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Mitochondrial (mito-) oxidative phosphorylation (OxPhos) is a critical determinant of

cellular membrane potential/voltage. Dysregulation of OxPhos is a biochemical signature

of advanced liver fibrosis. However, less is known about the net voltage of the liver in

fibrosis. In this study, using the radiolabeled [3H] voltage sensor, tetraphenylphosphonium

(TPP), which depends on membrane potential for cellular uptake/accumulation, we

determined the net voltage of the liver in a mouse model of carbon tetrachloride

(CCl4)-induced hepatic fibrosis. We demonstrated that the liver uptake of 3H-TPP

significantly increased at 4 weeks of CCl4-administration (6.07 ± 0.69% ID/g, p < 0.05)

compared with 6 weeks (4.85 ± 1.47% ID/g) and the control (3.50 ± 0.22% ID/g).

Analysis of the fibrosis, collagen synthesis, and deposition showed that the increased
3H-TPP uptake at 4 weeks corresponds to early fibrosis (F1), according to the METAVIR

scoring system. Biodistribution data revealed that the 3H-TPP accumulation is significant

in the fibrogenic liver but not in other tissues. Mechanistically, the augmentation of the

liver uptake of 3H-TPP in early fibrosis concurred with the upregulation of mito-electron

transport chain enzymes, a concomitant increase in mito-oxygen consumption, and

the activation of the AMPK-signaling pathway. Collectively, our results indicate that

mito-metabolic response to hepatic insult may underlie the net increase in the voltage of

the liver in early fibrosis.

Keywords: liver fibrosis, membrane-voltage sensor, tetraphenylphosphonium (TPP), mitochondrial respiration,

electron transport chain, carbon tetrachloride, liver voltage

INTRODUCTION

Liver fibrosis/cirrhosis represents a worldwide health problem, and epidemiological data indicate
that 70–80% of cirrhotic patients develop primary liver cancer, hepatocellular carcinoma
(Hernandez-Gea and Friedman, 2011). Liver fibrosis results from chronic inflammation and/or
injury to the liver parenchyma. Irrespective of the cause, liver fibrosis may lead to cirrhosis and
remains a major cause of liver failure (Farazi and DePinho, 2006; Amann et al., 2009).

Emerging reports underscore the role of mitochondrial (mito-) dynamics and alterations
in mito-metabolism in liver diseases (Han et al., 2012; McCommis and Finck, 2019).
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FIGURE 1 | Staging early and advanced fibrosis in carbon tetrachloride (CCl4) model. (A) Histochemical staining of liver from control and experimental groups showed

minimal collagen deposit, i.e., early fibrosis (F1), at 4 weeks of CCl4-administration. At 6 weeks, the bridging phenotype (indicated by arrows) and increased collagen

deposition as verified by Sirius Red and Masson’s trichrome indicate advanced fibrosis (F3). Based on the METAVIR scoring system, the 4 and 6 weeks of CCl4
administration correspond to F1 and F3 stages, respectively. Scale bar represents 100µm in the Hand E staining and 200µm in the Sirius Red and Masson’s

trichrome staining. (B) Bar graph shows quantification of collagen Sirius stain using ImageJ software. (C) Col1α1 expression increased in the corresponding early (F1)

and advanced (F3) fibrotic liver. Data represent mean ± SE (n = 5), t-test, *p < 0.05.
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the assay were followed as described (Rogers et al., 2011).
Unlike the cell-based assay, in this study, we used the
organelle, mitochondria isolated from the respective livers. Thus,
the absence of any cellular source renders the extracellular
acidification rate (ECAR) inapplicable. Then, the MMP was
determined based on the mito-uptake of Tetramethylrhodamine,
methyl ester (TMRM) (Scaduto and Grotyohann, 1999). In
brief, mitochondria (0.5 mg/ml) that were isolated from control
and F1 and F3 livers were incubated with 5mM glutamate,
5mM malate, and 0.5µM TMRM. Fluorescence at 546 and
573 nm excitation was monitored using an emission wavelength
of 590 nm.

Transmission Electron Microscopy
Control and fibrotic liver tissues were harvested and thoroughly
rinsed in PBS buffer prior to the fixation. For mito-studies, the
mitochondria were isolated from the respective mouse liver as
described above. The liver and the corresponding mitochondria
were fixed in 2.5% glutaraldehyde, 3mM MgCl2, and 0.1M
cacodylate buffer, pH 7.2 overnight at 4◦C. After buffer rinse,
samples were post-fixed in 0.8% potassium ferrocyanide reduced
1% osmium tetroxide in buffer (1 h) on ice in the dark followed
by 0.1M sodium cacodylate buffer rinse. Samples were left at
4◦C overnight in buffer, rinsed with 0.1M maleate buffer, En
bloc stained with 2% uranyl acetate (0.22µm filtered, 1 h, dark)
in 0.1M maleate, dehydrated in a graded series of ethanol,
and embedded in Eponate 12 (Ted Pella) resin. Samples were
polymerized at 60◦C overnight. Thin sections, 60–90 nm, were
cut with a diamond knife on the Reichert-Jung Ultracut E
ultramicrotome and picked up with Formvar coated copper
slot grids. Grids were stained with 2% uranyl acetate in 50%
methanol, followed by lead citrate, and observed using a Philips
CM120 at 80 kV. Images were captured with an AMT XR80
high-resolution (16-bit) 8 Mpixel camera.

Statistical Analysis
All data were analyzed using VassarStats (Lowry, 2004), and the
difference between the two means was assessed by using either
Mann–Whitney–Wilcoxon (MWW) test (unpaired) or the paired
t-test as appropriate. The probabilities of p< 0.05 or as indicated
were considered as significant.

RESULTS

Staging Early and Advanced Liver Fibrosis
in CCl4 Model
Histochemical staining by Sirius Red and Masson’s trichrome
for the fibrosis marker, “collagen deposition” demonstrated
that 4 weeks of CCl4-exposure induced minimal fibrosis, i.e.,
collagen deposits without bridging, and corresponded to the F1-
stage according to the METAVIR fibrosis score (Figures 1A,B,
Supplementary Figure 1), whereas, liver from 6 weeks of CCl4-
exposure led to increased collagen deposition and showed
the characteristic “bridging fibrosis” corresponding to stage F3
(Figures 1A,B). Quantification of the Col1α1 mRNA reflected
the progression of fibrosis from early (F1) to advanced (F3) at 4
and 6 weeks of CCl4-administration (Figure 1C). ALT activity,
one of the markers of liver function also showed a significant
increase in F1 and F3 and corroborated the hepatic insult in
CCl4-induced fibrogenesis (Supplementary Figure 2).

3H-TPP Liver Uptake and Biodistribution in
CCl4 Model
The liver uptake of 3H-TPP in mice indicated a significant
increase in F1-liver (6.08± 0.69% ID) compared with the vehicle
control (3.51 ± 0.23% ID/g) and F3-liver (4.85 ± 1.48% ID)
(Figure 2A, Supplementary Figure 3A). Then, quantification of
3H-TPP-uptake by various organs between the control and F1
and F3 livers showed that only liver but not blood, heart,

FIGURE 2 | Liver uptake of the voltage-sensor, 3H-tetraphenylphosphonium (TPP), increases in early fibrosis. (A) 3H-TPP uptake (percentage of the injected dose, %

ID) significantly increased in the F1 liver compared with the vehicle control and F3. Insert: chemical structure of TPP used as radiolabeled (3H)-TPP. Data represent

mean ± SE (n = 5) MWW test (*p < 0.05). (B) Tissue distribution of 3H-TPP at F1 showed a significant increase in the liver uptake but not in other tissues, indicating

hepatic fibrosis-related elevation in the net membrane potential of the liver. Data represent mean ± SE (n = 5). MWW test (*p < 0.05). Control, F1, early-stage fibrosis,

F3, and advanced stage fibrosis. The vehicle (olive oil) controls of each batch (different weeks) were aggregated in a single group for analysis.
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FIGURE 3 | Mitochondrial (mito-) oxidative phosphorylation (OxPhos) upregulated in early fibrosis. (A) Schematic diagram showing the overview of the regulation of

mito-membrane potential. In OxPhos, ETC complexes release protons (H+) into the space between the inner (MIM) and outer membranes (MOM) of mitochondria. H+

(Continued)
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FIGURE 3 | accumulation establishes an electrochemical gradient leading to a negative potential (–) in the matrix. Thus, a higher rate of OxPhos (e.g., ATP synthesis)

results in increased negative potential in the mito-matrix. (B) Immunoblot of mito-proteins shows an increase in mito-translocation of STAT3, F1-F0 ATP synthase, and

MT-CO1. COX IV remained unaltered. Immunoblot was re-probed for different targets to maintain the loading control. Numerical values at the bottom of the

immunoblots represent the densitometry quantification of respective signals. Ponceau staining of the membrane shown for overall protein profile. (C) Metabolic flux

analysis showing the oxygen consumption rate (OCR) of mitochondria isolated from the control, and F1 and F3 livers. Mitochondria showing a net increase in the OCR

in the F1 liver. Unlike the typical cell-based assay, in this study, we used the mitochondria isolated from the respective livers as referred in the “Materials and methods”

section. Hence, the extracellular acidification rate (ECAR) which is pertinent in the cellular assay is inapplicable. Data represent mean ± SE (n = 3), t-test (*p < 0.05).

lungs, and kidneys demonstrate a statistically significant fold
of increase in the accumulation of the voltage sensor, i.e.,
3H-TPP (Figure 2B, Supplementary Figure 3B). The results
show that the liver accumulation of 3H-TPP is significant in
early fibrogenesis.

Noteworthy, 3H-TPP liver uptake significantly correlated
with the serum ALT activity that showed a marked elevation
in F1 (Supplementary Figure 4A). Then, the liver morphology
as observed by transmission electron microscopy (TEM)
corroborated the fibrotic phenotype of the F1 liver. Control
liver showed normal morphology (e.g., subcellular organelles
and glycogen granules) with no indicators of fibrogenesis
(Supplementary Figure 4B). Conversely, CCl4-administered
mice (F1) showed characteristic features of fibrosis such as the
occurrence of multiple vesicles, fat droplets, presence of active
Kupffer cells at the sinusoid with endothelial cell lining, and
presence of collagen fibers (Supplementary Figure 4B).

Liver Mito-OxPhos Capacity in CCl4 Model
As critical determinants of membrane voltage, we then
investigated the OxPhos/ETC enzymes (Figure 3A).
Immunoblot analysis of mitochondria isolated from the control
and F1 and F3 livers showed upregulation of ETC/OxPhos
enzymes, F1-F0 ATP synthase, and MT-CO1 (Figure 3B). A
concurrent increase in mito-translocation of STAT3 (regulator
of OxPhos) implied fibrogenesis-related augmentation of
OxPhos activity. Then, metabolic flux analysis of mitochondria
isolated from the control and fibrotic livers showed distinctively
elevated respiration (i.e., OCR) in F1 compared with the
control (Figure 3C, Supplementary Figure 5). Intriguingly,
OCR of F3 mitochondria diminished significantly (Figure 3C,
Supplementary Figure 5). Further investigation of mito-
uptake of TMRM, an indicator of MMP, also revealed an
increase in TMRM uptake at F1 compared with control
implying elevated mito-activity in the early stages of fibrosis
(Supplementary Table 1). Mito-investigation by TEM ex vivo
showed that the mito-morphology in early fibrosis remained
intact and unaffected (F1) similar to the control, whereas, F3
liver showed more mitochondria with variations in appearance
(Figure 4A). Corroborating the impaired mito-capacity in F3
and the level of p-AMPK and p-eIF2α, indicators of metabolic
stress showed a marked elevation in the F3 liver (Figure 4B).
Collectively, mito-metabolic response to hepatic insult augments
the net voltage of the liver in early fibrosis (Figure 4C).

DISCUSSION

This study shows that the liver uptake of the membrane
voltage sensor, 3H-TPP significantly increases in early fibrosis

as confirmed by the onset of collagen deposition. Then, the
upregulation of the OxPhos enzymes with a concomitant
increase in mito-respiration in early fibrosis (F1) concurred
with the augmented liver uptake of 3H-TPP. TPP has been
implicated in the assessment pathophysiology of cancer (Min
et al., 2004; Madar et al., 2007), cardiac disease (Higuchi et al.,
2011; Gurm et al., 2012), and others, through the functional
imaging modalities such as PET. However, its relevance in liver
fibrosis/cirrhosis remains unknown, primarily due to the lack
of any experimental study on the overall membrane voltage of
the liver. Our findings provide the primary evidence that liver
voltage may enable the detection of the fibrogenic liver at an
early stage.

Mechanistically, the cellular uptake and the
intramitochondrial accumulation of TPP depend on the
electrochemical gradient across respective membranes, i.e., at
cellular and mito-levels. The net positive/negative charge of the
electrochemical gradient determines the membrane potential
or the voltage. In principle, as cationic lipophilic agents, the
intracellular entry of TPP is facilitated by the cellular/plasma
membrane voltage which is generally −30 to −60mV. Then,
in metabolically active mitochondria, consequential to the
functions such as the OxPhos/ETC, and/or increase in the
total mito-matrix volume, the MMP remains increased (−150
to −180mV). Such an elevated MMP enables 100× to 500×
more mito-accumulation of the lipophilic cations (e.g., TPP
and TMRM fluorescent dye) (Murphy, 2008; Zielonka et al.,
2017). Conversely, the TPP or TMRM uptake is reduced or
decreased in cells with diminished MMP, i.e., membrane-
depolarization, underscoring the role of MMP in TPP uptake.
Accordingly, the propensity of TPP to accumulate in cells
with higher MMP is exploited for the therapeutic targeting of
mitochondria in preclinical investigations (Han et al., 2014;
Pathak et al., 2014; Marrache and Dhar, 2015). Collectively, the
plasma membrane voltage, mito-matrix volume, and membrane
potential impact the rate of TPP uptake. Nevertheless, our
findings from the CCl4 (hepatotoxicity)-induced model
of fibrogenesis indicate that unlike the advanced fibrosis
(Krahenbuhl et al., 2000; Rodrigues and Steer, 2000; Sun and
Kisseleva, 2015), liver-mitochondria of the early phase of hepatic
insult exhibit augmented respiration/ETC activity indicating
the involvement of MMP in the increased liver accumulation
of TPP.

In addition, multiple lines of evidence indicate that
hepatotoxicity-induced apoptosis may promote cell proliferation
and the associated mito-functions, as a compensatory
mechanism, at least in the initial stages (Mehendale et al., 1994;
Trost and Lemasters, 1997; Lemasters and Holmuhamedov,
2006; Jones et al., 2010; Bajt et al., 2011; Rehman et al., 2016;
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FIGURE 4 | Mitochondria in fibrosis. (A) Transmission electron microscopy (TEM) observation of liver mitochondria in fibrosis. Mito-morphology in F1 remains similar

to the control liver, whereas, in F3, mitochondria with altered morphology were prominent. Upper panel: arrows indicate variation in the appearance of mitochondria.

Lower panel: magnification of the respective upper panel. Scale: 500 nm. (C) Control, F1, early, and F3, and advanced stages of fibrosis. (B) Immunoblot of the total

liver protein shows CCl4-dependent induction of metabolic stress as indicated by the upregulation of p-AMPK β1 and p-eIF2α. β-actin is shown as the loading

control. (C) Mito-response to hepatic insult in early fibrosis augments net voltage of the liver.
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Wimborne et al., 2020). Since mito-function is an integral part
of cell growth and proliferation, it is plausible that the overall
increase inMMP is perhaps a result of increased mito-biogenesis,
mito-activity, and/or the cell number. However, our data on
the mito-respiration, a functional assay (which used an equal
quantity of mitochondria), revealed an enhanced rate of oxygen
consumption (under normalized mito-content) compared with
the control, indicative of augmented mito-activity.

Then, several elegant reviews have underscored the role
of STATs, particularly STAT3 in liver pathophysiology (Kong
et al., 2012; Yang and Rincon, 2016). Transcriptionally,
STAT3 promotes aerobic glycolysis and downregulates OxPhos.
Conversely, its translocation to mitochondria preserves mito-
function, upregulates OxPhos, and promotes survival (Poli and
Camporeale, 2015). In fact, STAT3 regulates the functional
efficiency of ETC complexes suggesting its critical role in
cellular respiration (Wegrzyn et al., 2009). Intriguingly, in liver
pathology, STAT3 plays two distinctive roles depending on the
hepatic cell type; in hepatocytes, it is cytoprotective, whereas, in
the HSCs, it is profibrogenic (Kong et al., 2012). Thus, an increase
in mito-translocation of STAT3 as a mito-stress indicator and
concurrent upregulation of F1-F0 ATP synthase and MT-CO1 in
F1 implies a mito-metabolic stress response in early fibrogenesis.
It remains to be known whether the enhanced uptake of TPP
in fibrogenesis is relevant in other fibrogenic conditions (e.g.,
viral infection, biliary fibrosis) or limited to chemically (CCl4)-
induced fibrosis.

Liver fibrosis and cirrhosis are pathological sequelae for
several chronic liver diseases that may eventually lead to
death, hence early diagnosis is critical for the management
of the disease (Farazi and DePinho, 2006; Hernandez-Gea
and Friedman, 2011). Despite significant progress in other
imaging modalities (Tapper and Loomba, 2018), such as MR
elastography (MRE) and transient elastography (TE), that rely on
the elasticity/stiffness of the fibrotic/cirrhotic liver, the potential
of PET diagnostic-imaging of liver fibrosis remains obscure. In
this study, we reported an experimental study for a new PET-
relevant functional marker that may have implications in the
early diagnosis of liver fibrosis.

The diagnostic/therapeutic potential of membrane voltage has
been recognized in human diseases (e.g., cancer and cardiac
disease) (Min et al., 2004; Madar et al., 2007; Higuchi et al., 2011;
Gurm et al., 2012; Rehman et al., 2016), hence understanding
the net liver-voltage during the initial phases of fibrogenesis may
have clinical implications. Mito-membrane voltage-dependent
PET imaging relies on the difference in membrane voltage
between normal and abnormal cells/tissues. However, in liver
fibrosis/cirrhosis, until now, there is no known functional marker
or a molecular mechanism that is applicable or relevant for
voltage-dependent PET-imaging. In this study, we reported

a potential PET-relevant functional marker that on further
validation may have implications in the early diagnosis of liver
fibrosis. Nevertheless, it remains to be determined whether
the ∼2-fold increase in the fibrotic-liver uptake of 3H-TPP
in our mouse model could still be exploited in the functional
imaging to distinguish fibrosis. Future studies using clinically
relevant probes are underway to delineate the significance and
translational potential of mito-membrane voltage-dependent
PET imaging in the early detection of liver fibrosis.

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 Institutional
Animal Care and Use Committee (IACUC), Johns Hopkins
University School of Medicine.

AUTHOR CONTRIBUTIONS

EM and SG-K conceived this study and wrote the manuscript.
SG-K designed the experiments, performed mito-isolation,
functional experiments, and data analysis. HP and SG-K
performed in vivo investigation, histochemical staining, and
TEM studies. All authors contributed to the article and approved
the submitted version.

ACKNOWLEDGMENTS

We thank Edmond Jacobs for the help in the tail-vein injection
of 3H-TPP. We also thank Michelle-Acoba and Dr. Steven
Claypool for the help in Seahorse metabolic flux analyzer.
We sincerely acknowledge the help provided by Barbara
Smith of Electron Microscope Facility, School of Medicine
in TEM image acquisition, and Prof. Norman Barker of the
Department of Pathology for the help in photomicrography
of histopathology slides. We acknowledge the support from
the Willis C. Maddrey endowment for liver research at
Johns Hopkins and the Bright Star award (SG-K) from the
Radiology department.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fphys.
2021.676722/full#supplementary-material

REFERENCES

Amann, T., Bataille, F., Spruss, T., Muhlbauer, M., Gabele, E., Scholmerich, J., et al.

(2009). Activated hepatic stellate cells promote tumorigenicity of hepatocellular

carcinoma. Cancer Sci. 100, 646–653. doi: 10.1111/j.1349-7006.2009.

01087.x

Bajt, M. L., Ramachandran, A., Yan, H. M., Lebofsky, M., Farhood, A., Lemasters,

J. J., et al. (2011). Apoptosis-inducing factor modulates mitochondrial

Frontiers in Physiology | www.frontiersin.org 9 October 2021 | Volume 12 | Article 676722

https://www.frontiersin.org/articles/10.3389/fphys.2021.676722/full#supplementary-material
https://doi.org/10.1111/j.1349-7006.2009.01087.x
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Pandita et al. Membrane Voltage in Fibrogenic Liver

oxidant stress in acetaminophen hepatotoxicity. Toxicol. Sci. 122, 598–605.

doi: 10.1093/toxsci/kfr116

Chen, L. B. (1988). Mitochondrial membrane potential in living cells. Annu. Rev.

Cell Biol. 4, 155–181. doi: 10.1146/annurev.cb.04.110188.001103

Farazi, P. A., and DePinho, R. A. (2006). Hepatocellular carcinoma pathogenesis:

from genes to environment. Nat. Rev. Cancer. 6, 674–687. doi: 10.1038/nrc1934

Gajendiran, P., Vega, L. I., Itoh, K., Sesaki, H., Vakili, M. R., Lavasanifar, A., et al.

(2018). Elevated mitochondrial activity distinguishes fibrogenic hepatic stellate

cells and sensitizes for selective inhibition by mitotropic doxorubicin. J. Cell.

Mol. Med. 22, 2210–2219. doi: 10.1111/jcmm.13501

Ganapathy-Kanniappan, S., Geschwind, J. F., Kunjithapatham, R., Buijs, M.,

Vossen, J. A., Tchernyshyov, I., et al. (2009). Glyceraldehyde-3-phosphate

dehydrogenase (GAPDH) is pyruvylated during 3-bromopyruvate mediated

cancer cell death. Anticancer Res. 29, 4909–4918.

Ganapathy-Kanniappan, S., Karthikeyan, S., Geschwind, J. F., and Mezey, E.

(2014). Is the pathway of energy metabolism modified in advanced cirrhosis?

J. Hepatol. 61, 452. doi: 10.1016/j.jhep.2014.04.017

Ganapathy-Kanniappan, S., Kunjithapatham, R., Torbenson, M. S., Rao, P. P.,

Carson, K. A., Buijs, M., et al. (2012). Human hepatocellular carcinoma in

a mouse model: assessment of tumor response to percutaneous ablation by

using glyceraldehyde-3-phosphate dehydrogenase antagonists. Radiology 262,

834–845. doi: 10.1148/radiol.11111569

Grattagliano, I., Russmann, S., Diogo, C., Bonfrate, L., Oliveira, P. J., Wang, D.

Q., et al. (2011). Mitochondria in chronic liver disease. Curr. Drug Targets 12,

879–893. doi: 10.2174/138945011795528877

Gurm, G. S., Danik, S. B., Shoup, T. M., Weise, S., Takahashi, K., Laferrier, S.,

et al. (2012). 4-[18F]-tetraphenylphosphonium as a PET tracer for myocardial

mitochondrial membrane potential. JACC Cardiovasc. Imaging 5, 285–292.

doi: 10.1016/j.jcmg.2011.11.017

Han, D., Dara, L., Win, S., Than, T. A., Yuan, L., Abbasi, S. Q., et al.

(2013). Regulation of drug-induced liver injury by signal transduction

pathways: critical role of mitochondria. Trends Pharmacol. Sci. 34, 243–253.

doi: 10.1016/j.tips.2013.01.009

Han, D., Ybanez, M. D., Johnson, H. S., McDonald, J. N., Mesropyan, L., Sancheti,

H., et al. (2012). Dynamic adaptation of liver mitochondria to chronic alcohol

feeding in mice: biogenesis, remodeling, and functional alterations. J. Biol.

Chem. 287, 42165–42179. doi: 10.1074/jbc.M112.377374

Han, M., Vakili, M. R., Soleymani Abyaneh, H., Molavi, O., Lai, R., and Lavasanifar,

A. (2014). Mitochondrial delivery of doxorubicin via triphenylphosphine

modification for overcoming drug resistance inMDA-MB-435/DOX cells. Mol.

Pharm. 11, 2640–2649. doi: 10.1021/mp500038g

Hernandez-Gea, V., and Friedman, S. L. (2011). Pathogenesis of liver fibrosis.

Annu. Rev. Pathol. 6, 425–456. doi: 10.1146/annurev-pathol-011110-130246

Higuchi, T., Fukushima, K., Rischpler, C., Isoda, T., Javadi, M. S., Ravert, H., et al.

(2011). Stable delineation of the ischemic area by the PET perfusion tracer

18F-fluorobenzyl triphenyl phosphonium after transient coronary occlusion. J.

Nucl. Med. 52, 965–969. doi: 10.2967/jnumed.110.085993

Iuso, A., Repp, B., Biagosch, C., Terrile, C., and Prokisch, H. (2017). “Assessing

mitochondrial bioenergetics in isolated mitochondria from various mouse

tissues using seahorse XF96 analyzer,” inMitochondria: Practical Protocols, eds

D. Mokranjac, and F. Perocchi (Berlin: Springer Science + Business Media

LLC), 217–230. doi: 10.1007/978-1-4939-6824-4_13

Jin, Z., Sun, R., Wei, H., Gao, X., Chen, Y., and Tian, Z. (2011). Accelerated liver

fibrosis in hepatitis B virus transgenic mice: involvement of natural killer T

cells. Hepatology 53, 219–229. doi: 10.1002/hep.23983

Jones, D. P., Lemasters, J. J., Han, D., Boelsterli, U. A., and Kaplowitz, N. (2010).

Mechanisms of pathogenesis in drug hepatotoxicity putting the stress on

mitochondria. Mol. Interv. 10, 98–111. doi: 10.1124/mi.10.2.7

Kamo, N., Muratsugu, M., Hongoh, R., and Kobatake, Y. (1979). Membrane

potential of mitochondria measured with an electrode sensitive to tetraphenyl

phosphonium and relationship between proton electrochemical potential

and phosphorylation potential in steady state. J. Membr. Biol. 49, 105–121.

doi: 10.1007/BF01868720

Kang, J. W., Hong, J. M., and Lee, S. M. (2016). Melatonin enhances mitophagy

and mitochondrial biogenesis in rats with carbon tetrachloride-induced liver

fibrosis. J. Pineal Res. 60, 383–393. doi: 10.1111/jpi.12319

Karthikeyan, S., Potter, J. J., Geschwind, J. F., Sur, S., Hamilton, J. P., Vogelstein, B.,

et al. (2016). Deregulation of energy metabolism promotes antifibrotic effects

in human hepatic stellate cells and prevents liver fibrosis in a mouse model.

Biochem. Biophys. Res. Commun. 469, 463–469. doi: 10.1016/j.bbrc.2015.

10.101

Kong, X., Horiguchi, N., Mori, M., and Gao, B. (2012). Cytokines and STATs in

liver fibrosis. Front. Physiol. 3:69. doi: 10.3389/fphys.2012.00069

Krahenbuhl, L., Ledermann, M., Lang, C., and Krahenbuhl, S. (2000). Relationship

between hepatic mitochondrial functions in vivo and in vitro in rats

with carbon tetrachloride-induced liver cirrhosis. J. Hepatol. 33, 216–223.

doi: 10.1016/S0168-8278(00)80362-1

Kunjithapatham, R., Geschwind, J. F., Devine, L., Boronina, T. N., O’Meally, R. N.,

Cole, R. N., et al. (2015). Occurrence of a multimeric high-molecular-weight

glyceraldehyde-3-phosphate dehydrogenase in human serum. J. Proteome Res.

14, 1645–1656. doi: 10.1021/acs.jproteome.5b00089

Lemasters, J. J., and Holmuhamedov, E. (2006). Voltage-dependent anion

channel (VDAC) as mitochondrial governator–thinking outside the

box. Biochim. Biophys. Acta 1762, 181–190. doi: 10.1016/j.bbadis.2005.

10.006

Liberman, E. A., Topaly, V. P., Tsofina, L. M., Jasaitis, A. A., and Skulachev,

V. P. (1969). Mechanism of coupling of oxidative phosphorylation

and the membrane potential of mitochondria. Nature 222, 1076–1078.

doi: 10.1038/2221076a0

Lowry, R. (2004). VassarStats: Website For Statistical Computation.

Poughkeepsie, NY.

Madar, I., Ravert, H., Nelkin, B., Abro, M., Pomper, M., Dannals, R., et al. (2007).

Characterization of membrane potential-dependent uptake of the novel PET

tracer 18F-fluorobenzyl triphenylphosphonium cation. Eur. J. Nucl. Med. Mol.

Imaging 34, 2057–2065. doi: 10.1007/s00259-007-0500-8

Mansouri, A., Gattolliat, C. H., and Asselah, T. (2018). Mitochondrial dysfunction

and signaling in chronic liver diseases. Gastroenterology 155, 629–647.

doi: 10.1053/j.gastro.2018.06.083

Marrache, S., and Dhar, S. (2015). The energy blocker inside the power house:

mitochondria targeted delivery of 3-bromopyruvate. Chem. Sci. 6, 1832–1845.

doi: 10.1039/C4SC01963F

McCommis, K. S., and Finck, B. N. (2019). Treating hepatic steatosis and fibrosis

by modulating mitochondrial pyruvate metabolism. Cell. Mol. Gastroenterol.

Hepatol. 7, 275–284. doi: 10.1016/j.jcmgh.2018.09.017

McDonnell, M. E., and Braverman, L. E. (2006). Drug-related hepatotoxicity. N.

Engl. J. Med. 354, 2191–2193. doi: 10.1056/NEJMc060733

Mehendale, H. M., Roth, R. A., Gandolfi, A. J., Klaunig, J. E., Lemasters, J. J., and

Curtis, L. R. (1994). Novel mechanisms in chemically induced hepatotoxicity.

FASEB J. 8, 1285–1295. doi: 10.1096/fasebj.8.15.8001741

Min, J. J., Biswal, S., Deroose, C., and Gambhir, S. S. (2004).

Tetraphenylphosphonium as a novel molecular probe for imaging tumors. J.

Nucl. Med. 45, 636–643.

Moreno, A. J., Santos, D. L., Magalhaes-Novais, S., and Oliveira, P.

J. (2015). Measuring mitochondrial membrane potential with a

tetraphenylphosphonium-selective electrode. Curr. Protoc. Toxicol. 65,

1–16. doi: 10.1002/0471140856.tx2505s65

Murphy, M. P. (2008). Targeting lipophilic cations to mitochondria.

Biochim. Biophys. Acta 1777, 1028–1031. doi: 10.1016/j.bbabio.2008.

03.029

Navarro, V. J., and Senior, J. R. (2006). Drug-related hepatotoxicity. N. Engl. J. Med.

354, 731–739. doi: 10.1056/NEJMra052270

Nishikawa, T., Bellance, N., Damm, A., Bing, H., Zhu, Z., Handa, K., et al. (2014).

A switch in the source of ATP production and a loss in capacity to perform

glycolysis are hallmarks of hepatocyte failure in advance liver disease. J. Hepatol.

60, 1203–1211. doi: 10.1016/j.jhep.2014.02.014

Pathak, R. K., Marrache, S., Harn, D. A., and Dhar, S. (2014). Mito-

DCA: a mitochondria targeted molecular scaffold for efficacious delivery

of metabolic modulator dichloroacetate. ACS Chem. Biol. 9, 1178–1187.

doi: 10.1021/cb400944y

Poli, V., and Camporeale, A. (2015). STAT3-mediated metabolic reprograming

in cellular transformation and implications for drug resistance. Front. Oncol.

5:121. doi: 10.3389/fonc.2015.00121

Poynard, T., Bedossa, P., and Opolon, P. (1997). Natural history of liver

fibrosis progression in patients with chronic hepatitis C. The OBSVIRC,

METAVIR, CLINIVIR, and DOSVIRC groups. Lancet 349, 825–832.

doi: 10.1016/S0140-6736(96)07642-8

Frontiers in Physiology | www.frontiersin.org 10 October 2021 | Volume 12 | Article 676722

https://doi.org/10.1093/toxsci/kfr116
https://doi.org/10.1146/annurev.cb.04.110188.001103
https://doi.org/10.1038/nrc1934
https://doi.org/10.1111/jcmm.13501
https://doi.org/10.1016/j.jhep.2014.04.017
https://doi.org/10.1148/radiol.11111569
https://doi.org/10.2174/138945011795528877
https://doi.org/10.1016/j.jcmg.2011.11.017
https://doi.org/10.1016/j.tips.2013.01.009
https://doi.org/10.1074/jbc.M112.377374
https://doi.org/10.1021/mp500038g
https://doi.org/10.1146/annurev-pathol-011110-130246
https://doi.org/10.2967/jnumed.110.085993
https://doi.org/10.1007/978-1-4939-6824-4_13
https://doi.org/10.1002/hep.23983
https://doi.org/10.1124/mi.10.2.7
https://doi.org/10.1007/BF01868720
https://doi.org/10.1111/jpi.12319
https://doi.org/10.1016/j.bbrc.2015.10.101
https://doi.org/10.3389/fphys.2012.00069
https://doi.org/10.1016/S0168-8278(00)80362-1
https://doi.org/10.1021/acs.jproteome.5b00089
https://doi.org/10.1016/j.bbadis.2005.10.006
https://doi.org/10.1038/2221076a0
https://doi.org/10.1007/s00259-007-0500-8
https://doi.org/10.1053/j.gastro.2018.06.083
https://doi.org/10.1039/C4SC01963F
https://doi.org/10.1016/j.jcmgh.2018.09.017
https://doi.org/10.1056/NEJMc060733
https://doi.org/10.1096/fasebj.8.15.8001741
https://doi.org/10.1002/0471140856.tx2505s65
https://doi.org/10.1016/j.bbabio.2008.03.029
https://doi.org/10.1056/NEJMra052270
https://doi.org/10.1016/j.jhep.2014.02.014
https://doi.org/10.1021/cb400944y
https://doi.org/10.3389/fonc.2015.00121
https://doi.org/10.1016/S0140-6736(96)07642-8
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles


Pandita et al. Membrane Voltage in Fibrogenic Liver

Rehman, H., Liu, Q., Krishnasamy, Y., Shi, Z., Ramshesh, V. K., Haque, K., et al.

(2016). The mitochondria-targeted antioxidant MitoQ attenuates liver fibrosis

in mice. Int. J. Physiol. Pathophysiol. Pharmacol. 8, 14–27.

Rodrigues, C. M., and Steer, C. J. (2000). Mitochondrial membrane perturbations

in cholestasis. J. Hepatol. 32, 135–141. doi: 10.1016/S0168-8278(00)80200-7

Rogers, G. W., Brand, M. D., Petrosyan, S., Ashok, D., Elorza, A. A., Ferrick,

D. A., et al. (2011). High throughput microplate respiratory measurements

using minimal quantities of isolated mitochondria. PLoS ONE 6:e21746.

doi: 10.1371/journal.pone.0021746

Rugolo, M., and Lenaz, G. (1987). Monitoring of the mitochondrial and plasma

membrane potentials in human fibroblasts by tetraphenylphosphonium ion

distribution. J. Bioenerg. Biomembr. 19, 705–718. doi: 10.1007/BF00762304

Sands, H., Gorey-Feret, L. J., Cocuzza, A. J., Hobbs, F. W., Chidester, D., and

Trainor, G. L. (1994). Biodistribution and metabolism of internally 3H-labeled

oligonucleotides. I. Comparison of a phosphodiester and a phosphorothioate.

Mol. Pharmacol. 45, 932–943.

Scaduto, R. C. Jr, and Grotyohann, L. W. (1999). Measurement of mitochondrial

membrane potential using fluorescent rhodamine derivatives. Biophys. J. 76,

469–477. doi: 10.1016/S0006-3495(99)77214-0

Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012). NIH Image to ImageJ:

25 years of image analysis. Nat. Methods 9, 671–675. doi: 10.1038/nmeth.2089

Shoup, T. M., Elmaleh, D. R., Brownell, A. L., Zhu, A.,

Guerrero, J. L., and Fischman, A. J. (2011). Evaluation of (4-

[18F]Fluorophenyl)triphenylphosphonium ion. A potential myocardial

blood flow agent for PET. Mol. Imaging Biol. 13, 511–517.

doi: 10.1007/s11307-010-0349-2

Sun, M., and Kisseleva, T. (2015). Reversibility of liver fibrosis. Clin. Res. Hepatol.

Gastroenterol. 39(Suppl. 1):60. doi: 10.1016/j.clinre.2015.06.015

Tapper, E. B., and Loomba, R. (2018). Non-invasive imaging biomarker assessment

of liver fibrosis by elastography in NAFLD. Nat. Rev. Gastroenterol. Hepatol. 15,

274–282. doi: 10.1038/nrgastro.2018.10

Trost, L. C., and Lemasters, J. J. (1997). Role of the mitochondrial permeability

transition in salicylate toxicity to cultured rat hepatocytes: implications for

the pathogenesis of Reye’s syndrome. Toxicol. Appl. Pharmacol. 147, 431–441.

doi: 10.1006/taap.1997.8313

Wan, B., Doumen, C., Duszynski, J., Salama, G., and LaNoue, K. F.

(1993). A method of determining electrical potential gradient across

mitochondrial membrane in perfused rat hearts. Am. J. Physiol. 265:445.

doi: 10.1152/ajpheart.1993.265.2.H445

Wang, L., Potter, J. J., Rennie-Tankersley, L., Novitskiy, G., Sipes, J., and Mezey,

E. (2007). Effects of retinoic acid on the development of liver fibrosis

produced by carbon tetrachloride in mice. Biochim. Biophys. Acta 1772, 66–71.

doi: 10.1016/j.bbadis.2006.08.009

Wegrzyn, J., Potla, R., Chwae, Y. J., Sepuri, N. B., Zhang, Q., Koeck, T., et al. (2009).

Function of mitochondrial Stat3 in cellular respiration. Science 323, 793–797.

doi: 10.1126/science.1164551

Wimborne, H. J., Hu, J., Takemoto, K., Nguyen, N. T., Jaeschke, H., Lemasters, J. J.,

et al. (2020). Aldehyde dehydrogenase-2 activation decreases acetaminophen

hepatotoxicity by prevention of mitochondrial depolarization. Toxicol. Appl.

Pharmacol. 396:114982. doi: 10.1016/j.taap.2020.114982

Wynn, T. A. (2008). Cellular and molecular mechanisms of fibrosis. J. Pathol. 214,

199–210. doi: 10.1002/path.2277

Wynn, T. A., and Ramalingam, T. R. (2012). Mechanisms of fibrosis: therapeutic

translation for fibrotic disease. Nat. Med. 18, 1028–1040 doi: 10.1038/nm.2807

Yang, R., and Rincon,M. (2016). Mitochondrial Stat3, the need for design thinking.

Int. J. Biol. Sci. 12, 532–544. doi: 10.7150/ijbs.15153

Zachariae, H., Schroder, H., Foged, E., and Sogaard, H. (1987). Methotrexate

hepatotoxicity and concentrations of methotrexate and folate in erythrocytes-

relation to liver fibrosis and cirrhosis. Acta Derm. Venereol. 67, 336–340.

Zielonka, J., Joseph, J., Sikora, A., Hardy, M., Ouari, O., Vasquez-Vivar, J., et al.

(2017). Mitochondria-targeted triphenylphosphonium-based compounds:

syntheses, mechanisms of action, and therapeutic and diagnostic applications.

Chem. Rev. 117, 10043–10120. doi: 10.1021/acs.chemrev.7b00042

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2021 Pandita, Mezey and Ganapathy-Kanniappan. 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.

Frontiers in Physiology | www.frontiersin.org 11 October 2021 | Volume 12 | Article 676722

https://doi.org/10.1016/S0168-8278(00)80200-7
https://doi.org/10.1371/journal.pone.0021746
https://doi.org/10.1007/BF00762304
https://doi.org/10.1016/S0006-3495(99)77214-0
https://doi.org/10.1038/nmeth.2089
https://doi.org/10.1007/s11307-010-0349-2
https://doi.org/10.1016/j.clinre.2015.06.015
https://doi.org/10.1038/nrgastro.2018.10
https://doi.org/10.1006/taap.1997.8313
https://doi.org/10.1152/ajpheart.1993.265.2.H445
https://doi.org/10.1016/j.bbadis.2006.08.009
https://doi.org/10.1126/science.1164551
https://doi.org/10.1016/j.taap.2020.114982
https://doi.org/10.1002/path.2277
https://doi.org/10.1038/nm.2807
https://doi.org/10.7150/ijbs.15153
https://doi.org/10.1021/acs.chemrev.7b00042
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

