10.66 91.64 ± 11.00 90.53 ± 10.48 0.010a; 0.030b

Hip (cm) 105.29 ± 6.88 103.74 ± 8.52 104.79 ± 7.00 104.54 ± 7.01 104.15 ± 8.06 105.00 ± 7.21 –

WC-IC (cm) 99.46 ± 8.25 100.18 ± 8.14 99.74 ± 9.25 100.06 ± 8.44 102.76 ± 8.20 99.81 ± 9.01 0.010c; <0.010d

WHtR 0.57 ± 0.59 0.56 ± 0.06 0.55 ± 0.05 0.59 ± 0.06 0.57 ± 0.06 0.56 ± 0.06 –

WHR 0.86 ± 0.07 0.87 ± 0.08 0.87 ± 0.07 0.91 ± 0.07 0.88 ± 0.07 0.88 ± 0.09 –
BMI, body mass index; WC-mid, waist circumference in middle abdomen; WC-IC, waist circumference in iliac crest; WHtR, waist-to-height ratio; WHR, waist-to-hip ratio.
Data values are expressed as mean ± SEM.
a Significant difference Supplement_(S) T0 vs. T180.
b Significant difference Supplement_(S) T90 vs. T180.
c Significant difference Novel Supplement T0 vs. T90.
d Significant difference Novel Supplement T90 vs. T180.
T0, day 0; T90, 90 days post-supplementation; T180, 180 days post-supplementation.
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2.3 Novel nutraceutical
supplement formulations

We prepared two formulations (Patent number: BR 10 2020

016156 3): Formulation 1 (n = 30): Novel Nutraceutical

Supplement_(S) (without silymarin), developed and tested in the

present study, contained the following components: zinc (Zn) 1%,

magnesium (Mg) 1% (Purifarma Distribuidora Quımica e

Farmacêutica, São Paulo, Brazil), FOSs 45% (NutraFlora®,

Westchester, Illinois, USA), selenomethionine (Se) 0.01%, GOSs

10%, tixosil 5%, and 1.3/1.6-(b-glycosidic bonds) yeast b-glucans

(Saccharomyces cerevisiae) 6% (Biorigin, São Paulo, Brazil); and

Formulation 2 (n = 29): zinc (Zn) 1%, magnesium (Mg) 1%

(Purifarma Distribuidora Química e Farmacêutica, São Paulo,

Brazil), FOSs 45% (NutraFlora®, Westchester, Illinois, USA),

selenomethionine (Se) 0.01%, GOSs 10%, tixosil 5%, 1.3/1.6-(b-

glycosidic bonds) yeast b-glucans (Saccharomyces cerevisiae) 6%

(Biorigin, São Paulo, Brazil), and S. marianum (silymarin extract

9%) (SM Empreendimento Farmacê utica LTDA, São Paulo,

Brazil). The percentages of the Novel Nutraceutical Supplement

were determined following recommendations and parameters

published by the European Food Safety Authority (EFSA) (40).

The formulations of the novel nutraceutical supplements were

manipulated by the compounding pharmacy “Solis Magistral

Farmácia Homeopática Sensitiva (São Paulo, Brazil),” which kept

the double blinding point of this clinical study.
2.4 Anthropometric parameters

Anthropometric parameters were collected and analyzed at

baseline time (T0) and T90 and T180 post-supplementation. The

volunteers were weighed using the Body Composition Scale 2 (Xiaomi

Mi, Beijing, China). The hip (cm), iliac crest (cm), waist (cm), and

neck (cm) circumferences and height (cm) were measured using a

plastic tape measurer. BMI was calculated by dividing weight (kg) by

the square of height (m).
2.5 Aspartate aminotransferase (AST) and
alanine aminotransferase (ALT) ratio (AAR),
biochemistry, and endocrine parameters

The volunteers’ blood sample was collected on T0 and T90 and

T180 post-supplementation. All samples were collected between

7:00 a.m. and 9:00 a.m. in the morning. The samples were

processed on the same day of collection to immediately perform

biochemical analysis and endocrine parameters. Total cholesterol,

triglycerides (TGs), non-high-density lipoprotein (HDL)-

cholesterol, low-density lipoprotein (LDL)-cholesterol, very-low-

density lipoprotein (VLDL)-cholesterol, HDL-cholesterol,

aspartate aminotransferase (AST), alanine aminotransferase

(ALT), alkaline phosphatase, gamma-glutamyl transferase

(gamma-GT), creatinine, insulin, cortisol, thyroxine (T4),

thyroid-stimulating hormone (TSH), and C-reactive protein

(CRP) were analyzed in the serum, and plasma glucose levels

obtained. Biochemical analyses and endocrine parameters were
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measured at the partner laboratory “Fleury Medicina e Saúde.”

AST/ALT ratio (AAR) was calculated according to Rief et al. (41).

Atherogenic index (AI) was determined following the formula AI

= [log10(TAG÷HDL-c)].
2.6 Statistical analysis

All statistical analyses were conducted following the CONSORT

recommendations (39). Data were classified as parametric or

nonparametric based on the Shapiro–Wilks test. Parametric data

are represented as mean ± standard deviation, and nonparametric

data are represented as median and interquartile range. Comparisons

between groups involving parametric data were performed with

repeated-measures analysis of variance (ANOVA). Comparisons

between groups involving nonparametric data were performed

using the Friedman test. Analyses were performed using STATA®

14.0 (Stata Corp. LCC, College Station, TX, USA) and GraphPad

Prism 9.0 (GraphPad Software, La Jolla, CA, USA) software.
3 Results

3.1 Novel nutraceutical supplements reduce
anthropometric parameters

Accessing the data of the participant’s physical activity level

evaluated by the IPAQ-Short Version, we can notice that the

sample is composed mostly of inactive people, with a small

percentage of minimally active people and without individuals

practicing health-enhancing physical activity (HEPA active). This

characteristic was maintained for both groups throughout the study

period, as shown in Table 1. Analyzing the population

characterization is noteworthy for the homogeneity between groups

through age, height, body mass, and BMI, displaying similar data.

Regarding the waist circumference, in the middle abdomen (WC-

mid), we have found a significant reduction in the Supplement_(S)

group at T0 and T90 compared to T180. We also have found an

increase in waist circumference in the iliac crest (WC-IC) at T0 vs.

T90 followed by a significant reduction at T90 compared to T180 in

the novel supplement group. The BMI, neck, and hip circumference

did not differ among the evaluations. Despite the absence of a

statistical difference, the WHtR and waist-to-hip ratio (WHR) seem

to slightly decrease alongside the supplementation period in both

groups. These data are presented in Table 2.
3.2 Lipid profile under the nutraceutical
supplement effect

We evaluated the serum total cholesterol, TGs, and lipoproteins in

all volunteers who received the Novel Nutraceutical Supplement_(S)

(n = 30) and the Novel Nutraceutical Supplement (n = 29) (Figure 1).

Neither of the supplements changed the total cholesterol (Figure 2A),

TGs (Figure 2B), non-HDL-cholesterol (Figure 2C), HDL-cholesterol

(Figure 2D), LDL-cholesterol (Figure 2E), VLDL-cholesterol (Figure 2F),

and AI (Figure 2G) at 90 and 180 days post-supplementation.
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3.3 Novel nutraceutical supplements
modulate biomarkers associated with non-
alcoholic fatty liver disease (NAFLD)

In our cohort, liver and renal functions were estimated by liver

enzymes and creatinine, respectively. The liver enzymes AST

(Figure 3A), alkaline phosphatase (Figure 3C), and gamma-GT

(Figure 3E), even creatinine (Figure 3F), did not show differences

between baseline time and 90 and 180 days post-supplementation in

both groups. However, the ALT enzyme (Figure 3B) in

Nutraceutical Supplement_(S) increased only 180 days post-

supplementation as compared with 90 days post-supplementation.

While in the Novel Nutraceutical Supplement group, we observed

that the ALT enzyme (Figure 3B) increased at 90 and 180 days post-

supplementation as compared with baseline time. An elevated AAR

(Figure 3D) (above 1.0) has been associated with fibrosis/cirrhosis

prevalence in NAFLD (41). All groups in baseline time demonstrate

elevated AAR (>2.20) (Figure 3D), and Novel Nutraceutical

Supplement and Supplement_(S) were able to decrease AAR at 90

and 180 days post-supplementation.
3.4 Carbohydrate metabolism and novel
nutraceutical supplements

The influence of the supplements on carbohydrate metabolism was

measured by glycemia, insulin, and Homeostatic Model Assessment of
Frontiers in Endocrinology 06129
Insulin Resistance (HOMA-IR). When we analyzed the effects of the

supplements on glycemia (Figure 4A) and insulin (Figure 4B) after 90

and 180 days compared to baseline time (day 0), we did not observe

changes. While the Nutraceutical Supplement increased glycemia as

compared with Novel Nutraceutical Supplement_(S) at 90 days post-

supplementation. HOMA-IR (Figure 4C) follows the same pattern

compared to the baseline time with the supplementations. Although

HOMA-IR increased at the 180-day compared to the 90-day post-

supplementation in the Novel Nutraceutical Supplement_(S) group

there was no statiscal differences.
3.5 Novel nutraceutical supplements
influence endocrine hormones

Endocrine hormones cortisol, thyroxine (T4), thyroid-stimulating

hormone (TSH), and inflammatory marker C-reactive protein were

evaluated at 90 and 180 days post-supplementation. Serum cortisol

(Figure 5A) decreased at 90 and 180 days post the Nutraceutical

Supplement_(S) vs. the baseline time (day 0), while the Nutraceutical

Supplement was not able to modulate this steroid hormone produced

by adrenal glands. The thyroid hormone gland T4 and C-reactive

protein (Figures 5B, D) were not influenced by either of the

supplements during the 180 days of supplementation. While TSH

(Figure 5C) decreased in the Novel Nutraceutical Supplement_(S)

group when compared to baseline time at all points evaluated, but not

in the Novel Nutraceutical Supplement group.
D
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FIGURE 2

Lipid profile at baseline time (Day 0) and 90 and 180 days post-supplementation. (A) Total cholesterol. (B) Triglycerides. (C) Non-HDL-cholesterol. (D)
HDL-cholesterol. (E) LDL-cholesterol. (F) VLDL-cholesterol. (G) Atherogenic index (AI). Novel Nutraceutical Supplement_(S) (n = 30) and Novel
Nutraceutical Supplement (n = 29). Values are expressed as mean ± SEM or median (min to max, box plot) by plot violin graphic. HDL, high-density
lipoprotein; LDL, low-density lipoprotein; VLDL, very-low-density lipoprotein.
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4 Discussion

The application of natural products or their derivatives for the

prevention or treatment of several pathologies represents a reasonable

and accessible way for clinical practitioners and the general

population to use natural resources as viable alternative therapies

for health promotion and disease intervention. The development of

new products containing different molecules and natural derivatives

that interact synergistically has shown beneficial potential, acting
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holistically and producing few adverse effects on the human body (5).

Our recently published findings show the synergistic effects between

yeast b-glucan, prebiotic, minerals (selenium, zinc, magnesium), and

S. marianum of an innovative supplement with nutraceutical

properties in a preclinical model of diet-induced obesity (9, 10).

These preclinical investigations have shown that after 4 weeks of

supplementation, the new nutraceutical reduced fasting glycemia,

insulin, HOMA-IR, HOMA-b, dyslipidemia, ectopic fat deposition,

and hepatic fibrosis levels. It was probably mediated by molecules
A B C

FIGURE 4

Carbohydrate profile at baseline time (Day 0) and 90 and 180 days post-supplementation. (A) Glycemia. (B) Insulin. (C) HOMA-IR. Novel Nutraceutical
Supplement_(S) (n = 30) and Novel Nutraceutical Supplement (n = 29). Values are expressed as mean ± SEM or median (min to max, box plot) by plot
violin graphic. HOMA-IR, Homeostatic Model Assessment of Insulin Resistance.
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FIGURE 3

Liver enzymes, AST/ALT ratio (AAR), and creatinine at baseline time (Day 0) and 90 and 180 days post-supplementation. (A) AST. (B) ALT. (C) Alkaline
phosphatase. (D) AAR. (E) Gamma-GT. (F) Creatinine. Novel Nutraceutical Supplement_(S) (n = 30) and Novel Nutraceutical Supplement (n = 29). Values
are expressed as mean ± SEM or median (min to max, box plot) by plot violin graphic. AST, aspartate aminotransferase; ALT, alanine aminotransferase;
gamma-GT, gamma-glutamyl transferase.
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such as Peroxisome proliferator- activated receptor gamma (PPARg)

coactivator 1 a (PGC-1a), interleukin-6 (IL-6), and IL-10, since our

previous preclinical study has shown the modulation of this pathway

by gene and protein expression changes (9, 10). The glutathione-S-

transferase activity status was also modulated by the supplement

displaying antioxidant effects. The preclinical studies also display

enhanced metabolism promoted by molecules such as PPARa,
adenosine monophosphate-activated protein kinase (AMPK)-PGC-

1a, and Mitochondrial transcription factor A (TFAM) signaling

pathways. Notably, the cortisol/C-reactive protein ratio, a well-

characterized marker of the hypothalamic–pituitary–adrenal axis

immune interface status, was found to be modulated by the

supplement (9, 10).

Based on these preclinical studies and aiming to build up the

evidence pyramid in this rapidly growing area of research, we have

initiated a double-blind randomized clinical trial applying this

supplement formula to participants who were overweight or obese.

In this clinical trial, we began by focusing on evaluating clinical,

biochemical, and anthropometric parameters. This is relevant because

it brings scientific criteria for the investigation and analysis of

parameters affordable to clinical practitioners who work in the area

of obesity prevention and treatment. In this way, we hope to generate

knowledge and scientific support for the advancement and updating

of clinical practice in this research area.

Regarding the results of our randomized double-blind clinical

trial, it is important to note that there was no indication of dietary

interventions, encouragement of physical activity, or sort of a change

in the participants’ lifestyle. Therefore, our results reflect the effects

that can be directly and exclusively attributed to the consumption of

the nutraceutical formula applied in the study.

The characterization of the anthropometric and demographic

data shows that there are no significant differences between the

groups at the beginning of the study. This is relevant to state the

similarity of both groups in our sample to guarantee the reliability of

data. Analyzing the anthropometrics among the supplementation

groups at different time points, it is noteworthy that the WC

reduction in both groups was promoted by the supplementation

throughout the time. Despite the lack of weight loss, the reduction

of WC represents a marker of decreased cardiovascular risk for the

participants. It is well established that high WC reflects abdominal fat

deposition, and it is strongly associated with the development of non-
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communicable chronic diseases (42). The indicators of abdominal

obesity are better to discriminate inflammatory status and metabolic

risk than the indicator and generalized obesity as BMI. In this sense,

considering the cutoff points of WHtR and WHR preconized by

health guidelines, it is possible to note that both markers decreased

from the T0 time point to T180 time point, returning to low-risk

values. The WHtR and WHR are easily collected anthropometric

measures and reliable indicators for the diagnosis of obesity mainly

related to increased visceral adiposity. Thus, they also represent a

relevant clinical parameter to assess cardiovascular risk that is

strongly related to visceral fat deposition. When increased, WHtR is

a good predictor of metabolic syndrome and appears to be directly

proportional to the inflammatory indicators and directly correlated

with poor eating habits (12–14). Also, the neck circumference was

slightly reduced by both supplements at the end of the treatment

compared to the beginning; this finding is related to the natural

course of obesity, since the volunteers were instructed not to change

their lifestyle throughout the supplementation period, in addition to

not having nutritional intervention and lifestyle changes in this study.

Results from previous studies show that increased neck circumference

in obese adults is related to increased cardiovascular and

inflammatory risks, acting as an anthropometric predictor of

cardiovascular and inflammatory risks for this population (11).

In our data, the supplements with a combination of minerals,

fibers, and bioactive compounds were able to restore low

cardiovascular risk levels without the need for medicines or dietary

interventions. It might be related to high metabolic rates and an

increase in energy expenditure promoted by the supplement

compounds that are described to enhance molecules related to fatty

acid metabolism activation (9). In a review, (43) described the effect of

reducing adiposity by intake of bioactive natural compounds in obese

populations. In particular, compounds such as FOSs (44) and GOSs

(45) have shown an adiposity-reducing effect through activation of b-
oxidation markers, such as acetyl CoA-carboxylase (ACC)

inactivation, AMPK activation, and mitochondrial oxidation via

allosteric regulation of carnitine palmitoyl transferase 1 (CPT-1)

(43). In this sense, studies that used acute bioactive compound

supplementation found similar results without changes in body

weight, but in other specific biomarkers (46, 47). These changes

may not yet be evident in anthropometric data; however, these results

allow us to believe that long-term consumption could exert more
DA B C

FIGURE 5

Hormones produced by the adrenal and thyroid gland at baseline time (Day 0) and 90 and 180 days post-supplementation. Novel Nutraceutical
Supplement_(S) (n = 30) and Novel Nutraceutical Supplement (n = 29). (A) Cortisol. (B) Thyroxine (T4). (C) TSH. (D) C-reactive protein. Values are
expressed as mean ± SEM or median (min to max, box plot) by plot violin graphic. TSH, thyroid-stimulating hormone.
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pronounced effects on weight loss or parameters such as WHtR and

BMI. Thus, in clinical practice, these anthropometric changes might

be a good sign of improvement in cardiometabolic status.

Considering the biochemical parameters analyzed in serum

samples collected at the end of the experimental protocol, there

were no significant changes in serum concentrations of total

cholesterol and its fractions or TGs. The improvement of the serum

lipoprotein profile through the consumption of nutraceutical

compounds such as fibers and antioxidants is recognized in the

literature as a strategy to control dyslipidemia and prevent the

onset of cardiovascular diseases, among other metabolic changes

(48). Preclinical models of obesity that chronically consumed

different bioactive compounds showed improvement in serum

lipids (TG, HDL-cholesterol, and LDL-cholesterol) and insulin

sensitivity associated with weight (49–52). Specifically, the

supplement formula with silymarin can improve insulin sensitivity

and reduce pro-inflammatory cytokines such as tumor necrosis

factor-alpha (TNF-a) and IL-6 in mice (9, 10). It might be

attributed to silymarin compounds such as silibinin, which has

been proven to be an immune modulator in vivo, inhibiting hepatic

activation of Nuclear Factor-kappaB and consequently modulating

the production of pro-inflammatory cytokines such as TNF-a,
interferon-gamma, IL-4, IL-2, and Inducible nitric oxide synthase

(iNOS) and upregulating anti-inflammatory cytokines such as IL-10

(35). However, these effects may also be related to the increased intake

of daily fiber from FOSs and GOSs and antioxidant compounds by the

supplement tested. Furthermore, these findings were not confirmed in

the clinical study, showing the limitation of preclinical studies that are

not able to mimic factors ranging from preexisting diseases and

lifestyle, genetic predispositions and variability, and even factors

such as the composition of the intestinal microbiota that can

influence the response to supplement consumption.

To investigate other markers related to NAFLD, serum

concentrations of AST and ALT as well as the AAR were

evaluated. AST, ALT, and gamma-GT are accessible clinical

markers to check for liver damage. It is known that ALT is

found mainly in the hepatocyte cytoplasm, while AST is present

in the mitochondria. Therefore, in cases of mild liver damage, ALT

is altered in the serum, while in severe liver damage, there is an

increase in AST in the bloodstream (53). Despite the absence of

statistical differences in gamma-GT, it might represent an

indicator of risk for advanced fibrosis in NAFLD and must be

carefully watched by clinical practitioners (40). Based on this, our

results allow us to suggest that there was no severe liver damage

despite the mild liver damage displayed by both groups at all time

points. It is important to consider that obesity and overweight are

a strong risk factor for NAFLD per se, as the participants started

the study with a high level of ALT, which was maintained until the

end of the study. It is also noteworthy that the new supplement had

its consumption safety reinforced, since, over time, there were no

worsening or severe liver damage signs in this study. In fact, the

AAR was reduced by the supplementation over time. These data

are interesting, since, in alcoholic liver disease, the AAR is usually

higher than 2, while in NAFLD, this index tends to be between 1

and 2. Recently, some studies have proposed the use of the AAR as

the main laboratory parameter for the diagnosis of NAFLD.

NAFLD is a chronic inflammatory liver disease with the
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evolutionary potential to cirrhosis. Currently, cases of cirrhosis

in obese patients, previously diagnosed as cryptogenic, have been

attributed to the evolution of NAFLD (41). Thus, AAR is an

extremely relevant clinical parameter that reflects and helps in

the diagnosis of hepatic complications. The supplement recovers

the AAR, promoting hepatoprotective effects. This effect might be

promoted by the supplement and can be explained by its rich

composition. In this sense, the application of silymarin extract

stands out by its hepatoprotective effects, enhancement of insulin

receptor (IR) sensitivity, and immune modulation, besides its

beneficial effects against cardiovascular and neurological diseases

and some types of cancer among other positive effects (34). Also,

the yeast b-glucan is an immunomodulatory molecule and might

also contribute to the hepatoprotective effect (54). Notably, there

are many drug therapies available in the pipeline that have been

shown to be effective in the treatment of NAFLD/Nonalcoholic

steatohepatitis (NASH) (55). However, nutraceutical supplements

and integrative therapies should be considered as options for

clinical frontline professionals as complementary tools and not

substitutes for well-established drug treatments.

In obesity, the classic chronic low-grade inflammatory state, also

known as metainflammation, is associated with increased

inflammatory processes; the reactive oxygen species (ROS) is also

increased. We did not find alterations in the C-reactive protein;

however, this can be considered a nonspecific inflammatory marker

and therefore not very sensitive to the discreet changes promoted by

the meta inflammat ion of obes i ty . Hyperg lycemia and

hyperinsulinemia are also known to trigger an inflammatory

process and oxidative stress environment (56). In parallel, insulin

resistance is also established by visceral fat deposition that increases

the activation of the lipolysis process (57, 58). In turn, an increased

flow of portal vein free fatty acids (FFAs) occurs, exposing the liver to

a greater influx of FFAs modifying hepatic metabolic patterns,

contributing to the maintenance of systemic hyperinsulinemia and

insulin resistance (59). As observed in our results, insulin resistance

comes alongside overweight/obesity and represents a persistent

metabolic issue with a major concern for practitioners due to its

complex management.

Accessing the endocrine profile, we found a significant

reduction in cortisol levels promoted by the new supplement

tested. Cortisol is a hormone well known for its key role in

responding to stressful stimuli. Despite its physiological role, in

obesity, it is known that high levels of cortisol promote body

weight gain and increase appetite with a preference for energy-

dense food, contributing to a high cardiometabolic risk. Also,

chronic exposure to glucocorticoids such as cortisol is known to

promote the specifically abdominal obesity metabolic syndrome

and eventually cardiovascular diseases. In addition, the reduction

in cortisol is related to the improvement in sleep quality, which is

also directly linked to the prevalence of obesity (60). Our results

demonstrate an improvement in cortisol levels, contributing to a

reduction in abdominal obesity and a better metabolic prognosis

without any lifestyle change intervention. In this way, the new

supplement proves to be a tool capable of modulating endocrine

pathways of cortisol production.

In this way, our primary clinical data allow us to conclude that the

new supplement has an innovative combination of nutrients and
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bioactive compounds capable of promoting the improvement of

biochemical and endocrine parameters in overweight/obesity. Its

effect was pronounced, since it was able to promote metabolic

improvement without the association of lifestyle change therapies

such as diet intervention and physical activity. Although the nutrients

of this supplement are accessible through a healthy diet,

epidemiological data show that the consumption of these nutrients

is usually deficient in a large part of the population. Thus,

supplementation proves to be an important alternative to maintain

adequate intake levels when the diet does not meet this demand.

Therefore, the supplementation of beneficial compounds can be a

valuable tool for preventing the onset of chronic diseases in the long

term, avoiding the need for medication treatments. Nevertheless,

these data represent an initial study of this new supplement. For more

robust conclusions to be obtained, further studies are necessary with a

larger sample size of both genders equally distributed. Further

research also needs to address refined and in-depth biomolecular

analyses that would provide a basis for a discussion on the reported

clinical findings of robust cellular pathways, which might be

considered another limitation of the present study. Nonetheless, the

present results allow us to suggest that the parameters analyzed in this

study can also be evaluated in clinical practice as an indication of

endocrine and metabolic changes, bringing the research for the

development of new nutraceuticals closer to the clinical practice of

medical professionals, which has proven to be a major barrier

between scientific research and practice application.
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Adipose tissue is an organ with metabolic and endocrine activity. White, brown

and ectopic adipose tissues have different structure, location, and function.

Adipose tissue regulates energy homeostasis, providing energy in nutrient-

deficient conditions and storing it in high-supply conditions. To attend to the

high demand for energy storage during obesity, the adipose tissue undergoes

morphological, functional and molecular changes. Endoplasmic reticulum (ER)

stress has been evidenced as a molecular hallmark of metabolic disorders. In this

sense, the ER stress inhibitor tauroursodeoxycholic acid (TUDCA), a bile acid

conjugated to taurine with chemical chaperone activity, has emerged as a

therapeutic strategy to minimize adipose tissue dysfunction and metabolic

alterations associated with obesity. In this review, we highlight the effects of

TUDCA and receptors TGR5 and FXR on adipose tissue in the setting of obesity.

TUDCA has been demonstrated to limit metabolic disturbs associated to obesity

by inhibiting ER stress, inflammation, and apoptosis in adipocytes. The beneficial

effect of TUDCA on perivascular adipose tissue (PVAT) function and adiponectin

release may be related to cardiovascular protection in obesity, although more

studies are needed to clarify themechanisms. Therefore, TUDCA has emerged as

a potential therapeutic strategy for obesity and comorbidities.

KEYWORDS

TUDCA, tauroursodeoxycholic acid, obesity, endoplasmic reticulum (ER) stress, adipose
tissue, perivascular adipose tissue, adipocyte
1 Introduction

Obesity is a global public health problem. Data from 2016 showed that about 1.9 billion

adults worldwide were overweight, while 650 million were considered obese (1). Yet, studies

indicate that, in 2025, almost 2.3 billion adults will be overweight; and more than 700 million

will be obese (2). About public expenses with health, it is postulated that the costs of caring for
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obese patients will double by 2050 (US$10.1 billion) compared to

2010 (US$5.8 billion) (3). According to the Global Burden of Disease

study, 4.7 million people died prematurely in 2017 as a result of

obesity (4). Obesity is a risk factor for developing many disorders

such as diabetes mellitus, hypertension, cardiovascular events,

obstructive sleep apnea syndrome, cancer, and musculoskeletal

diseases (5). Obesity also has a negative impact on quality of life

and increases the costs of healthcare (6).

Adipose tissue is an endocrine organ with high metabolic

activity. It corresponds to 20-28% of the body mass of healthy

individuals and may represent up to 80% of the body mass in obese

individuals (7). It is a specialized connective tissue composed

predominantly by adipocytes and separated by a thin layer of

extracellular matrix (8). It was believed that adipose tissue

operated only as an energy store in the form of triglycerides,

however, this tissue also works as an endocrine organ capable of

secreting numerous hormones and adipokines that contribute to

energy homeostasis (9). Besides these metabolism-related functions,

adipose tissue regulates other physiological processes related to

reproduction, immunity, angiogenesis, extracellular matrix

restructuring, steroid metabolism, and body temperature (7).

White adipose tissue (WAT) is composed primarily of white and a

few beige adipocytes, depending on its location.White adipocytes have

a vacuole with a single lipid droplet and few cellular organelles and can

vary in size according to the amount of stored triglycerides. Its main

function is energy storage, but WAT also secretes a wide variety of

adipokines, such as leptin and adiponectin, which are the first two

proteins discovered (10). In addition, beige or brite adipocytes are

generally found scattered amongst the white adipocytes and have

the potential to generate heat when facing cold exposure or adrenergic

receptors stimulation (11, 12). On the other hand, brown adipose

tissue (BAT) adipocytes present several lipid droplets vacuolized

and a large number of mitochondria, which gives the tissue a brown

color. Itsmain function is the production of energy in the form of heat,

a process accomplished by the uncoupling protein-1 (UCP-1), which

is considered its phenotypic characteristic protein (10, 13).
Abbreviations: ATF6, transcription factor 6; BAs, bile acid; BAT, brown adipose

tissue; BiP, binding immunoglobulin protein; CA, cholic acid; CDCA,

chenodeoxycholic acid; CIDEA; cell death-inducing DNA fragmentation factor

alpha-like effector A; Cox8b, Cytochrome c oxidase subunit 8b; CYP7A1,

cholesterol 7a-hydroxylase; DCA, deoxycholic acid; ER, endoplasmic

reticulum; eIF2a, eukaryotic initiation factor 2 alpha; GPDH, glycerol-3-

phosphate dehydrogenase; GRP78, glucose-regulated protein-78; hASCs,

human adipose derived stem cells; iNOS, inducible nitric oxide synthase;

IRE1a, inositol-requiring enzyme 1a; LCA, lithocholic acid; NASH, non-

alcoholic steatohepatitis; NLRP3, NOD- LRR- and pyrin domain-containing

protein 3; Pgc1a, Peroxisome proliferator-activated receptor-gamma coactivator;

PPARg, peroxisome proliferator-activated receptor g; PVAT, perivascular adipose

tissue; PERK, protein kinase R (PKR)-like endoplasmic reticulum kinase; ROS,

reactive oxygen species; TUDCA, tauroursodeoxycholic acid; TNF-a, tumor

necrosis factor-a; UCP-1, uncoupling protein-1; UDCA, ursodeoxycholic acid;

UPR, unfolded protein response; WAT, white adipose tissue; XBP-1, X Box

Protein 1; Cytochrome c oxidase subunit 8b (Cox8b); Peroxisome proliferator-

activated receptor-gamma coactivator (Pgc1a); cell death-inducing DNA

fragmentation factor alpha-like effector A (CIDEA).
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Adipose tissues regulate energy homeostasis, providing energy

in nutrient-deficient conditions and storing it in high-supply

conditions (14). However, when the excess of stored energy

exceeds the expenditure, obesity can be established (15).

Therefore, studies involving the comprehension, prevention, and

treatment of obesity are extremely important. Here, we review

endoplasmic reticulum (ER) stress as a mechanism involved in

adipose tissue morphological, functional and molecular changes on

the setting of obesity highlighting recent advances in therapeutic

actions of the tauroursodeoxycholic bile acid (TUDCA).
2 Changes in adipose tissue depots in
obesity: A role for ER stress

2.1 ER stress

The ER is an important organelle of eukaryotic cells responsible

for maintaining calcium homeostasis, for the biosynthesis of

phospholipids and for the synthesis and folding of proteins that

will be directed to the plasma membrane or to secretory vesicles

(16). However, inflammation, nutrient deprivation, hypoxia,

acidosis, and oxidative stress can disturb the homeostasis of ER

leading to ER stress (17–19). ER stress is established when an

imbalance occurs between the demand and the capacity of the ER

for protein folding, resulting in the accumulation of misfolded/

unfolded proteins. To normalize ER homeostasis and reestablish

protein folding, cells rely on a defense mechanism called unfolded

protein response (UPR) (20, 21).

UPR monitors protein folding in the ER and adjusts folding

capacity to match the amount of synthesis. For this, three sensors that

are present in the ERmembrane are required: protein kinase R-like ER

kinase (PERK), transcription factor 6 (ATF6), and inositol requiring

enzyme 1a (IRE1a) (20, 21). Under physiological conditions, these
sensors are bonded to a chaperone protein named as glucose-regulated

protein 78 (GRP78) an ER chaperone also referred to as the

immunoglobulin heavy chain binding protein (BiP), which keeps

them inactivated. However, when levels of misfolded proteins

increase, BiP dissociates from PERK, ATF6 and IRE1a activating

three distinct signaling pathways (22). When BiP dissociates from

IRE1a, IRE1a is autophosphorylated and activates the transcription

factor X Box Protein 1 (XBP-1) that regulates the expression of

chaperones and enzymes involved in the degradation of misfolded

proteins arising from the ER (23, 24). PERK phosphorylates

eukaryotic initiation factor 2 (eIF2a) and induces ATF4 translation,

one of the UPR-dependent signaling proteins. In general, these

pathways regulate protein synthesis rate, biosynthesis of new

chaperones, protein trafficking within the ER, protein degradation,

and finally, apoptosis, if ER homeostasis is not reestablished (20–22).

ER stress is linked to oxidative stress (23) as protein misfolding

produces reactive oxygen species (ROS) (24, 25) that further

impairs protein folding and depletes ER Ca2+ levels, aggravating

ER stress (26, 27). In addition, IRE1a/XBP-1 and PERK/eIF2a
induce the expression of C/EBP homologous protein (CHOP) that

contribute to ROS generation and apoptosis (28).
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2.2 ER stress in WAT and BAT
during obesity

ER stress has been associated with dysfunctional WAT and BAT

during obesity. In WAT, high-fat diet (HFD)-induced obesity

enhances expression of UPR markers such as PERK, ATF-6,

IRE1-a, ATF-4, and CHOP (29–31). Furthermore, ER stress

affects adipokine secretion and action by impairing adiponectin

synthesis and secretion (30, 31) and by inducing leptin resistance

(32). Lipogenesis and adipogenesis are also modulated by ER stress

(33). In line with this, activation of ER stress increases triglycerides,

SREBP-1c, and FAS in human mature adipocytes (34). CHOP

upregulation limits beige adipocyte differentiation by inhibiting

UCP-1, Cox8b, Cidea, Prdm16, and PGC-1a (35), while CHOP

deficiency upregulates PPARg and adiponectin (29). IRE1a
impedes beige fat activation in white and beige adipocytes,

degrades PGC1-a mRNA, and limits thermogenesis (36).

During obesity, ER stress can be a mechanism potentiating

proinflammatory state in WAT and UPR pathways converge with

inflammatory signaling pathways (37, 38). CHOP deficiency

enhances M2 macrophages abrogating WAT inflammation (29).

In addition, IRE1a favors M1/M2 adipose tissue macrophages

polarization and impairs WAT browning (30). Therefore, ER

stress can modulate WAT adipocytes morphology and WAT

inflammation in the setting of obesity.

In humans and in animal models of obesity, density and

thermogenic activity of brown adipocytes is lower, as they go

through a process called whitening, due but not limited to the

excess of lipids (39, 40). Enlarged white-like brown adipocytes may

present accumulation of large lipid droplets, mitochondrial

dysfunction, and oxidative stress (41–44). The inflammatory profile

triggered in BAT during obesity reduces the expression of UCP-1 and

BAT thermogenic activity. Furthermore, inflammatory mediators

have been shown to prevent the expansion of BAT in obesity, by

promoting cell apoptosis via tumor necrosis factor-a (TNF-a) or

reducing tissue proliferation, inhibiting catecholamine signaling (45).

In BAT of obese mice, genes related to ER stress and UPR such as

GRP78, CHOP, ATF4 and ATF6 are enhanced while thermogenic

genes UCP-1 and PGC1-a are reduced; induction of ER stress resulted

in brown adipocytes apoptosis in vitro and in vivo (46). UCP-1

deficiency increases CHOP and XBP1 transcript levels and eIF2a
phosphorylation, linking deficient thermogenesis to ER stress in BAT

(47). However, the role of UPR response elements in BAT are still under

investigation. The IRE1a/XBP1 pathway seem to be highly activated

compared with other UPR branches during the induction of UCP-1

transcription in BAT, and its induction mechanism is independent of

ER stress (48). Also, in brown adipocytes, PERK has a function

independent of UPR, and seems to be essential for mitochondrial

thermogenesis (49). Therefore, the role of ER stress in BAT in response

to metabolic challenges as obesity still needs to be clarified.
2.3 Ectopic fat

In addition to classic fat depots, adipose tissue can accumulate

ectopically during the development of obesity, which can contribute
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to impaired function in the deposited tissues (50), such as blood

vessels and liver (51). In this sense, it is known that a progressive

increase in the deposition of lipids in the liver leads to

inflammation, hepatocellular degeneration, and collagen

deposition, resulting in non-alcoholic steatohepatitis (NASH)

(52), which, if not reversed, leads to irreversible liver cirrhosis

and also increases the risk for the occurrence of hepatocellular

carcinoma (53, 54). ER stress and UPR pathways are molecular

mechanisms associated with NASH. CHOP, Bip, IRE1a and XBP1

are involved in hepatic lipid metabolism (55). In the livers of obese

mice, ER stress associated with IRE1a and PERK activation, and

CHOP upregulation activate the NLRP3 inflammasome and induce

hepatocyte inflammation and apoptosis (56). Therefore, long-term

ER stress leads can result in liver injury in obesity. The importance

of ER stress to hepatic lipid metabolism in obesity and NASH was

the topic of a recent review (57).

The obesity has also been demonstrated to alter the perivascular

adipose tissue (PVAT) (58, 59). PVAT presents morphological

characteristics that vary according to the vascular bed, resembling

WAT in mesenteric arteries and abdominal aorta or BAT/beige in

thoracic aorta (60–62). PVAT synthesizes and releases a variety of

vasoactive substances that paracrinally influence peripheral vascular

resistance and, therefore, blood pressure. PVAT may lose its

vasoregulatory capacity due to a decrease in the release of

vasodilating adipokines (63, 64). The expansion of PVAT in

obesity is associated with immune cells infiltration, reduced

adiponectin and increased leptin secretion, greater ROS

production, and inducible nitric oxide synthase (iNOS)

expression (63–67). In PVAT depots, ER stress is associated with

the expression of pro-inflammatory factors including NF-kB,

impaired vascular function (vasodilation and contraction) and

atherosclerotic plaque destabilization (68, 69).

Given the metabolic and cardiovascular importance of PVAT

and other ectopic fat depots, further studies need to be conducted in

order to better elucidate the impact and pathophysiological of

obesogenic diets and ER stress in ectopic fat. It is also relevant to

identify pharmacological tools targeting ER stress in PVAT that

could be a coadjuvant approach to the treatment and prevention of

vascular complications associated with cardiometabolic diseases.
3 Actions of TUDCA in adiposity

3.1 Molecular mechanisms of TUDCA

Bile acids (BAs) are synthesized in hepatocytes by the enzyme

cholesterol 7a-hydroxylase (CYP7A1) from cholesterol, generating

primary BAs such as cholic acid (CA) and chenodeoxycholic acid

(CDCA). In the intestine, through deconjugation, oxidation and

epimerization reactions carried out by the intestinal microbiota,

primary BAs give rise to secondary BAs such as deoxycholic acid

(DCA), lithocholic acid (LCA) and ursodeoxycholic acid (UDCA).

After the formation of secondary BAs, some BAs are conjugated in

hepatocytes with the amino acids glycine as glycocholic acid (GCA),

or taurine, as TUDCA, which makes these compounds obtain

greater solubility and ionization in the intestinal lumen (70, 71).
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At first, it was believed that BAs served only to assist in the

process of digestion of lipids and fat-soluble vitamins (71, 72).

However, recent data show that these molecules can regulate lipid

and glycemic metabolism, BA synthesis, and the immune system,

presenting metabolic and endocrine functions (71–73). These

effects result from signaling through receptors such as the

Farnesoid X receptor (FXR), the G protein-coupled BA receptor

(TGR5) and Sphingosine-1-phosphate receptor 2 (S1PR2) (72–74).

FXR is a nuclear receptor while TGR5 and S1PR2 are membrane

receptors. These three receptors are classically expressed in the liver

and digestive tract, but also have been identified in other tissues

such as the heart, blood vessels, and adipocytes (75, 76).

Additionally, preadipocytes and mature adipocytes express other

factors involved in BA metabolism, such as BSEP (bile salt

exporting pump), a hepatic protein that functions as a bile salt

export pump in liver cells mediating BA transport into the bile

canaliculi (77, 78). BAs conjugation with taurine increases affinity

to the membrane and nuclear receptors (75).

Inhibition of ER stress could be a therapeutic intervention

against morphofunctional alterations of overall adipose tissue

depots in obesity. In this sense, the ER stress inhibitor TUDCA, a

BA conjugated to taurine with chemical chaperone activity, has

emerged as a therapeutic strategy to minimize adipose tissue

dysfunction and metabolic alterations associated with obesity

(79, 80).
3.2 Effects of TUDCA and its receptors
in obesity

TUDCA was recently demonstrated to be an important

mediator of beneficial metabolic effects on diet-induced obesity

models, as by activating FXR and TGR5, taurine-conjugated BAs

can improve glucose homeostasis, lipid metabolism and BAT

thermogenesis (81, 82).

The activation of TGR5 increases energy expenditure in HFD-

induced obese mice, limiting obesity and insulin resistance (83).

TGR5 signals through cyclic adenosine monophosphate/protein

kinase A (cAMP/PKA) and deiodinase-2 activation in mouse and

human brown adipocytes and increased thermogenic activity (84–

86). This pathway can also mediate beiging of WAT by increasing

mitochondrial content and fission in white adipocytes from HFD

mice (85). In BAT, TGR-5 induces thermogenesis (83). FXR

activation can reduce both weight gain and inflammatory markers

in WAT of HFD-induced obese mice, as well as limit the expansion

of WAT under obesogenic conditions (87–89). Therefore, BA

receptors activation seems to limit lipid accumulation,

inflammation and metabolic changes in WAT during obesity.

However, it was demonstrated that FXR-deficiency can attenuate

WAT expansion, body weight and insulin resistance in mouse

models of genetic and diet-induced obesity (90). Controversial

data is also observed in ectopic fat as reduced or increased fat

liver accumulation was observed following FXR activation (88, 89).

Therefore, further studies are needed to clear the molecular

mechanism of BA receptors in adipocytes during obesity.
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Our group has demonstrated that TUDCA has a beneficial effect

on glucose-induced insulin secretion through TGR5/PKA signaling

in beta cells (91). Interestingly, increased insulin secretion is

induced by TUDCA in isolated pancreatic islets under

thapsigargin-induced ER stress (72). Therefore, it is likely that ER

stress inhibition in beta cells is involved in TUDCA effects. In

agreement, by modulating ER stress, administration of TUDCA in

obese and type 2 diabetic mice normalized glycemia, restored

insulin sensitivity in liver, muscle and adipose tissues, as well as

reduced fatty liver disease (92). Of note, TUDCA may act as an

insulin receptor (IR) agonist, which, in addition, can contribute to

its beneficial effects on insulin sensitivity (93).

TUDCA treatment of human adipose derived stem cells

(hASCs) significantly decreases ER stress marker GRP78,

adipogenic markers such as PPARg and glycerol-3-phosphate

dehydrogenase 1 (GPDH), and lipid accumulation (94) suggesting

that ER inhibition by TUDCA is associated with decreased

adipogenesis. Such actions of TUDCA were similar to the ER

stress inhibitor 4-phenyl butyric acid (PBA). Further, TUDCA or

PBA treatment decreased ER stress markers, free cholesterol,

inflammatory cytokines level, and NF-kB activity in WAT of

HFD-induced obese mice (37). Finally, ER stress inhibition

induced by TUDCA is associated with the inhibition of ROS

production and attenuated cleaved-caspase-3 expression, resulting

in an antiapoptotic effect in white adipocytes exposed to high

glucose (95). In BAT, ER stress inhibition is associated with

increased UCP-1 and thermogenesis (96, 97). The major effects of

TUDCA on WAT and BAT are summarized in Figure 1.

TUDCA treatment also has been suggested as beneficial for ectopic

fat during obesity (Figure 1). Reduced ER stress markers PERK and

IRE-1a phosphorylation is demonstrated in the liver of diabetic ob/ob

mice associated with resolution of fat liver disease (92). TUDCA can

limit hepatocyte lipoapoptosis by suppressing phosphorylation of

eIF2a, XBP1 splicing, BiP and ATF4 expression (98). TUDCA may

also have beneficial effects on PVAT. In line with this, TUDCA

reduced ER stress markers GRP78 and ATF4 on PVAT from type 2

diabetic mice which was associated with improved endothelial function

and reduced vascular stiffness (99). The ex vivo exposure to palmitate

or thapsigargin both impaired insulin-induced vasorelaxation in the

aorta which was prevented by TUDCA, associated with reduced

expression of ER markers IRE1a and eIF-2a phosphorylation in

PVAT (100). However, the mechanisms associated with TUDCA-

induced PVAT mediated protective vascular effects still need to be

addressed. As TUDCA increases adiponectin production in obese mice

and in adipocytes (76, 101) this can be an additional beneficial

mechanism associated with cardiovascular protection. Future studies

need to be addressed to elucidate mechanisms of metabolic and

vascular effects of TUDCA, focused on the involvement of ER stress

inhibition and/or direct effects of this BA.
4 Conclusion

Here, we summarize the main findings on the effects of TUDCA

and receptors TGR5 and FXR on adipose tissue in the setting of

obesity. TUDCA has been demonstrated to limit metabolic disturbs
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associated with obesity by inhibiting lipid accumulation, ER stress,

inflammation, and apoptosis in adipocytes. TUDCA also improves

insulin sensitivity in obese mice and may act as an IR agonist. The

beneficial effect of TUDCA on PVAT function and adiponectin release

may be related to cardiovascular protection in obesity, although more

studies are needed to clarify the mechanisms. A limitation of the

studies is to identify possible direct effects of TUDCA independent of

ER stress inhibition, which are interesting for elucidating possible

therapeutic targets in obesity and other diseases.

As summarized in this review, TUDCA can be considered a

multi-targeted therapy, as this BA modulates glucose and lipid

metabolism, inflammatory response, adipogenesis, macrophage

differentiation and other general metabolic responses. TUDCA has

been approved by the US administration for clinical use in diseases

such as cholelithiasis and cholestatic liver disease (102, 103).

Therefore, it may be suggested that TUDCA treatment could be

also an important therapeutic agent for obesity and comorbidities.
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FIGURE 1

Effects of TUDCA treatment on WAT, BAT, PVAT and liver fat during obesity. (A) In WAT adipocytes, ER stress inhibition with TUDCA is associated with
increased mitochondrial fission and content, decreased ROS, and increased insulin sensitivity and adiponectin secretion. (B) In BAT, TUDCA increases
thermogenesis and expression of UCP-1. (C) In PVAT, ER stress inhibition with TUDCA is associated with decreased ROS, increased anticontractile and
endothelial function. (D) In hepatocytes, in addition to inhibiting ER and oxidative stress, TUDCA treatment increases insulin sensitivity, decreases fat
accumulation and adipocyte apoptosis. ER: endoplasmic reticulum; ROS: reactive oxygen species. UCP-1: uncoupling protein-1.
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65. Gómez-Hernández A, Beneit N, Dıáz-Castroverde S, Escribano Ó. Differential
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Background: Globally, there is a rising trend in obesity, known to increasemorbidity

and mortality. Metabolic surgery and adequate weight loss decrease mortality but

may worsen pre-existing nutrient deficiencies. Most data on pre-existing nutritional

deficiencies in the population undergoing metabolic surgery is from the developed

world, where an extensive micronutrient assessment is achievable. In resource-

constrained environments, the cost of a comprehensive micronutrient assessment

must be weighed against the prevalence of nutritional deficiencies and the potential

harm if one or more nutritional deficiencies are missed.

Methods: This cross-sectional study investigated the prevalence of

micronutrient and vitamin deficiencies in participants scheduled to undergo

metabolic surgery in Cape Town, South Africa, a low-middle income country. 157

participants were selected and 154 reported on; who underwent a baseline

evaluation from 12 July 2017 to 19 July 2020. Laboratory measurements were

conducted, including vitamin B12 (Vit B12), 25-hydroxy vitamin D (25(OH)D),

folate, parathyroid hormone (PTH), thyroid-stimulating hormone (TSH),

thyroxine (T4), ferritin, glycated haemoglobin (HbA1c), magnesium, phosphate,

albumin, iron, and calcium.

Results: Participants were predominantly female, aged 45 years (37-51), with a

preoperative BMI of 50.4 kg/m2 (44.6-56.5). A total of 64 individuals had Type 2

diabetes mellitus (T2D), with 28 undiagnosed cases at study entry (18% of study

population). 25(OH)D deficiency was most prevalent (57%), followed by iron

deficiency (44%), and folate deficiency (18%). Other deficiencies (vitamin B12,

calcium, magnesium, phosphate) were rarely encountered and affected ≤1% of

participants. Folate and 25(OH)D deficiency were related to obesity classification,

with a higher prevalence in participants with a BMI ≥40 kg/m2 (p <0.01).

Conclusion: A higher prevalence of some micronutrient deficiencies was noted

compared with data from similar populations in the developed world. The

minimum baseline/preoperative nutrient evaluation in such populations should
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include 25(OH)D, iron studies, and folate. Additionally, screening for T2D is

recommended. Future efforts should seek to collate broader patient data on a

national scale and include longitudinal surveillance after surgery. This may

provide a more holistic picture of the relationship between obesity, metabolic

surgery and micronutrient status inform more appropriate evidence-based care.
KEYWORDS

bariatric (weight loss) surgery, obesity, micronutrient deficiency, pre-bariatric aspects,
diabetes, diabetes mellitus, vitamin D
1 Introduction

The unfavorable metabolic milieu associated with obesity is a

worldwide concern and was recently highlighted by the

Coronavirus Infectious Disease 2019 (COVID-19) pandemic (1–

4). Epidemiological studies from around the globe have conclusively

demonstrated a linear association between obesity and all-cause

mortality, with mortality pre-dominantly attributable to

cardiovascular disease (1, 5, 6). A recent meta-analysis suggests a

rise in death rate as body mass index (BMI) increases above 25 kg/

m2 (7).

Obesity is often mistakenly assumed to be synonymous with a

state of nutritional excess. The excess, however, only applies to the

energy balance. As such obesity can paradoxically represent a state

of nutritional deficiency. Obesity is often compounded by a change

in diet to low-cost, readily available, high sugar, high carbohydrate,

and nutrient-deficient meals. Therefore, excess weight can co-occur

with malnutrition, known as the ‘overfed but undernourished’

phenomenon (8, 9).

Metabolic surgery effectively addresses the harmful effects of

excess weight and has decreased morbidity and mortality associated

with excess adiposity (10–13). The benefits of metabolic surgery

performed in high volume centers outweigh the associated potential

harm, provided that precautionary measures are taken to prevent

long-term adversities (14–17).

In recent years reports of pre-existing micronutrient deficiency

in patients scheduled for metabolic surgery have increased (18, 19).

Krzizek et al. (19) demonstrated a high prevalence of micronutrient

deficiencies preoperatively in Austria, with 25-hydroxy vitamin D

(25(OH)D) deficiency significantly associated with higher BMI (19).

Flancbaum reported preoperative deficiencies of 43.9% for iron,

8.4% for ferritin, and 68.1% for 25(OH)D in a cohort from New

York (18). Geographical, socio-economical, and ethnic variables

limit extrapolation of these findings to the South-African

population undergoing surgery for obesity.

Since metabolic surgical procedures may further impact

micronutrient status, correcting pre-existing deficiencies is

standard care. It is thus recommended to evaluate and optimize

the micronutrient status of all patients scheduled to undergo

metabolic surgery preoperatively (20–22). In resource-limited

environments, the cost of a comprehensive preoperative
02144
micronutrient assessment needs to be weighed against both the

prevalence of deficiencies and the potential harm if these

deficiencies remain undetected. Recommendations on

preoperative testing should ideally be contextualized. The primary

objective of this study was to determine the prevalence of

micronutrient and vitamin deficiencies in obese patients

scheduled to undergo metabolic surgery at a tertiary referral

centre from a low-middle income country.
2 Materials and methods

This study, nested within a larger prospective OMIT (Obesity

and Metabolic surgery Initiative Tygerberg) cohort study, followed

a descriptive, cross-sectional design. The OMIT study was designed

to evaluate the safety and efficacy of high-volume metabolic surgery

in the public health sector at Tygerberg Hospital. Tygerberg

Hospital is a tertiary level hospital that serves as a referral center

for more than 3.4 million people residing in the Cape Town

Metropole of South Africa.

The study protocol was approved by Stellenbosch University’s

Health Research Ethics Committee (S18/01/003) and conducted

according to the 1964 Helsinki Declaration principles. All

participants provided written informed consent.
2.1 Inclusion and exclusion criteria

All patients scheduled to undergo a Roux and Y-gastric bypass

procedure or sleeve gastrectomy from 12 July 2017 to 19 July 2020,

who underwent a thorough preoperative assessment, were

considered for inclusion in this analysis.

2.1.1 Inclusion criteria
Obesity was defined based on the World Health Organization

(WHO) classification (23). Obese individuals, aged 20-60-years,

were eligible for surgical intervention and inclusion in the OMIT

study, if they met the following criteria:

Individuals with
o BMI ≥40 kg/m2 (WHO class III and above)
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o BMI 30.0-39.9 kg/m2 (WHO class I and II) with a related co-

morbid disease (diabetes, obstructive sleep apnea,

osteoarthritis etc.), prior gestational diabetes (GDM) or

current pre-diabetes (i.e., high risk for future diabetes)
2.1.2 Exclusion criteria
Potential participants were discussed by a multidisciplinary

team (MDT) and were excluded from study entry if any of the

following conditions were noted:
o uncontrolled medical comorbidity(ies)

o concurrent comorbidity(ies) deemed to be too high an

operative risk following evaluation by a specialist

anesthetist

o contraindications to laparoscopic metabolic surgery

including multiple prior open abdominal surgeries and

the lack of commitment, support, resources, or other

significant barriers to short, medium, and long-term

adherence to the program.

o active underlying malignancy or bowel disease such as peptic

ulcer disease or inflammatory bowel disease

o uncontrolled psychiatric illness or unwillingness to undergo

psychiatric evaluation towards assessing psychological

“fitness” for metabolic surgery

o excessive, current, or previous alcohol or drug dependence/

abuse

o current pregnancy, breastfeeding, planning pregnancy in the

next two years or unreliable contraception

o immobile patients
2.2 Sociodemographic and anthropometric
measurements

Data was collected prospectively. Gender and ethnic

determination were made by self-declaration. Socio-economic

status was categorized using the South African Department of

Health’s Uniform Patient Fee Schedule’s (UPFS) classification

code. The classification code, usually expressed in South African

Rands, is reflected here as US Dollars for ease of reference. It is

based on annual income brackets as follows: H0: Low – receiving

grant or pension; H1: <$3800/person or <$5450/family; H2: $3800-

$5450/person or $5450-$19070/family; H3: >$13620/person or >

$19070/family; P: Private patients are those not subsidized by the

state and, for this research, denotes participants with medical aid or

the highest income category.

Basic anthropometric measurements (weight, height, waist

circumference) were obtained by dedicated and permanent

nursing staff. Weight was measured with minimal clothing using

a Charder® digital scale placed on a flat surface and recorded to the

nearest kilogram (kg) and height to the nearest one centimeter (cm)

with a calibrated stadiometer. Body mass index (kg/m2) was

calculated as weight (kg) divided by square height (m) and
tiers in Endocrinology 03145
participants were categorized according to the WHO classification

(23): overweight (25-29.9 kg/m2); Class I obesity (30-34.9 kg/m2);

Class II obesity (35-39.9 kg/m2); Class III obesity (>40 kg/m2) (23).

Waist circumference (WC) was measured to the nearest 0.5 cm with

a non-stretchable tape measure.

The clinical assessment also included blood pressure, urine

dipstick, and a thorough surgical risk evaluation. Brachial blood

pressure (BP) was measured, once, on the left arm while sitting

down using a calibrated automated sphygmomanometer (Dinamap

Carescape V100) with an appropriate cuff size. RightSign®multistix

were used for urine analysis.
2.3 Biochemical analysis

All laboratory measurements were done by the National Health

Laboratory Service (NHLS), a SANAS (South African National

Accreditation System) accredited laboratory at Tygerberg Hospital

(accreditation code M0390) using the Roche Cobas®6000 analyzer.

The NHLS adheres to the Clinical and Laboratory Standards

Institute (CLSI, previously National Committee for Clinical

Laboratory Standards [NCCLS]) EP28-A3c (formerly C28-A3)

guideline for Defining, Establishing and Verifying Reference

Intervals in the Clinical Laboratory (24). Reference intervals used

in our study are not population specific, but provided by the

instrument manufacturer (24).

2.3.1 Micronutrient and hormonal assessment
Micronutrient status and associated hormonal regulators were

determined via various laboratory techniques that included the

following: electrochemiluminescence binding assay (immunoassay)

for Vitamin B12 (Vit B12), 25(OH)D, folate, parathyroid hormone

(PTH), thyroid-stimulating hormone (TSH), thyroxine (T4), and

ferritin measurements; turbidimetric inhibition immunoassay for

glycated hemoglobin (HbA1c); immunoturbidimetric assay to

measure transferrin; colorimetric assay for magnesium,

phosphate, albumin, and iron and spectrophotometric detection

for calcium. Serum copper, zinc, selenium, vitamins B1, B3, B6, A,

E, K, and C were not assessed. The HbA1c percentage was

calculated with a programmed equation adhering to the

international federation of clinical chemistry and laboratory

standard recommendations (25).

Deficiencies were defined as follows: albumin <35 g/L, vitamin B12

<145 pmol/L, calcium <2.15 mmol/L, 25(OH)D deficient if ≤50 nmol/

L; insufficient if 50.1-72.5 nmol/L and sufficient if ≥72.5 nmol/L (26);

iron ≤13 ug/L, serum folate <8.8 nmol/L, magnesium <0.63 mmol/L,

phosphate <0.78 mmol/L. Iron deficiency was defined as a ferritin <30

mcg/l or ferritin <100 mcg/l plus transferrin saturation <20 percent.

Iron deficiency anemia was defined as a Hb <13 g/dl in male

participants and <12 g/dl in female participants with biochemical

features of iron deficiency (25).

Hormonal assessments were further defined or categorized. If

the TSH was outside of the laboratory reference range (0.27–4.2

mIU/L), a free T4 and T3 were measured. Patients with a raised

(PTH >6.9 pmol/L) or inappropriately normal PTH level (3.6-6.9
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pmol/L) were diagnosed as having primary hyperparathyroidism if

calcium was elevated (> 2.51 mmol/L). If calcium was not elevated,

secondary hyperparathyroidism applied if 25(OH)D levels was

noted to be deficient. Normocalcemic hyperparathyroidism was

diagnosed if calcium and 25(OH)D were normal with a

concomitant PTH >6.9 pmol/L.
2.3.2 Assessment of glycemic status
Glycemic status was not formally assessed with a 75-gram

glucose 2-hour oral glucose tolerance test (OGTT). A diagnosis of

pre-diabetes was based on a fasting plasma glucose (FPG) ≥5.6

mmol/L and <7 mmol/L and/or a HbA1c ≥5.7% and <6.5% (≥39

mmol/mol and <48 mmol/mol) (27). Diabetes mellitus was defined

as a participant known with diabetes mellitus on anti-diabetic

medication, or patients not known with diabetes mellitus with a

FPG ≥7 mmol/L and/or HbA1c ≥6.5% (≥48 mmol/mol) (27).
2.4 Data management and
statistical analysis

Structured standardized data sheets were used to capture

demographic characteristics and relevant clinical data and

subsequently gathered in the Bariatric Outcomes Longitudinal

Database (BOLD), managed by the Surgical Review Corporation

(SRC). The SRC, founded in 2003, is a United States of America-

based independent and non-profit organization offering
Frontiers in Endocrinology 04146
accreditation and assistance with data management. BOLD is

web-based, and data was entered at each encounter or during

bulk transfer from clinical notes. Statistical analysis was

performed using GraphPad Prism (version 9) software. The

Kolmogorov-Smirnov (K-S) normality test with Lilliefors

correction was used (p<0.05) and normal distribution of data

confirmed with the Shapiro-Wilk test. Non-parametric data is

presented as median (IQR). Chi-square analysis and Fisher’s exact

tests were used to determine differences between stratified

categories. Kruskal-Wallis ANOVA with Dunn’s multiple

comparison or Mann-Whitney test was done to determine

differences between groups. Spearman’s simple linear regression

analysis was used to determine associations between variables. A

probability value (p-value) of <0.05 was regarded as significant.
3 Results

3.1 Sociodemographic and anthropometric
assessments

Of the 157 participants referred for metabolic surgery in the 3-

year study-period, 154 (98%) were eligible for inclusion (Figure 1).

Eleven participants (7%) were diagnosed with Class I or II obesity

(<40 kg/m2), while all others presented with Class III obesity or

higher (>40 kg/m2) (Supplementary Table S1). The median BMI of

the total cohort was above the WHO Class III threshold [50.4 kg/m2

(44.6-56.5)]. Most participants (136/154) were female with a median
FIGURE 1

Overview of the study population and sstratification categories based on glycemic status and calcium homeostasis.
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age of 45 years (37–51) and the majority either of mixed or Asian (65/

154; 42%) or European (83/154; 54%) descent. Three patients were

excluded due to concurrent comorbidity (significant chronic renal

failure) deemed too high perioperative risk. Amongst the public-

sector participants (n=103; 66% of study cohort), annual income in

most participants was between $3800 and $5450 as individual and/or

between $5450 and $19070 per family (categories H1-2) in 88/103

(85%). A small minority of public sector participants relied on state

pension or medical disability (n=9; 9%; H0) or had a personal or

family income more than $13620 or $19070 respectively (n=6; 6%;

H3). Non-subsidized private participants on medical insurance

comprised 33% of the study cohort.
3.2 Baseline micronutrient deficiencies and
hormonal assessment

An overview of the micro-nutrient deficiencies in the study

population at baseline is presented in Figure 2. The most common

deficiency amongst the study population was a 25(OH)D deficiency,

noted in 57% (88/154) of the cohort. Iron deficiency was present in

44% of participants, and folate deficiency in 18%. Deficiency of

vitamin B12 (3%), calcium (1%), magnesium (1%) and phosphate

(1%) were limited. None of the participants with vitamin B12

deficiency was on chronic metformin treatment and only one of

the five was on a proton pump inhibitor (PPI). A total of 124 (80%)

participants had 1-2 micronutrient deficiencies, 12 had >2

deficiencies and 18 did not have any deficiencies.

Baseline micronutrient deficiencies (Table 1) and diabetes

status (Supplementary Table S1) were tabulated within population

subcategories based on ethnicity, annual income and obesity class.

Statistical evaluation was limited to ethnicity and obesity class on 25
Frontiers in Endocrinology 05147
(OH)D deficiency due to too small numbers for the other

micronutrient deficiencies within the mentioned subpopulations.

A significant association between 25(OH)D deficiency (≤50

nmol/L) and ethnicity was noted in the study cohort (Table 1). 25

(OH)D deficiency was prevalent in 78% (51/65) (n/N) of

participants with Mixed/Asian ancestry, in 67% (4/6) (n/N) of

participants with Black African ancestry, and only in 40% (33/83)

(n/N) of participants with European ancestry. There was

furthermore a significant difference in the median 25(OH)D levels

amongst WHO obesity categories. Class I and II obese participants

(BMI<40kg.m2) had higher 25(OH)D levels [62 (45–67) nmol/L]

compared to class III obese participants (BMI>40 kg.m2) [44 (36–

60) nmol/L]. The majority (85/143; 59%) of individuals with BMI

≥40 kg/m2 had 25(OH)D deficiency, compared to 27% (3/11) with a

BMI <40 kg/m2 (Figure 3A and Table 1).

Circulating plasma calcium levels were available in 154

participants and PTH status documented in 149. Calcium levels

were low, normal, and elevated in 1% (2/154), 82% (127/154) and

16% (25/154) of patients at baseline respectively (Figure 3B). The two

participants with low calcium levels had mild and asymptomatic

hypocalcemia (i.e., uncorrected calcium levels of 2.02 mmol/L

(albumin 42 g/dL) and 2.14 mmol/L (albumin 44 g/dL). A

complete calcium and PTH dataset were available in 149

participants that included 17 of the 25 participants with

hypercalcemia (Figure 3C). The diagnosis of primary

hyperparathyroidism was based on the presence of hypercalcemia

with either concomitant elevated PTH levels (4/12) or inappropriately

normal, unsuppressed PTH values i.e., a PTH >3.5-6.9mmol/L (8/17).

Primary hyperparathyroidismwas present in 8% (12/149) [12/17 with

hypercalcemia], secondary hyperparathyroidism in 20% (30/149),

and normocalcemic hyperparathyroidism in 7% (11/149).

An expected inverse relationship between PTH and both

calcium and 25(OH)D was observed (Figures 3D, E). The inverse

relationship between PTH and 25(OH)D remained significant in

the presence of normal circulating calcium levels (Figure 3F). Thirty

four of the 88 participants with deficient 25 (OH)D levels had

physiologically appropriate secondary hyperparathyroidism. WHO

obesity class and glucose status had no statistically significant

impact on circulating calcium levels.

Iron deficiency was the second most prevalent deficiency. Sixty-

six participants (66/150; 44%) met the criteria for iron deficiency

and 17/150 (11%) had iron-deficiency anaemia (Table 1). Folate

deficiency was not present in any of participants in the BMI <40 kg/

m2 (0/11) (n/N) whereas 18% of participants with BMI ≥40 kg/m2

(27/143) (n/N) presented with serum folate ≤8.8 nmol/L.

The median TSH of the total cohort was 1.97 (1.42-2.99) mIU/

L. Of the 18 participants who had an elevated TSH level at baseline,

the majority were known with primary hypothyroidism (10/18) on

levothyroxine replacement therapy and of them 14 had subclinical

hypothyroidism only (normal T4, TSH 4.2-9.9 mIU/L).
3.3 Glycemic status

A complete data set to evaluate glycemic status was available for

152 of the study participants (Figure 1). A concerning percentage of
FIGURE 2

Overview of the deficiencies evident in the total study population.
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the cohort had abnormal glucose homeostasis at baseline (n=102;

67%). T2D was present in 45% and included 69 participants, 56 with

previously known and 13 with newly diagnosed T2D. The mean

HbA1c in those with known T2D on treatment was 7.4 ± 1.8% and 7.3

± 1.9% in those with newly diagnosed T2D prior to any intervention.

Optimal glycemic control (treatment target HbA1c ≤ 7%) was only

evident in 24 of the 56 participants with known T2D (42.8%).

Pharmacological therapy in most was limited to monotherapy with

metformin (n=40/56; 71%). Fourteen participants used combination

oral therapy (metformin ± another oral agent) with or without insulin.

Two participants were on insulin only.
4 Discussion

This study is the first to define preoperative micronutrient status in

an African patient cohort scheduled for metabolic surgery. In South
Frontiers in Endocrinology 06148
Africa, literature is available on the baseline patient profiles and

outcomes after metabolic surgery, but little is known about the

preoperative micronutrient status of bariatric cohorts (28). This

study, in predominantly morbidly obese females, revealed significant

deficiencies of some micronutrients at baseline indicative of obesity as

a state of excess energy and is not synonymous with optimal nutrition.

Like data from the developed world, vitamin D deficiency (57%) was

the most prevalent, followed by iron deficiency (44%) and then folate

deficiency (18%); with 88% (136/154) of the participants having at

least one nutrient deficiency prior to surgery. Identification of the most

prevalent micronutrient deficiencies preoperatively, enables clinicians

to limit laboratory measurements in a resource constrained setting.

The results suggest that the preoperative assessment of individuals

scheduled for metabolic surgery should include, at minimum, the

measurement of 25(OH)D, iron studies and folate.

While initial thinking framed obesity as a disease of the

developed world, evidence indicates that the developing world is
TABLE 1 Baseline micronutrient deficiencies in the total cohort and within certain population categories.

25(OH)D
(<50 nmol/L)

Calcium

(<2,15 mmol/L)
Iron (<13 ug/L)

Ferritin

(<30mcg/dL)

Transferrin

Sats (<20%)

Haemoglobin

(<12 g/dL)

Albumin

(<35g/L)

Iron

deficiency1

Iron

deficiency

Anemia2

Folate

(<8,8 nmol/L)

Total study population: N=154

median (IQR) 46 (37-62) 2.38 (2.3-2.47) 10.95 (8.2-13.6) 76 (38-170) 16 (12-20) 13.5 (12.5-14.3) 44 (42-46) 17.0 (10.3-28.4)

Total number of

deficiencies
88/154 (57%) 2/154 (1%)

66/150 (44%) 17/150 (11%) 27/143 (18%)

Number of deficiencies per category:

Gender

Male 9/18 (50%) 0 8/18 (44%) 0 11/18 (61%) 0 0 3/18 (17%) 1/18 (5%) 3/18 (17%)

Female 79/136 (58%) 2/136 (1%) 105/136 (77%)
21/136

(15%)

107/136

(78%)
17/136 (12%) 0 63/136 (46%) 16/136 (12%) 24/136 (18%)

Ethnicity

Mixed or Asian 51/65 (78%) 1/65 (2%) 52/65 (80%) 13/65 (20%) 53/62 (85%) 10/63 (16%) 0 34/65 (52%) 8/65 (12%) 10/62 (16%)

European 33/83 (40%) 1/83 (1%) 51/83 (61%) 7/82 (9%) 51/80 (64%) 6/83 (7%) 0 32/83 (39%) 8/83 (10%) 17/79 (22%)

Black African 4/6 (67%) 0 3/6 (50%) 1/6 (17%) 3/6 (50%) 1/6 (17%) 0 0 1/6 (17%) 0

Chi-square *p<0.01

Annual Income

H0 4/9 (44%) 0 7/9 (78%) 1/9 (%) 7/9 (78%) 1/9 (11%) 0 5/9 (56%) 1/9 (11%) 0

H1-2 53/88 (60%) 1/88 (1%) 62/88 (70%) 12/88 (14%) 61/88 (69%) 7/88 (8%) 0 36/88 (41%) 6/88 (7%) 19/88 (22%)

H3 1/6 (17%) 0/6 (0%) 3/6 (50%) 0 3/6 (50%) 0 0 4/6 (67%) 0 1/6 (17%)

P 30/51 (59%) 1/51 (2%) 34/49 (69%) 7/50 (%) 36/45 (80%) 9/48 (19%) 0 21/49 (43%) 2/49 (4%) 6/46 (13%)

Chi-square –

Obesity Class

Class I-II

BMI<40kg/m2 3/11 (27%) 0
2/11 (18%) 1/11 (9%)

0

Class III or

above BMI>40kg/

m2

85/143 (59%) 2/143 (1%)

64/143 (45%) 16/143 (11%)

27/143 (19%)

Fishers Exact *p<0.01
f

Statistical analysis, Fishers Exact & Chi-square analysis. *p<0.05 indicate significance.
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equally, if not more, prone to escalating rates of obesity (29, 30). An

extensive systematic review and meta-analysis conducted in 199

countries from 1980–2008 showed that the average rate of BMI

increase per decade is 0.4 kg/m2 in men and 0.5 kg/m2 in women

(29). The meta-analysis revealed concerning statistics specifically

for South Africa, noting an increase in BMI at a rate of 2.9 kg/m2 per

decade for males and 1.6 kg/m2 per decade for females during 2000–

2008. Longitudinal data derived from other South African studies

support these findings and corroborate an upward trend in obesity

(31). In developing countries, the obesity problem is compounded

by urbanization, a change in diet to low-cost, easily accessible, high

sugar, carbohydrate-dense, and nutrient-deficient diets, allowing for

little variety (8). Obese individuals from lower-income settings or

areas where food insecurity prevails, are expected to have more

profound micronutrient deficiencies. Although this study is the

largest to date to investigate baseline micronutrient deficiencies

before metabolic surgery in an African population, the limited

number of deficiencies per income category did not allow us to

perform reliable statistical analysis to assess the interplay between

socio-economic and nutritional status.

Sun exposure and the presence of melanin play a significant role

in the metabolism of 25(OH)D. Higher melanin concentrations

have advantages for those who live in areas of intense sunlight

exposure by reducing the harmful effects of ultraviolet light on the
Frontiers in Endocrinology 07149
skin; however, it does reduce the efficacy of 25(OH)D metabolism.

South Africa has a heterogeneous population with marked variation

in skin concentration of melanin. Skin pigmentation and

concentration of melanin is known to influence activation of

vitamin D in the skin and varies amongst the different ethnic

groups in South Africa. Globally, people of African descent with

higher skin melanin content are known to be predisposed to

vitamin D deficiency and lower circulating 25(OH)D levels. 25

(OH)D levels were thus assessed at baseline as noted and compared

amongst the different ethnic groups included in the study cohort.

A recent systematic review and meta-analysis describing 25

(OH)D deficiency in Africa, with high levels of sunlight, noted a

pooled prevalence of low 25(OH)D status of 18.46% (32). Further,

mean serum 25(OH)D levels were lower in South Africa compared

to the rest of sub-Saharan Africa (30). This was attributed to lifestyle

factors and increasing urbanization (32). The optimal serum 25

(OH)D for skeletal health is controversial, and concentrations for

extra skeletal health have not been established. The Institute of

Medicine (IOM) favors maintaining the serum 25(OH)D between

50 and 100 nmol/L for bone health (33). The US National

Osteoporosis Foundation, the International Osteoporosis

Foundation [IOF] and the American Geriatric Society suggest

that a minimum level of 75 nmol/L is necessary to minimize

fracture risk (34). Musculoskeletal health and fracture risk is a
A B

D E F

C

FIGURE 3

Relationship between PTH and 25(OH)D. (A) 25-hydroxyvitamin D (nmol/L). Individual data points are presented with the median for each group
indicated using a grey line. The number of patients per category is as follow: BMI<40 kg/m2 (N=11), BMI>40kg/m2 (N=143), No diabetes (N=54), Pre-
diabetes (N=34), Type 2 diabetes (N=64), Normal PTH levels (N=98), Primary hyperparathyroidism (HPT) (N=3), Secondary HPT (N=34), Normocalcemic
HPT (N=14). Statistical analysis. BMI category: Mann-Whitney test. Hyperparathyroidism category: Kruskal-Wallis multiple comparisons test. *p<0.05,
***p<0.001 indicate significant difference between groups (A). (B) Calcium levels (mmol/L) (N=154). (C) PTH levels (pmol/L) (N=154). Individual values are
presented for the total study population (N=154) with the median indicated using a black line (B, C). (D–F) Simple linear regression analysis between PTH
and Calcium (D) and 25-hydroxyvitamin D (E, F).
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concern in people who undergo metabolic surgery, and obesity is a

predisposing factor for 25(OH)D deficiency, hence the rationale for

adopting the higher threshold of 72.5 nmol/L in this study to denote

sufficiency and to regard a circulating level of 25(OH)D ≤ 50nmol/L

as deficient.

The prevalence of 25(OH)D deficiency was high (57%) in the

relatively young cohort of these study participants (mean age 45

years; [37-51 years]). The highest percentage of 25(OH)D

deficiency was documented in those of mixed ancestry/Asian

decent (51/65; 78%) and in black Africans (4/6; 67%), a finding

that supports the notion that melanin concentration does play a role

in the skin activation of 25(OH)D. It is, however, noteworthy that

the prevalence of 25(OH)D deficiency in the study participants was

significantly higher than the figures reported for the general

population in the region thereby implicating excess body weight,

irrespective of skin melanin content, as a contributor to 25(OH)D

deficiency (32).

The association between 25(OH)D and obesity has not been fully

established, and various theories have been postulated (35). 25(OH)D

metabolism hinges on sun exposure which may be reduced in obese

individuals, who tend to partake in less outdoor physical activities

(18, 36). Furthermore, 25(OH)D may be sequestered in the adipose

tissue of obese persons and, as such, has a reduced bioavailability (36).

While the pathophysiology of 25(OH)D deficiency in obesity remains

uncertain, the important role of 25(OH)D sufficiency to ensure

optimal skeletal health are widely accepted. This study documented

an inverse correlation between PTH and 25(OH)D. PTH secretion is

expected to increase with a decrease in bioavailable 25(OH)D and a

negative calcium balance. Chronic exposure of the skeleton to

elevated circulating PTH is known to contribute to bone loss and

decreased skeletal integrity. The findings argue for the critical

interpretation of PTH to inform the routine monitoring and

appropriate supplementation of 25(OH)D in obese patients,

particularly those scheduled for metabolic surgery.

Most of the study participants (136/154) were women with a

median age of 45 years (37–51) and the majority were either of

mixed/Asian (65/154; 42%) or European (83/154; 54%) descent.

Iron deficiency was noted in near half (46%) of the women in this

study, with iron deficiency anemia present in 12%. A study by

Phatlhane et al. in otherwise healthy non-pregnant South African

adults (median age 30 years) documented iron deficiency in a

concerning 56,6% of their female participants and iron deficiency

anemia in 9.8% (37); findings in keeping with those described here.

Diagnostic criteria employed to define iron deficiency and iron

deficiency anemia were similar in this study and Phatlhane et al.

(37). They attributed the presence of iron deficiency in their cohort

to menstrual blood loss and limited intake of iron rich foods. In

another local study, the association between obesity and iron

deficiency in women aged 25-49 years in rural areas in the Free

State Province of South Africa was explored. Iron-deficiency was

noted in a far lower percentage of their participants (4.1%) (38).

Studies from elsewhere in the world looking at micronutrient status

in the morbidly obese and prior to bariatric surgery document iron

deficiency in a comparatively lower percentage of their cohorts

(<10%) (18, 19, 39). Detailed dietary assessment and interrogation

of menstrual patterns was not performed in this study making it
Frontiers in Endocrinology 08150
impossible to define causality of these findings or explain the

discrepancy compared to other published data. The high

prevalence of iron deficiency in the South African setting prior to

metabolic surgery is important and noteworthy and should prompt

assessment of iron status prior to performing metabolic surgery.

25(OH)D, folate, and iron deficiencies were more prevalent in

participants with a BMI ≥45 kg/m2, compared to those with a BMI

<40kg/m2, a finding also noted in other published studies (16). In

fact, folate deficiency was exclusively seen in participants in the

obesity class III or above. Interpretation of this data must, however,

be done cautiously as only 11 study participants, representative of a

minority of the cohort (7%) had a BMI <40 kg/m2. Folate deficiency

was observed in 18% of research participants, comparatively lower

than other African studies, where folate deficiency was noted in 54%

obese and non-obese women in Ghana (39). The Ghanaian study

(40) notes that folate deficiency may be particularly high in West

Africa where folate-deficient diets are consumed. In the same way,

Modjadji et al. (41) demonstrated low folate levels in 28% of non-

pregnant women of childbearing age in Limpopo, South Africa.

This study was performed 4 years after the introduction of

mandatory food fortification with folic acid in South Africa.

Additionally, low folate levels have been linked to poor socio-

economic circumstances (SES), but limited numbers precluded an

evaluation of the association between folate and SES in this

study (41).

We did not quantify nutrient (including folate) intake in our

study, but the South African National Food Consumption Survey-

Fortification Baseline (NFCS-FB) in women of reproductive age,

reassuringly indicated low rates of folate deficiency nationally (42).

Interestingly at the time, 60% did not look for the food fortification

logo on maize, bread, or flour products (42). Provincially, women

and children in the Western Cape, Northern Cape, the Free State

and Eastern Cape had significantly lower mean serum and red

blood cell folate compared to other provinces (42). Still, the mean

folate levels in the Western Cape where 58% of women were obese

or overweight was sufficient (42). It is well established that

overweight and obese individuals have lower serum folate

concentrations than normal-weight individuals (43). Female folate

deficiency is still noted during pregnancy and lactation despite food

fortification due to increased metabolic needs (40, 44). Globally the

proposed contributing factors to folate deficiency in obese and

overweight individuals include inflammation, insulin resistance and

dysbiosis in the microbiome (43). Additional considerations are

increased urinary excretion, dilution of blood volume, and impaired

folate absorption by the intestinal epithelium (45). We could not

identify comparable South African cohorts to juxtapose our

findings scientifically and did not evaluate the influence of these

factors in our study.

Clinicians should maintain a high index of suspicion and a low

threshold to test for micronutrient deficiencies in obese patients,

especially those with a BMI ≥40 kg/m2, irrespective of whether they

are scheduled for metabolic surgery or not.

Evaluation of glycemic status was limited to determination of a

fasting blood glucose and HbA1c and was available in 152 of study

participants. Abnormal glucose homeostasis was present in a

concerning number of participants (102/152; 67%). Of those 33/
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102 (32%) had newly diagnosed prediabetes and 13/102 (13%)

unknown T2D thus representing 30% of this study cohort. Within

obesity category III, 22% and 40% of women had prediabetes and

T2D respectively, metabolic abnormalities not considered or

required as inclusion criteria in this subgroup of the cohort.

Optimal glycemic control was achieved in less than half of

participants known with diabetes mellitus prior to study entry

(42.8%). The high prevalence of undiagnosed prediabetes and

T2D and the suboptimal control of known diabetes at baseline in

subjects scheduled for bariatric surgery is noteworthy and must be

addressed in clinical practice. It illustrates the significant number of

unmet needs for T2D in sub-Saharan Africa (46). Evidence from the

South African National Health and Nutrition Examination Survey

(SANHANES-1 (2011–2012) indicated in people with T2D, 45.4%

are unscreened and overall, that 80.6% of the T2D population had

an unmet need for care (47). Obesity is one of the strongest risk

factors for T2D and to limit the impact of this epidemic, urgent

multilevel prevention and management actions are required.

This study has limitations. All participants were recruited from

an existing pool of patients referred for metabolic surgery at a single

tertiary hospital and extrapolation of the findings may thus not be

applicable to the broader population. Findings in this study remain

valuable as an initial step to uncover the baseline prevalence of

micronutrient deficiencies in obese South Africans scheduled for

metabolic surgery. With the projected increased prevalence of

obesity on the African continent, the results caution for the

judicial monitoring of patients considered for metabolic surgery

as treatment method. Based on the data, it is recommended that a

routine assessment of micronutrient status is performed; that as a

minimum include the measurement of 25(OH)D, iron status and

folate. Screening for T2D with an oral glucose tolerance test ±

HbA1c determination and optimization of glycemic control in

those known with T2D should be standard of care in obese

individuals, including those scheduled for metabolic surgery.
5 Conclusion

In conclusion, the study documented micronutrient deficiencies

and a concerning prevalence of abnormal glucose status in obese

individuals scheduled for metabolic surgery. The appropriate

detection and management of these nutritional deficiencies need

to be moderated by the judicial use of resources and should include,

at a minimum, the measurement of 25(OH)D and folate level and

evaluation of iron status. Future efforts should seek to collate patient

data on a national scale, to provide a more holistic, longitudinal

picture of the relationship between obesity, metabolic surgery, and

micronutrient status in the developing world, which may optimize

evidence-based care.
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