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Therapeutic potential of mitochondrial
uncouplers for the treatment of metaholic
associated fatty liver disease and NASH

Leigh Goedeke ', Gerald I. Shulman "%

ABSTRACT

Background: Mitochondrial uncouplers shuttle protons across the inner mitochondrial membrane via a pathway that is independent of
adenosine triphosphate (ATP) synthase, thereby uncoupling nutrient oxidation from ATP production and dissipating the proton gradient as heat.
While initial toxicity concerns hindered their therapeutic development in the early 1930s, there has been increased interest in exploring the
therapeutic potential of mitochondrial uncouplers for the treatment of metabolic diseases.

Scope of review: In this review, we cover recent advances in the mechanisms by which mitochondrial uncouplers regulate biological processes
and disease, with a particular focus on metabolic associated fatty liver disease (MAFLD), nonalcoholic hepatosteatosis (NASH), insulin resistance,
and type 2 diabetes (T2D). We also discuss the challenges that remain to be addressed before synthetic and natural mitochondrial uncouplers can
successfully enter the clinic.

Major conclusions: Rodent and non-human primate studies suggest that a myriad of small molecule mitochondrial uncouplers can safely
reverse MAFLD/NASH with a wide therapeutic index. Despite this, further characterization of the tissue- and cell-specific effects of mitochondrial
uncouplers is needed. We propose targeting the dosing of mitochondrial uncouplers to specific tissues such as the liver and/or developing
molecules with self-limiting properties to induce a subtle and sustained increase in mitochondrial inefficiency, thereby avoiding systemic toxicity

concerns.

© 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Over the last two decades, the obesity pandemic has triggered a rise in
the prevalence of non-alcoholic fatty liver disease (NAFLD), the most
common chronic liver disease worldwide [1,2]. NAFLD is characterized
by lipid deposition in hepatocytes in the absence of excessive alcohol
consumption and encompasses a continuum of pathologies, ranging
from simple steatosis, non-alcoholic steatohepatitis (NASH), fibrosis,
and cirrhosis [3]. NAFLD also increases the risk of developing hepa-
tocellular carcinoma (HCC), cardiovascular disease (CVD), and type 2
diabetes (T2D) [4—6], which was recently renamed metabolic asso-
ciated fatty liver disease (MAFLD) to reflect the hepatic manifestation of
this systemic metabolic disorder [7—9]. In particular, the new defini-
tion establishes MAFLD as a disorder with evidence of hepatic stea-
tosis accompanied by obesity, T2D, and/or metabolic dysregulation
[7—9].

Although not completely understood, a mechanistic picture of disease
progression is emerging. It is generally thought that over-accumulation
of liver fat in MAFLD patients leads to the production of cytotoxic lipid

oxidation side products and the establishment of the chronic necro-
inflammatory state that defines NASH [10]. Importantly, MAFLD pa-
tients do not always transition to NASH based on steatosis alone;
numerous factors, including mitochondrial dysfunction, as character-
ized by impaired oxidative phosphorylation (OXPHOS) and reactive
oxygen species (ROS) production, contribute to disease progression
[11]. The necro-inflammatory environment of NASH ultimately triggers
the activation of hepatic stellate cells and the development of fibrosis,
which if severe enough can lead to scarring, cirrhosis, and eventually
liver failure [10, 12].

Reduced mitochondrial function and lipid catabolism are associated
with increases in ectopic fat content and insulin resistance often
seen in patients with MAFLD [4,7—9,13]. While several lipid me-
tabolites have been implicated [14], a substantial body of work
supports the role of diacylglycerols (DAGs) and ceramides in pro-
moting hepatic insulin resistance (for a review, see [15]). In one
model, sn-1-2-diacylglycerol (DAG) accumulation in the plasma
membrane activates novel protein kinase C epsilon (PKCe), which in
turn impairs insulin receptor tyrosine kinase activity and all
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Abbreviations

ATP adenosine triphosphate

ADP adenosine diphosphate

AMPK AMP-activated protein kinase

BAM15  2-fluorophenyl)6-[(2-fluorophenyl)amino](1,2,5-oxadiazolo [3,4-3]
pyrazine 5-yljamine

BAT brown adipose tissue

CCCP carbonyl cyanide 3-chlorophenylhydrazone

CCl4 carbon tetrachloride

CDAA/c  choline deficient L-amino acid diet supplemented with 1%
cholesterol

CRMP controlled release mitochondrial protonophore

CvD cardiovascular disease

DAG diacylglycerol

DKD diabetic kidney disease

DNP 2,4-dinitrophenol

DNP-LC  DNP-liquid crystal gel

DNPME  DNP-methyl ether

ETC electron transport chain

FCCP Carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone

HbA1c hemoglobin A1c

HCC hepatocellular carcinoma

IMM inner mitochondrial membrane

IP intraperitoneal

LDsq 50% lethal dose

LDL low density lipoprotein

MAFLD metabolic associated fatty liver disease
MTTP microsomal triglyceride transfer protein
NAFLD Non-alcoholic fatty liver disease

NAS NAFLD activity score

NASH nonalcoholic steatohepatitis

NEN niclosamide ethanolamine

NPP niclosamide peprazine

NTZ nitazoxanide

nPKC novel protein kinase C

OXPHOS  oxidative phosphorylation

PC pyruvate carboxylase

PDH pyruvate dehydrogenase

ROS reactive oxygen species

SGLT2 sodium glucose transport protein 2
SR4 1, 3-bis(dichlorophenyl)urea

STZ streptozotocin

T1D type 1 diabetes

T2D type 2 diabetes

UCP uncoupling protein

VLDL very low density lipoprotein
ZDF Zucker diabetic fatty

downstream arms of hepatic insulin signaling, including stimulation
of glycogen synthesis and transcriptional downregulation of gluco-
neogenic genes [16,17]. Explanations of ceramide-associated he-
patic insulin resistance are less clear, but include alterations in
insulin signaling (through AKT inactivation), mitochondrial function,
and inflammatory pathways [18]. Based on this mechanistic view,
numerous therapies are currently being developed for the treatment
of MAFLD/NASH and T2D, with compounds focused on reducing
hepatic fat accumulation, lowering oxidative stress, altering the
intestinal microbiome, and reducing hepatic fibrosis. Despite this,
there are no FDA-approved medications for MAFLD/NASH. Indeed,
lifestyle management remains the cornerstone treatment, with
moderate weight reduction being highly effective at decreasing
hepatic fat content and improving hepatic insulin sensitivity in
MAFLD patients [19—26]. However, few patients adhere to the life-
long diet and exercise programs required to reverse MAFLD/NASH
and T2D, with ~70—95% of those who lose significant weight
subsequently regaining it [27—30]. Safe and effective pharmaco-
logical interventions are therefore needed.

Liver-targeted mitochondrial uncoupling agents represent a unique
therapeutic strategy to increase hepatic lipid utilization and reduce
hepatic steatosis and its ensuing metabolic complications. Small
molecule mitochondrial uncouplers such as the classical mito-
chondrial protonophore 2,4 dinitrophenol (DNP) increase mito-
chondrial inefficiency, resulting in enhanced nutrient oxidation to
produce a given amount of adenosine triphosphate (ATP) [31]. While
DNP was shown to have anti-obesity effects in the early 1930s [32],
its toxicity concerns precluded its clinical use and most likely
contributed to the lack of interest in further exploring its metabolic
actions [33]. Recently, however, there has been increased interest
in treating MAFLD/NASH by increasing mitochondrial energy
expenditure via chemical and natural mitochondrial uncouplers [34].
Herein, we review the most promising mitochondrial uncouplers for

the treatment of MAFLD/NASH and T2D and discuss the challenges
that remain to be addressed for their successful clinical
implementation.

2. OXIDATIVE METABOLISM AND MITOCHONDRIAL
UNCOUPLING

Mitochondria are essential organelles responsible for cellular respi-
ration, the process through which cells convert nutrients into the
common bioenergy currency ATP [35]. OXPHOS is the final stage of
cellular respiration in aerobic organisms and is driven by the energy
released during stepwise oxidation-reduction chain reactions in elec-
tron transporting systems [36,37] (Figure 1). Specifically, substrate
oxidation yields electrons in the form of reduced hydrogen carriers
(NADH and FADH,) that are donated to a series of enzyme complexes
embedded in the inner mitochondrial membrane (IMM), ultimately
reducing oxygen to water [36,37]. This electron flow leads to the
pumping of protons (H™) across the IMM, thereby generating a
membrane potential and proton motive force that are subsequently
used to drive the synthesis of ATP from adenosine diphosphate (ADP)
and inorganic phosphate [38]. Not all available energy in the electro-
chemical gradient is coupled to ATP production, however, as protons
pumped out of the matrix are able to return to the mitochondrial matrix
independently of ATP synthase [39,40]. This energy-dissipating cycle,
termed “mitochondrial uncoupling,” occurs in all eukaryotic cells and
accounts for 20—30% of the basal metabolic rate depending on the
tissue type [41].

In mammals, physiological uncoupling is typically unregulated (basal
proton leak via diffusion) or mediated by a dedicated set of proteins
such as adenine nucleotide translocases and uncoupling proteins [42].
A wide variety of natural and synthetic compounds have also been
reported to be uncouplers of OXPHOS in mitochondria, including fatty
acids, capsaicins, thyroid hormone (T3), carbonyl cyanide 4-(trifluoro-
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Figure 1: Mitochondrial respiration and uncoupling. During cellular respiration, the oxidation of substrates such as glucose and fatty acids [1] yields electrons (e~
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of reduced hydrogen carriers, NADH and FADH,, which are donated to a series of enzyme complexes embedded in the inner mitochondrial membrane (IMM), ultimately reducing
oxygen to water [2]. As electrons are transferred along the electron transport chain (ETC), a fixed number of protons (H") are pumped across the IMM, generating a membrane
potential (A¢m) and proton motive force that is subsequently used to drive the synthesis of ATP from ADP and inorganic phosphate [3]. Proton leak induced by chemical uncouplers
[4] or uncoupling proteins (UCPs) [5] competes for the same proton gradient, resulting in lower Agm and diminished production of ATP, accelerating mitochondrial respiration to
maintain energy homeostasis. This figure was adapted from “Electron Transport Chain” by BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates.

methoxy)phenylhydrazone (FCCP), carbonyl cyanide-3-
chlorophenylhydrazone (CCCP), and DNP [43]. While most of these
molecules are hydrophobic weak acids with protonophoric activities
(hydrophabic enough to enable passage through biological membranes
and acidic enough to enable partial and reversible pH-dependent
ionization [44—46]), some compounds indirectly cause uncoupling
by regulating the activity of uncoupling proteins and/or altering mito-
chondrial function.

By allowing protons to leak across the IMM and circumvent ATP
synthase, mitochondrial uncouplers decrease the coupling efficiency of
cellular respiration to ATP synthesis, releasing the potential energy
generated from substrate oxidation in the form of heat (reviewed in
[47]). This creates a thermogenic futile cycle whereby the electron
transport chain (ETC) and TCA cycle work faster to pump protons out of
the mitochondria, which requires more ATP hydrolysis and associated
thermogenesis [48]. Heat can be released from collisional interactions
as protons move out of the mitochondria or from the amount of energy
required to maintain the appropriate concentration of enzymes to drive
futile cycling [48]. This is perhaps best exemplified by the mitochon-
drial uncoupling protein in brown adipocytes (UCP1 and its role in
thermogenesis (reviewed in [49]) and the classical protonophore, DNP,
which can directly stimulate cellular respiration and a consequent rise
in body temperature in rodents [50] and humans [51]. Despite this, not
all synthetic uncouplers increase body temperature, suggesting that
uncoupling-mediated increases in thermogenesis may be compound,
dose, and/or tissue specific [52]. Alternatively, DNP-mediated

increases in body temperature may be related to its ability to uncouple
non-mitochondrial membranes [53—56].

3. THERAPEUTIC RELEVANCE OF MITOCHONDRIAL
UNCOUPLERS

Mild uncoupling of OXPHOS provides beneficial effects that permit
adaptations to the increased hepatic fatty acid supply and ensuing
lipotoxicity that is characteristic of MAFLD/NASH patients. Specifically,
its therapeutic potential is often linked to 1) increased [3-oxidation of
fatty acids to compensate for inefficient ATP production, 2) a
decrease in ROS production from the electron transport chain, and/or
3) activation of AMP protein kinase (AMPK) expression, thereby
steering metabolic pathways from energy accumulation to energy
expenditure and fuel preference from glucose to fatty acids [57]
(Figure 2). Herein, we highlight how these beneficial effects can be
leveraged to treat metabolic syndrome, with a particular focus on
compounds that have proven therapeutic efficacy for managing
MAFLD/NASH and T2D.

3.1. 2,4-Dinitrophenol and its modified forms

Since the beginning of the twentieth century, several attempts have
been made to develop pharmacological agents that increase mito-
chondrial uncoupling. The most notable, DNP, was initially used to
synthesize explosives prior to World War | and later considered a
promising anti-obesity drug after Maurice Tainter at Stanford University
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Figure 2: Metabolic effects of mitochondrial uncouplers. Diagram highlighting the beneficial metabolic effects of mild mitochondrial uncoupling and how uncouplers can be

leveraged to treat obesity and associated comorbidities.

demonstrated the efficacy of this approach in obese humans
[31,32,58]. By the early 1930s, DNP was widely taken as an over-the-
counter medication for rapid weight loss in the US; however, reports of
toxic side effects, including hyperthermia, cataract formation, and
death, led to its withdraw from the market by the US Food and Drug
Administration in 1938 [51,59,60]. Nonetheless, Russian soldiers
continued to take DNP to stay warm on the Eastern Front during the
frigid winters of World War Il, and in recent years, there has been a
resurgence in the illicit use of DNP by bodybuilders and athletes trying
to shed fat and sculpt muscle [61].

Despite DNP’s turbulent history, the research community has
continued to explore its therapeutic potential in model organisms
under well-controlled conditions. For example, Samuel et al. showed
that three days of low-dose oral DNP administration (16 mg/kg/day)
effectively reversed diet-induced obesity and hepatic insulin resis-
tance in high-fat-fed male Sprague—Dawley rats without toxic side
effects [62]. Longer low-dose DNP administration has also proven to
be safe and effective at improving metabolic parameters. When
administered in drinking water (1 mg/L DNP; ~100 pg/kg/day), five
months of DNP intake decreased oxidative stress, improved metabolic
syndrome, and extended the lifespan of chow-fed female Swiss
Webster outbred mice [63]. Higher doses of DNP (800 mg/L in
drinking water; ~15—54 mg/kg/day) have also been reported to
safely reduce high-fat diet-induced weight gain, hepatic steatosis,
and insulin resistance in female C57BL/6 mice housed at thermo-
neutrality (30 °C). Interestingly, housing mice below thermoneutrality
(22 °C) abrogated DNP’s effects on body weight, adiposity, and
glucose tolerance due to reductions in compensatory brown adipose
tissue (BAT) thermogenesis and possibly increased food intake [64].
Given the fundamental differences between thermal biology in mice
and humans [65], these studies warrant further investigation into the
effect of ambient temperature on DNP’s anti-obesity effects.

3.1.1. Liver-targeted and sustained-release DNP formulations
Hyperthermia, due to systemic mitochondrial uncoupling, is a major
contributing factor to the low therapeutic index of DNP and other
systemic mitochondrial uncouplers [59]. To increase the therapeutic
window of DNP, Perry et al. developed prodrugs that target DNP to
the liver [50] and a functionally liver-targeted, slow-release DNP
formulation, thereby avoiding peak (Cmax) plasma concentrations,
promoting selective mitochondria uncoupling in the liver, and mini-
mizing systemic exposure and hyperthermia [66]. These agents have
been shown to increase the therapeutic window over DNP by 50—
200 fold and have been effectively used to treat metabolic disorders
including MAFLD/NASH, insulin resistance, hyperlipidemia, T2D, and
CVD in rodents and non-human primate models of metabolic syn-
drome. In this section, we discuss the therapeutic potential of these
modified DNP formulations and highlight the mechanism(s) by which
these formulations exert their therapeutic benefits (Figure 3).

3.1.1.1. MAFLD/NASH, insulin resistance, and T2D. To increase the
therapeutic window of DNP, Perry et al. developed a liver-targeted
methyl-ether derivative (DNPME) that is preferentially metabolized
by the hepatic cytochrome P450 system to the active protonophore,
DNP [50]. Importantly, by utilizing a prodrug, they were able to reduce
the 50% lethal dose (LDsg) by almost 10-fold, while still achieving
in vivo target engagement. Remarkably, intraperitoneal delivery of
DNPME (5 mg/kg) was able to prevent and reverse hepatic steatosis,
hyperglycemia, and insulin resistance in diet-induced rat models of
MAFLD and T2D independently of changes in body weight or systemic
toxicities [50]. Improvements in hyperglycemia and whole-body in-
sulin sensitivity were attributed to subtle sustained increases in he-
patic mitochondrial fat oxidation, resulting in lower hepatic
triglyceride/DAG content and reduced very low density lipoprotein
(VLDL) production, which in turn decreased plasma triglycerides and
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lowered skeletal muscle ectopic lipid content [50]. Interestingly, while
low levels of DNP (<3 pM) accumulated in extrahepatic tissues
(skeletal muscle, heart, and brain) following DNPME administration,
these levels were not sufficient to increase mitochondrial respiration
in vitro [50], suggesting that the beneficial effects of DNPME were
mostly due to uncoupling in the liver.

To further improve the safety profile of DNP, Perry et al. next
developed an extended-release formulation (controlled-release mito-
chondrial protonophore, CRMP), which increased the toxic to effective
dose of DNP by more than 200-fold [66]. Similar to DNPME, CRMP
(by virtue of its first pass uptake by the liver following oral ingestion)
was able to reverse whole-body insulin resistance, hepatic inflam-
mation, and hepatic fibrosis in rodent models of insulin resistance,
T2D, and NASH due to subtle sustained increases in hepatic mito-
chondrial inefficiency and reductions in ectopic lipid content [66].
Importantly, these findings were also shown to be effective in two
different non-human primate models of metabolic syndrome. Spe-
cifically, Goedeke et al. recently demonstrated that oral administration
of CRMP (0.8 mg/kg BID x 6 weeks) significantly reduced hepatic
steatosis in high-fat high-fructose fed cynomolgus monkeys inde-
pendently of changes in hepatic/renal toxicity [67]. CRMP was also
shown to be efficacious in a larger cohort of spontaneously obese
dysmetabolic non-human primates. Six weeks of oral CRMP treat-
ment (5 mg/kg/day) increased rates of hepatic mitochondrial fat
oxidation by 40% and reduced plasma ftriglycerides, plasma low
density lipoprotein (LDL) cholesterol, and hepatic triglyceride content
in dysmetabolic rhesus monkeys without changes in body weight,
food intake, hyperthermia, or oxidative stress [67]. Daily oral
administration of CRMP also significantly lowered endogenous
glucose production, which could be attributed to a 20% reduction in
hepatic acetyl-CoA content and pyruvate carboxylase flux [67]. While
longer-term safety data are needed before CRMP enters the clinic,
collectively, these studies provide important proof-of-concept data to
support the development of controlled-release formulations of DNP to
treat MAFLD/NASH and metabolic syndrome in humans. Indeed, Wei
et al. recently developed a liquid crystal (LC) gel formulation (DNP-LC-
gel) with extended-release properties and showed that it was able to
maintain DNP plasma concentrations at an effective and non-toxic
level to reduce dyslipidemia and hepatic steatosis in a rat model of
MAFLD [68]. Importantly, local administration of DNP-LC-gel (up to
50 mg/kg) was not associated with hyperthermia or skin irritation
[68], further supporting controlled-release formulations for clinical
use.

3.1.1.2. Cardiovascular disease. CVD due to atherosclerosis repre-
sents the leading cause of death worldwide [69]. Progress in pre-
venting CVD has been stalled by the growing epidemic of obesity,
insulin resistance, and T2D [70], which increases the relative risk of
developing atherosclerotic vascular disease and its complications four-
fold compared to non-diabetic individuals [71—74]. Given CRMP’s
ability to safely and effectively reduce systemic risk factors associated
with developing CVD (dyslipidemia and insulin resistance), Goedeke
et al. assessed the therapeutic potential of liver-targeted mitochondrial
uncouplers to treat CVD in a murine Ldlir~"~ model of atherosclerosis
and metabolic syndrome [75]. Consistent with previous reports, oral
administration of CRMP (30 mg/kg/day x 12 weeks) to high-fat
cholesterol diet-fed mice significantly reduced plasma triglycerides
and improved hepatic and peripheral insulin sensitivity due to re-
ductions in hepatic and muscle ectopic lipid content [75]. Intriguingly,
CRMP-treated mice also displayed a 30% reduction in aortic root
plaque area, neutral lipid accumulation, and necrotic core areas [75].

I

MOLECULAR
METABOLISM

While the mechanism by which CRMP attenuates plaque progression
remains to be determined, collectively, these results support an anti-
atherogenic role for CRMP, at least in part through the systemic
modulation of circulating lipid levels and improvements in whole-body
insulin sensitivity, and suggest the therapeutic potential of liver-
targeted mitochondrial uncouplers for treating cardiometabolic
disorders.

3.1.1.3. Orphan disease indications. CRMP has recently been shown
to be efficacious at treating several orphan disease indications,
including lipodystrophy, a rare genetic disorder characterized by the
complete or partial loss of adipose tissue [76]. Patients with lipodys-
trophy exhibit hypertriglyceridemia, severe insulin resistance, T2D, and
NASH, and although leptin replacement therapy has been effective at
treating some of these conditions, it is not effective in patients with
partial lipodystrophy [77]. As such, new therapeutics to treat
lipodystrophy-associated MAFLD/NASH are needed. In line with this,
Abulizi et al. demonstrated that oral administration of CRMP (2 mg/kg/
day) safely and effectively reversed hypertriglyceridemia, hepatic
steatosis, and diabetes in a mouse model of severe lipodystrophy
(fatless AZIP/F-1) through subtle sustained increases in hepatic
mitochondrial oxidation and reductions in ectopic lipid content [78].
Intriguingly, 4 weeks of oral CRMP treatment was also sufficient to
reduce hepatic inflammation and apoptosis through reductions in the
IRE-1a branch of the unfolded protein response [78], suggesting that
liver-directed mitochondrial uncoupling may be a useful therapeutic
strategy for lipodystrophy-associated NASH.

In addition to lipodystrophy, Abulizi et al. also demonstrated that liver-
targeted mitochondrial uncoupling by CRMP may be a novel thera-
peutic treatment for abetalipoproteinemia, a rare autosomal recessive
disorder resulting from loss-of-function mutations in microsomal tri-
glyceride transfer protein (MTTP) and characterized by hypo-
cholesterolemia and increased incidence of hepatic steatosis [79].
Intriguingly, treatment of liver-specific Mittp~"~ mice with CRMP (2 mg/
kg/day) protected them from developing hepatic steatosis and hepatic
insulin resistance [79]. Similar to CRMP’s mechanism of action in other
metabolic diseases, these improvements were attributed to increases
in hepatic fat oxidation and reductions in hepatic triglycerides, plasma
membrane sn-1,2-DAG content, and PKCe membrane to cytosol
translocation [79]. As pharmacological inhibitors of MTTP are currently
being developed to lower LDL cholesterol levels in patients with ho-
mozygous familial hypercholesterolemia [80], CRMP (and other liver-
targeted mitochondrial uncouplers) may represent a novel co-
therapeutic to offset hepatic toxicities (hepatic steatosis) associated
with MTTP inhibition. More recently, MP201, a DNP prodrug developed
by Mitochon Pharmaceuticals, Inc., is currently in clinical development
for treating optic neuritis and other neurological disorders [81].

3.2. FDA-approved drugs

Notwithstanding the sphere of mitochondrial uncouplers, an effective
strategy for drug development is to repurpose FDA-approved com-
pounds for new indications. For example, several anesthetics,
including bupivacaine, are known to influence OXPHOS and have been
validated as mitochondrial protonophores in vitro and in vivo [82,83].
More recently, niclosamide, nitazoxanide, sorafenib, and salsalate
have been validated as mitochondrial uncouplers and repurposed for
treating MAFLD/NASH, insulin resistance, diabetes, and liver fibrosis.

3.2.1. Niclosamide ethanolamine (NEN)
Niclosamide, an FDA-approved oral anthelmintic drug, is used to treat
parasitic infections in millions of people worldwide [84]. Among the
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Figure 3: Mechanism(s) by which liver-targeted mitochondrial uncouplers prevent metabolic syndrome. Liver-targeted mitochondrial uncoupling agents hold therapeutic
promise for the treatment of MAFLD, NASH, and T2D by promoting increased hepatic cellular energy expenditure [1]. Uncoupling-mediated increases in hepatic fat oxidation lower
hepatic triglycerides (TAGs), plasma membrane (PM) sn-1,2-DAG content, and PKCe translocation, which increase hepatic insulin sensitivity [2]. Subtle sustained increases in
hepatic mitochondrial inefficiency also reduce hepatic acetyl-CoA content, pyruvate carboxylase (PC) activity, and gluconeogenesis [3]. Collectively, this leads to reduced fasting and
postprandial hyperglycemia. Liver-targeted uncoupling also leads to reduced hepatic VLDL production [4], reducing intramyocellular plasma membrane sn-1,2-DAG content and
PKCO/PKCe activity and reversing muscle insulin resistance [5]. Overall, these improvements in dyslipidemia and whole-body insulin sensitivity in rodent and non-human primate
models of MAFLD/NASH and T2D reduce the risk of developing atherosclerotic CVD [6] and suggest that liver-targeted mitochondrial uncoupling agents may be a viable therapy for

treating cardiometabolic disease in humans.

underlying pathways associated with niclosamide’s mechanism of
action is inhibition of parasitic OXPHOS and ATP production [84,85].
Recently, water-soluble salt forms of niclosamide (niclosamide etha-
nolamine [NEN] and niclosamide piperazine [NPP]) have been devel-
oped and found to uncouple mitochondrial respiration in mammalian
cells at high nanomolar concentrations [86,87]. When administered
orally to mice, NEN and NPP (120—150 mg/kg/day) prevented and
reversed diet-induced hyperglycemia, hyperinsulinemia, and hepatic
steatosis [86,87]. Similar results were also observed in db/db diabetic
mice, in which diabetes develops due to a mutation in the leptin re-
ceptor gene [87]. Mechanistically, these beneficial effects were
attributed to reductions in hepatocellular ATP concentrations, subse-
quent increases in the ADP/ATP ratio, and enhanced AMPK activation,
resulting in increased lipid oxidation and reductions in hepatic fat
content. The effect of NEN on hyperglycemia and whole-body glucose
metabolism was later attributed to its attenuation of glucagon signaling
and hepatic glucose production [88].

Interestingly, unlike other orally available liver-targeted mitochondrial
uncouplers, NEN-mediated improvements in insulin sensitivity were
associated with increases in whole-body energy expenditure and mild
reductions in body weight [87], suggesting that NEN’s beneficial ef-
fects may also be due to enhanced systemic mitochondrial uncoupling.
Indeed, a more recent study examining the effects of NEN in

streptozotocin (STZ)-induced type 1 diabetic (T1D) mice and db/db
mice found that oral administration of NEN protected against hyper-
glycemia and delayed the progression of diabetic kidney disease (DKD)
due to suppression of renal cortical activation of mTOR/4E-BP1
signaling [89]. Whether these effects are due to NEN’s uncoupling
activity in the kidney or its role as a direct signaling molecule remain to
be determined. Nonetheless, these results are consistent with other
reports demonstrating that niclosamide impedes renal fibrosis in
murine models of adriamycin nephropathy [90,91], consistent with
niclosamide having a direct renal effect. Intriguingly, NEN treatment
(120—150 mg/kg/day) in 6- to 24-week-old BKS-db/db mice had little
effect on the development of T2D and diabetic complications [92],
suggesting that NEN’s beneficial effects may be dose-, strain- and
site-specific. Further pharmacokinetic studies investigating the various
formulations of niclosamide are therefore needed before this uncoupler
is translated to humans.

3.2.2. Nitazoxanide (NT2)

In addition to niclosamide, other anthelmintic drugs, including nita-
zoxanide (NTZ), have recently been found to have mitochondrial
uncoupling activity [93]. Intriguingly, NTZ is not known to have anti-
obesity effects; instead, it was discovered to have anti-fibrotic activ-
ity in human primary hepatic stellate cells. Moreover, oral NTZ

6 MOLECULAR METABOLISM 46 (2021) 101178 © 2021 The Author(s). Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

administration (10—100 mg/kg/day) significantly reduced hepatic
collagen content in carbon tetrachloride (CCly) and choline-deficient -
amino acid diet supplemented with 1% cholesterol (CDAA/c) murine
models of fibrosis [94]. While NTZ’s anti-fibrotic mechanisms of action
remain to be determined, it is currently in phase 2 clinical trials for
NASH-associated fibrosis (ClinicalTrials.gov identifier NCT03656068).

3.2.3. Sorafenib

The ERK-kinase inhibitor, sorafenib, is currently the only first-line
therapy approved for advanced HCC [95]. Sorafenib's potent anti-
tumor effects have previously been attributed to its kinase inhibitor
properties [96], and while effective at decreasing tumor cell prolifer-
ation, inducing apoptosis, and suppressing angiogenesis, are associ-
ated with adverse side effects, compromising its beneficial effects
[97]. Low-dose sorafenib (10—30 mg/kg every other day) was suffi-
cient to reduce tumorigenesis and pathological features of NASH,
including hepatic steatosis, inflammation, and fibrosis, in two inde-
pendent mouse models of NASH and HCC, without significant side
effects [98]. Intriguingly, the mechanisms underlying the anti-NASH
effects of sorafenib at these low doses (one-tenth of the clinical
dose used in HCC patients) were independent of its effect on receptor
tyrosine kinases and instead could be attributed to its hepatic acti-
vation of AMPK and subsequent suppression of mTOR. Moreover,
sorafenib-mediated increases in AMPK activation were attributed to a
reduction in hepatocellular ATP due to a significant increase in state IV
respiration [98]. In line with its mitochondrial uncoupling properties,
high-fat high-cholesterol-fed sorafenib-treated mice displayed
increased whole-body energy expenditure compared to controls [98].
To further validate the clinical significance of low-dose sorafenib
treatment for NASH/HCC, the authors next treated dysmetabolic
cynomolgus monkeys with NASH intraperitoneally with 1 mg/kg
sorafenib every 3 days for 24 weeks [98]. Consistent with previous
murine studies, sorafenib-treated monkeys displayed significant re-
ductions in hepatic steatosis, inflammation, and fibrosis indepen-
dently of changes in body weight or systemic toxicities [98].
Importantly, these beneficial effects were associated with activation
of hepatic AMPK and phosphorylation of ACC, suggesting that sor-
afenib’s beneficial effects were due to hepatic mitochondrial
uncoupling. Although the tissue-specific and direct mitochondrial
effects of low-dose sorafenib remain to be determined, these studies
warrant further investigation into its uncoupling properties to
demonstrate the efficacy of subtle sustained increases in mito-
chondrial inefficiency for treating NASH and HCC.

3.2.4. Salsalate

Salsalate, the prodrug of salicylate, is an oral non-steroidal anti-in-
flammatory that has previously been utilized to treat hyperglycemia in
patients with T2D [99,100]. Moreover, recent studies have highlighted
its therapeutic potential for treating MAFLD and T2D in mice, but the
mechanisms by which salsalate exerts these anti-diabetic affects
remain unclear [101]. Although supra-therapeutic doses of salicylate
(200 mg/kg, ip) directly activate AMPK via the B1 subunit, Gregory
Steinberg’s group showed that daily oral administration of salsalate at
clinically relevant doses was able to improve whole-body glucose
homeostasis, hepatic steatosis, and adipose tissue inflammation
independently of AMPK(1 [102]. In an attempt to identify the mech-
anism by which low-dose salsalate achieves its beneficial effects, his
group found that salicylate was able to increase mitochondrial respi-
ration and reduce membrane potential in isolated primary hepatocytes
from wild-type and AmpkB1 knockout hepatocytes, skeletal muscle
fibers, and adipose tissue [102]. Moreover, acute administration of
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subclinical doses of salsalate inhibited de novo lipogenesis and
increased whole-body energy expenditure, indicative of a mitochon-
drial uncoupling-driven mechanism for salsalate-mediated improve-
ments in MAFLD and T2D. As salsalate is also shown to stimulate BAT
mitochondrial activity independently of UCP1 [102], salsalate’s
uncoupling effects are likely pleiotropic and further work is thus
required to dissect the tissue- and dose-specific effects of this anti-
inflammatory drug.

3.3. Synthetic mitochondrial uncouplers

Given the toxicity concerns associated with the chemical uncoupler
DNP, researchers have long been interested in identifying novel
uncouplers, either by repurposing existing chemicals or discovering
novel compounds through high-throughput chemical screens. In this
section, we highlight several recently identified compounds, focusing
on those chemical uncouplers that we believe have therapeutic
promise for treating obesity and associated metabolic disorders.

3.3.1. SR4

The compound 1, 3-bis(dichlorophenyl)urea (SR4) was initially
discovered in a chemical screen for anti-cancer agents and later
shown to be an activator of AMPK in vitro and in vivo [103,104]. Given
AMPK’s prominent role in metabolism, Figarola et al. investigated its
therapeutic potential for metabolic syndrome. Oral administration of
S4R (5 mg/kg/day x 6 weeks) to high-fat diet-fed mice prevented
hyperlipidemia, reduced hepatic lipid content, and improved glucose
metabolism and insulin sensitivity compared to vehicle-treated con-
trols due to increases in hepatic mitochondrial uncoupling and sub-
sequent activation of the AMPK pathway [105]. Despite this, S4R’s
selectivity for mitochondria has not been established, and mice treated
with higher doses of SR4 exhibited almost a 50% reduction in body
weight, raising concerns about possible systemic toxicities associated
with this chemical uncoupler.

3.3.2. CZ5

When screening a collection of mitochondrial membrane potential
depolarizing compounds in isolated skeletal muscle mitochondria,
researchers identified the chemical uncoupler, CZ5, and showed that it
increased mitochondrial respiration in L6 myotubes and 3T3-L1 adi-
pocytes at concentrations as low as 3 pM without cytotoxicity [106].
After confirming favorable bioavailability following oral dosing, Fu et al.
further showed that oral dosing of CZ5 (30 mg/kg/day) reduced food
intake, body weight, and total fat mass compared to controls. CZ5 also
significantly increased whole-body energy expenditure and reduced
hypertriglyceridemia, intramyocellular lipids, and fasting blood glucose
and insulin concentrations [106], suggesting that CZ5 may be a
promising target for treating metabolic syndrome. Interestingly, these
changes were independent of CZ5-mediated increases in hepatic
uncoupling and reductions in hepatic triglyceride content, supporting
the muscle- and fat-specific uncoupling properties of CZ5. While this
makes CZ5 an attractive tissue-specific mitochondrial uncoupling
agent, CZ5-mediated reductions in food intake raise toxicity concerns.

3.3.3. 0PC-163493

Discovered by Otsuka Pharmaceuticals, the protonophore OPC-
163493 was recently shown to have strong anti-diabetic effects in
multiple rodent models [107]. Similar to other mitochondrial proto-
nophores, OPC-163493 augments oxygen consumption rates in
cultured hepatocytes and isolated liver homogenates. Interestingly,
0PC-163493 had no ex vivo uncoupling effect on skeletal muscle or
brain homogenates; combined with its liver-enriched tissue
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distribution, this suggests that OPC-163493’s main target organ is the
liver. Impressively, oral delivery of OPC-163493 (2—10 mg/kg/day)
was able to lower fasting plasma glucose and hemoglobin Alc
(HbA1c), reduce hepatic steatosis, and prevent oxidative stress in
numerous rodent models of T2D and T1D including Zucker diabetic
fatty (ZDF) rats, Akita mice, Otsuka Long-Evans Tokushima fatty rats,
ob/ob mice, and HFD-fed mice [107]. Consistent with its liver-targeted
role, these beneficial effects were independent of any changes in food
intake, whole-body energy expenditure, or body weight and postulated
to be related to OPC-163493’s ability to enhance AMPK activity, in-
crease hepatic fat oxidation, and improve hepatic insulin sensitivity.
Intriguingly, OPC-163493 was also able to lower blood pressure, delay
stroke onset, and ameliorate albuminuria in salt-loaded hypertensive
rats [107] presumably due to its ability to indirectly activate AMPK and/
or lower ROS production. Alternatively, OPC-163493 may affect blood
pressure by activating AMPK and regulating endothelial function as the
vessel wall would constantly be exposed to OPC-163493. Indeed,
pretreatment of aortas with OPC-163493 was able to enhance the
sensitivity of aortas against nitroprusside-mediated relaxation [107],
suggesting that OPC-163493 may also enhance nitric oxide avail-
ability. Taken together, these studies suggest that OPC-163493 has
cardiovascular benefits in addition to its anti-diabetic effects, and given
its wide safety range in 4- and 13-week preclinical toxicology studies,
is a promising novel mitochondrial uncoupler for treating metabolic
disorders.

3.3.4. Compound 6j

Lactic acidosis can occur with toxic levels of any mitochondrial un-
coupler when the degree of mitochondrial uncoupling exceeds the
ability of the mitochondria to maintain ATP concentrations and the cell
switches to mostly anaerobic glycolysis for ATP production [51]. To
relieve these adverse effects, Jiang et al. sought to synthesize a novel
compound (6j) with both mitochondrial uncoupling activity and pyru-
vate dehydrogenase (PDH)-activation effects [108]. Activation of PDH
would theoretically increase pyruvate oxidation and suppress lactate
synthesis, while still maintaining 6j’'s uncoupling-mediated reductions
in hyperglycemia. Remarkably, chronic oral 6j administration (40 mg/
kg) improved insulin sensitivity, glucose tolerance, and liver steatosis
in mice with diet-induced obesity without inducing lactic acidosis or
other systemic toxicities such as hyperthermia [108]. Interestingly,
lactic acidosis has not been reported with oral administration of other
liver-directed mitochondrial protonophores [50,66,67,87], suggesting
that mitochondrial uncouplers with dual PDH-activation effects may not
be necessary to avoid long-term toxicity concerns. Nevertheless, given
the promising anti-diabetic action of compound 6j, future studies are
warranted to understand its mechanism(s) of action/target tissues.

3.3.5. BAM15 and derivatives

Clinical limitations of classical mitochondrial uncouplers such as DNP
have been partially attributed to their ability to induce plasma mem-
brane depolarization, resulting in off-target effects. As such, Kenwood
et al. sought to identify novel chemical uncouplers that increased
mitochondrial respiration over a broad effective range (0.1—50 puM)
independently of changes in plasma membrane electrophysiology
[109]. In their study, 2-fluorophenyl)6-[(2-fluorophenyl)amino](1,2,5-
oxadiazolo [3,4-3]pyrazine 5-yl) amine, more commonly referred to
as BAM15, emerged as a top hit from this screen and was shown to
have in vivo bioactivity, as it dose-dependently protected mice against
kidney ischemic-reperfusion injury. Since then, structure—activity
relationship (SAR) studies have established that furazan, pyrazine,
and aniline rings are crucial for BAM15’s uncoupling activity [110] and

more recently, BAM15 has been leveraged for its anti-obesity and
insulin-sensitizing effects. In particular, Alexopoulos et al. demon-
strated that BAM15 is orally bioavailable and reduces body weight due
to increases in whole-body energy expenditure and reductions in fat
mass. BAM15 administration to Western diet-fed mice led to re-
ductions in hypertriglyceridemia, hepatic steatosis, and hepatic
inflammation as well as improvements in whole-body insulin sensitivity
without altering body temperature or renal/hepatic toxicity [111]. While
the exact mechanisms of BAM15’s anti-obesity effects remain to be
determined, the authors attributed these beneficial effects to BAM15-
mediated uncoupling in hepatocytes and increases in hepatic substrate
utilization. Given BAM15’s ability to increase mitochondrial respiration
across multiple cell types, it is plausible that its uncoupling action in
extrahepatic tissues may contribute to its anti-obesity effects. Indeed,
hyperinsulinemic-euglycemic clamp studies demonstrated that BAM15
enhanced insulin sensitivity in skeletal muscle and white adipose
tissue [111]. In support of this, oral dosing of BAM15 (~ 85 mg/kg/
day) was independently shown to prevent diet-induced obesity and
improve glycemic control through alterations in whole-body energy
expenditure, reduced adiposity, and AMPK-mediated suppression of
WAT lipogenesis [112], supporting a crucial role of adipose tissue in
mediating BAM15’s beneficial effects. Interestingly, previous studies
did not demonstrate an adipose-targeted depot for BAM15-mediated
uncoupling [111]; however, differences in dose routes and pharma-
cokinetic study designs could explain these discrepancies.

Moving forward, the tissue distribution and uncoupling effects of
BAM15 need to be carefully assessed to understand the cellular and
molecular mechanism(s) by which BAM15 prevents diet-induced
obesity. Nevertheless, its pKa (7.5) and mitochondria selectively
make it an ideal uncoupler [57] and several groups are exploring
improved BAM15 derivatives for treating MAFLD/NASH. In particular,
work from the Santos and Hoehn groups has recently demonstrated
that two BAM15 derivatives, 10b and 12i (SHS4121705), are effica-
cious in a STAM murine model of NASH [53,113]. Specifically, oral
administration of compound 10b and SHS4121705 (25 mg/kg/day x 21
days) decreased hepatic triglyceride content and improved markers of
liver toxicity including plasma ALT, hepatic inflammation, fibrosis, and
NAFLD activity score (NAS) independently of changes in food intake,
body weight, or body temperature [53,113]. Interestingly, these
compounds did not substantially alter hepatic AMPK activity or the
expression of genes involved in fibrosis or hepatic stellate cell tran-
sitions [53,113]. Nonetheless, as 10b and SHS4121705 were both
shown to improve NAS without evidence of toxicity, future studies are
warranted to assess the therapeutic potential of BAM15 derivatives to
reduce fibrosis.

3.3.6. HU6 and MB-X01Y03

Several additional mitochondrial uncouplers are currently being
developed for NASH, including HU6 (Sanyal Biotechnology, LLC/Gencia)
and MB-X01Y03 (Protheragen). While the chemical properties of the
Gencia mitochondrial uncoupler HU6 remain to be disclosed, promising
preclinical data suggest that it would be efficacious in treating NASH. In
a diet-induced mouse model of metabolic syndrome (DIAMOND mice),
8 weeks of oral HU6 treatment (1—5 mg/kg) remarkably prevented the
progression from hepatic steatosis to NASH in all but one mouse,
significantly lowering liver transaminases, oxidative stress, inflam-
mation, and steatosis with no toxicities [114]. Interestingly, mice
treated with 5 mg/kg of HU6 weighed significantly less than control-
treated groups [114], suggesting that high doses of HU6 may lead to
systemic mitochondrial uncoupling and increases in whole-body en-
ergy expenditure.
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Unlike HU6, the Protheragen uncoupler, MB-X01Y03, is a lipophilic
weak acid that exhibits enhanced liver distribution. By causing subtle
increases in hepatic mitochondrial inefficiency, MB-X01Y03 was able
to reduce fasting plasma glucose, ftriglycerides, and non-HDL
cholesterol as well as improve hepatic steatosis and insulin sensi-
tivity in a HFD-fed mouse model of obesity [115]. Furthermore, similar
to CRMP [66], MB-X01Y03 also reduced hepatic inflammation and
fibrosis in a mouse model of CCl4-induced liver fibrosis [115], sug-
gesting its therapeutic potential for MAFLD/NASH and metabolic syn-
drome. While further characterization of MB-X01Y03 is needed,
preclinical toxicology reports have been completed and, pending IND
approval [115], MB-X01Y03 is slated for phase | clinical trials in obese
patients with MAFLD/NASH.

3.4. Natural products

Notwithstanding the major endogenous mitochondrial uncouplers
(for example, fatty acids and thyroid hormone T3), natural product
isolates have resulted in the discovery of numerous compounds
with uncoupling properties including (+)-usnic acid and turmeric.
In this section, we discuss how the uncoupling properties of
these two natural products have been utilized to treat obesity.
Readers are referred to [43] for a more detailed summary of the
uncoupling properties associated with fatty acids and thyroid
hormone T3.

3.41. (+)-usnic acid

Isolated from lichen acid Usnea articulata, (+)-usnic acid is a natural
compound found in crude medicines, including LipoKinetix, a dietary
supplement marketed as a common weight-loss agent [116].
Intriguingly, (+)-usnic acid was shown to inhibit OXPHOS in isolated
murine liver mitochondria, dose-dependently increasing oligomycin-
inhibited oxygen consumption and reducing ATP production [116].
Unfortunately, treatment of rats with high doses of (+)-usnic acid
(200 mg/kg x 5 days) caused hepatic toxicity by triggering oxidative
stress [117,118]. Coupled with the increased incidence of liver injury
with LipoKinetix use, (+)-usnic acid [119] is not viable as an anti-
obesity drug in its current form. Future studies are warranted to
examine alternative formulations and dosing paradigms to determine
whether its therapeutic window can be improved.

3.4.2. Theracurmin (curcumin)

Curcumin, a natural phytochemical isolated from the rhizome of
turmeric, has been shown to possess anti-oxidant, anti-inflammatory,
and anti-tumor properties through altering the AMPK, mTOR, and
STAT-3 signaling pathways [120,121]. Proof of its uncoupling prop-
erties came from later studies in isolated rat liver mitochondria,
wherein curcumin was shown to increase mitochondrial respiration,
thereby lowering cellular ATP and activating AMPK [120]. Unfortu-
nately, while curcumin has previously been shown to protect against
dyslipidemia and hepatic steatosis, its clinical use is limited by low
oral bioavailability. As such, many researchers have developed
alternative delivery mechanisms to enhance curcumin’s intestinal
absorption. Specifically, Sasaki et al. developed Theracurmin, which
exhibited 30-fold higher absorption than commercially available
curcumin [122]. Moreover, oral administration (150—600 mg/kg
active dose) was recently shown to prevent hypertriglyceridemia and
hepatic steatosis in high-fat diet-fed mice by reducing hepatic tri-
glyceride content and inhibiting diet-induced lipid peroxidation [123].
Whether these beneficial effects were due to curcumin-mediated
hepatic uncoupling remain to be determined; nonetheless, Ther-
acurmin is currently in clinical trials (UMINO00007361) for the
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treatment of T2D. While initial reports show minimal effects on
plasma glucose, six months of Theracurmin treatment was shown to
reduce plasma-oxidized LDL in patients with impaired glucose
tolerance and T2D [124], supporting additional studies assessing the
cardiometabolic benefits of curcumin.

4. CHALLENGES AND FUTURE CONSIDERATIONS

As summarized in this review, rodent and non-human primate studies
suggest that a myriad of mitochondrial uncouplers can safely reverse
MAFLD, NASH, liver fibrosis, diabetes, and CVD with a wide therapeutic
index (Supplementary Table 1). While DNP was banned for human use
almost a century ago [51], studies such as these are beginning to
overturn the misconception that all mitochondrial uncouplers are toxic.
Indeed, mitochondrial agents are now being developed by several
pharmaceutical companies, with an open IND granted to Mitochon
Pharmaceuticals for pharmacokinetic and safety studies with MP101
and MP202 (DNP prodrugs) in humans [125] and Genfit for NTZ phase
2 clinical trials in NASH patients with fibrosis (ClinicalTrials.gov iden-
tifier NCT03656068). Despite this, several challenges remain and
warrant further discussion.

4.1. Safety considerations

One of the main barriers for the clinical use of mitochondrial un-
couplers is safety, and in the era of high-throughput chemical screens
and a plethora of formulation options, the question remains: which
uncoupler has the best toxic-to-effective dose and can we learn
anything from its mechanism of action to further improve the safety
profiles of existing protonophores? In short, only time will tell; however,
improving mitochondrial selectivity to avoid off-target actions in non-
mitochondrial organelles and developing molecules with self-limiting
properties such that they only partially depolarize mitochondrial
membranes is of interest [57]. Some of these issues have already
begun to be worked out, with groups developing cell- and organelle-
targeting scaffolds. Furthermore, as chemical uncouplers continue to
be characterized, several favorable properties have emerged. Inter-
estingly, some of the first mitochondrial uncouplers were more acidic,
with pKa values below 6.8 (for example, DNP). Recently reported
mitochondrial uncouplers, however, are weakly acidic (pKa 6.8—8.1),
suggesting that off-target effects may be mitigated in non-
mitochondrial organelles with lower pH values [57].

4.2. Mitochondrial dysfunction and MAFLD/NASH

Further characterization of tissue-specific mitochondrial function
during various pathological conditions will be crucial, as the effect of
uncoupling in different tissue types and its interaction with cell
signaling pathways is predicted to be altered during disease pro-
gression. For example, while multiple studies suggested that mito-
chondrial function is impaired in mouse and human models of
MAFLD/NASH and T2D [126—128], recent reports demonstrated that
mitochondrial activity is enhanced in obese insulin-resistant mice
and humans with and without MAFLD [129—131], calling into
question whether liver-targeted mitochondrial uncoupling would be
beneficial in these settings. In particular, Sunny et al. using [1303]
propionate as a metabolic tracer found that rates of hepatic mito-
chondrial oxidation and hepatic pyruvate cycling were two-to three-
fold greater in subjects with MAFLD compared to healthy control
subjects [131]. In contrast, work from our group has shown that rates
of hepatic mitochondrial oxidation are similar between NAFLD and
control subjects using both in vivo 3¢ magnetic resonance spec-
troscopy and PINTA methodologies [132—134], suggesting that
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Review

targeting uncoupling agents to the liver would be beneficial in the
setting of MAFLD/NASH. Indeed, the numerous mitochondrial un-
couplers mentioned in this review support the notion of increasing
hepatic fat oxidation to treat MAFLD/NASH and T2D in rodent and
non-human models of metabolic syndrome.

4.3. Mitochondrial uncoupling and weight loss

Prodrug and controlled-release formulations of DNP have proven safe
and effective at reversing metabolic syndrome in rodent and non-human
primate models of obesity without inducing hyperthermia [50,66—
68,78]. Intriguingly, this was all in the absence of weight loss and rai-
ses an important point concerning the anti-obesity actions of chemical
uncouplers. Short-term caloric restriction, with minimal changes in body
weight, has long been known to lower liver triglycerides and effectively
reverse MAFLD, hepatic insulin resistance, and T2D in human [26,135]
and rodent models of obesity [136], suggesting that uncoupling-
mediated weight loss may not be necessary to improve many of the
detrimental effects associated with metabolic syndrome. Instead we
propose to target dosing of mitochondrial uncouplers with known sys-
temic toxicities to the liver to induce a weight-neutral, subtle, sustained
increase in hepatic mitochondrial inefficiency, thereby avoiding systemic
toxicity concerns. Alternatively, novel uncouplers specifically targeted to
mitochondrial membranes with self-limiting properties may be useful as
anti-obesity drugs. Indeed, BAM15 and its derivatives have recently
been shown to decrease body fat mass and reverse diet-induced obesity
and insulin resistance in mice without altering food intake, lean body
mass, body temperature, or biochemical and hematological markers of
toxicity [111].

5. CONCLUSIONS

To date, our understanding of the pathogenesis of MAFLD/NASH and
its downstream consequences has improved and new pharmacological
targets have emerged. Unfortunately, developing new treatments has
proved to be challenging due to the complexity of insulin resistance
and the presence of multiple feedback loops that make it difficult to
manipulate genetic pathways [137,138]. Moving forward, small-
molecule mitochondrial uncouplers represent an alternative strategy
to non-genomically increase cellular energy expenditure and improve
metabolic syndrome. While the further characterization of mitochon-
drial uncouplers and their cell- and tissue-type mechanisms of action
remains to be fully discovered, the future is promising with new
mitochondria-specific uncoupling agents continuously being developed
and mitochondrial research accelerating.
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