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A grim prediction :
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13C NMR Spectra of Muscle Glycogen

Shulman GI et al. N Engl J Med. 1990;322:223–228.

C1 Glycogen
120 min

90 min
60 min

30 min
0 min

110 105 100 95 90
PPM



Incremental Change in Muscle Glycogen

Increment
(mmol glucosyl 

units/kg muscle)

Minutes

Control

Type 2 diabetes

20 40 60 80 100 120

20

15

10

5

0

Shulman GI et al. N Engl J Med. 1990;322:223–228.



Potential Rate-Controlling Steps in
Muscle Glucose Metabolism
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31P NMR Spectra of Human Muscle
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Glucose Transport Activity Is Decreased in Type 2 Diabetes
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Diacylglycerol (DAG)/PKCq hypothesis of 
lipid-induced muscle insulin resistance

Shulman , N. Eng. J. Med 2014

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 371;12 nejm.org september 18, 20141132

muscle cells showed that both these metabolites 
decreased in human muscle during induction of 
insulin resistance by means of a lipid infusion 

(Fig. 1B).10,11 The reduction in insulin-stimulat-
ed glucose-transport activity in healthy persons 
that is induced during a lipid infusion is similar 
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Figure 1. Molecular Mechanisms of Lipid-Induced Insulin Resistance in Muscle.

According to the Randle hypothesis,9 an increase in fatty acid oxidation in muscle results in an increase in the ratio of intramitochondrial 
acetyl coenzyme A (CoA) to CoA and in the ratio of NADH to NAD+, leading to inactivation of pyruvate dehydrogenase (PDH) and reduc-
tions in glucose oxidation (Panel A). This would result in an increase in intracellular citrate concentrations, leading to inhibition of phos-
phofructokinase (PFK), a key rate-controlling enzyme in glycolysis. A subsequent increase in intracellular glucose-6-phosphate (G6P) 
concentrations leads to inhibition of hexokinase (HK) activity, resulting in increased intracellular glucose concentrations and decreased 
glucose uptake by muscle. Contrary to these predictions, studies using phosphorus-31 and carbon-13 magnetic resonance spectroscopy 
showed reductions in intramyocellular G6P10,11 and glucose10,11 concentrations associated with defects in insulin-stimulated phosphati-
dylinositol 3-kinase (PI3K) activity during induction of insulin resistance in muscle by means of a lipid infusion (Panel B). These data 
 implicate lipid-induced defects in insulin-stimulated glucose-transport activity, owing to a lipid-induced reduction in insulin signaling, 
as the primary defect in lipid-induced insulin resistance in muscle and not a lipid-induced reduction in pyruvate dehydrogenase activity, 
as proposed by Randle et al. These studies and subsequent studies have led to an alternative hypothesis in which a transient increase in 
myocellular diacylglycerol (DAG) content results in activation of the theta isoform of protein kinase C (PKCθ). This transient increase in 
DAG content can be attributed to an imbalance of intracellular fluxes in which rates of DAG synthesis, owing to increased fatty acid de-
livery and uptake into the myocyte, exceed rates of mitochondrial long-chain CoA oxidation and incorporation of DAG into neutral lipid 
(triacylglycerol [TAG]). Activation of PKCθ leads to increased serine phosphorylation of insulin receptor substrate 1 (IRS-1) on critical 
sites (e.g., Ser 1101), which in turn blocks insulin-stimulated tyrosine phosphorylation of IRS-1 and subsequent binding and activation 
of PI3K. This leads to decreased insulin-stimulated glucose-transport activity, resulting in decreased insulin-stimulated glycogen synthesis 
and glucose oxidation. GLUT4 denotes glucose transporter type 4.



Insulin Sensitivity Index (n=~400)

(%)

0

2

4

6

8

10

Insulin Sensitivity Index
4 6 8 10 12 142

3.68 6.06

Bottom 
Quartile

Top 
Quartile



Glucose

Glycogen

Glycogen

De novo lipogenesis

Glycogen

Insulin Sensitive Insulin Resistant

Triglyceride

HDL

NAFLD

Petersen et al. PNAS (2007)



Insulin Resistant Insulin Resistant
Single-Bout of Exercise

Glucose

de novo lipogenesis

Glycogen

Liver Triglyceride

de novo lipogenesis

Liver Triglyceride

Glycogen
Exercise

Rabøl et al. PNAS 2011



Diacylglycerol (DAG)-PKCε Hypothesis of 
NAFLD-Induced Hepatic Insulin Resistance

Samuel et al. JBC 2004, Samuel et al. JCI 2007, JCI Shulman, N. Eng. J. Med 2014

T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med 371;12 nejm.org september 18, 20141134

of PKCε. Antisense knockdown of hepatic PKCε 
expression abrogated lipid-induced defects in 
hepatic insulin signaling and hepatic insulin 
resistance in rats fed high-fat diets, despite 
similar increases in hepatic triacylglycerol or 
DAG content in control and PKCε knockdown 
animals. Similar protection from lipid-induced 
insulin resistance has also been observed in 
whole-body PKCε knockout mice.35

Disso ci ation of Obesi t y 
from Insulin R esis ta nce 
in Muscle a nd the Li v er

The most common cause of ectopic lipid deposi-
tion in skeletal muscle and the liver is a level of 
energy intake that exceeds the level of energy ex-

penditure, resulting in spillover of energy storage 
from adipose tissue to the liver and skeletal mus-
cle (Fig. 3). In contrast to obesity, the lipodystro-
phies offer a unique opportunity to assess the 
role of ectopic lipid deposition without any con-
tribution from an expansion of peripheral or vis-
ceral adipose-tissue mass. The lack of subcutane-
ous fat leads to hypertriglyceridemia, ectopic fat 
deposition (including marked hepatic steatosis), 
and profound insulin resistance in muscle and 
the liver (Fig. 3).36 In lipoatrophic A-ZIP/F-1 mice, 
which lack adipocytes, fat accumulates in the 
liver and skeletal muscle, and profound insulin 
resistance occurs in these tissues.41 Remarkably, 
fat obtained from wild-type littermates and 
transplanted subcutaneously into these fatless 
mice normalizes ectopic fat content in muscle 
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Figure 2. Molecular Mechanisms of Lipid-Induced Hepatic Insulin Resistance.

In the liver, a transient increase in DAG, due to an imbalance of intrahepatocellular fluxes, results in activation of 
the epsilon isoform of protein kinase C (PKCε). Specifically, this transient increase in hepatocellular DAG occurs 
when rates of DAG synthesis, from both fatty acid re-esterification and de novo lipogenesis, exceed rates of mito-
chondrial long-chain CoA (fat) oxidation, rates of DAG incorporation into neutral lipid (TAG), or both. Activated 
PKCε binds to and inhibits the insulin receptor tyrosine kinase, leading to decreased insulin-stimulated glycogen 
synthesis in the liver through increased glycogen synthase kinase 3 (GSK3) phosphorylation. This results in inhibi-
tion of glycogen synthase activity and decreased insulin suppression of hepatic gluconeogenesis through decreased 
phosphorylation of forkhead box subgroup O (FOXO), leading to increased FOXO translocation to the nucleus, where 
it promotes increased gene transcription of the gluconeogenic enzymes (e.g., phosphoenolpyruvate carboxykinase 
[PEP-CK] and G6P).



Incubation of INSR with PKCε reveals a novel 
threonine phosphorylation site

Jesse Rinehart and Brandon Gassaway



Thr1160 is conserved to Drosophila

Species Gene Sequence

Homo sapiens Insr DIYETDYYRK

Mus musculus Insr DIYETDYYRK

Xenopus laevis insr DIYETDYYRK

Danio rerio insra DIYETDYYRK

Drosophila melanogaster InR DIYETDYYRK

Caenorhabditis elegans daf-2 DLFYHDYYKP



Thr1160 phosphorylation is predicted to destabilize 
the active configuration of the Insulin Receptor
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InsrT1150A mice are protected from high-fat diet 
induced hepatic insulin resistance
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Working model: PKCε Inhibition of 
Insulin Receptor Tyrosine Kinase Activity

Petersen et al. J Clin Invest 2016, Perry et al. Cell (published on line 1/5/18)



But.. is this relevant to humans?



Hepatic Diacylglycerol and PKCe Activation 
Correlate with Insulin Resistance in Humans
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Lipodystrophy Syndromes

u Paucity of fat

u Insulin resistance 

u Hypertriglyceridemia

u Fatty infiltration of liver 
and other tissues

u Deficiency of adipocyte 
hormones (e.g. leptin)
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Effect of Leptin on Energy Balance
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Effect of Leptin Treatment in Lipodystrophy 

Before Leptin 1 year on Leptin



Effects of Weight 
Loss in Obese 

Type 2 Diabetics
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Hepatic Lipid Content
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How Insulin Works
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Mechanism by Which a Very Low Calorie 
Diet Reverses Diabetes 

Perry et al. Cell Metabolism (published on line: November 9, 2017)
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Cellular Mechanisms of Insulin Resistance
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Perspective

Nonalcoholic Fatty Liver Disease
as a Nexus of Metabolic and Hepatic Diseases

Varman T. Samuel1,4 ,* and Gerald I. Shulman1,2,3 ,*
1Department of Medicine
2Department of Cellular and Molecular Physiology
3Howard Hughes Medical Institute
Yale University School of Medicine, New Haven, CT 06510, USA
4Veterans Affairs Medical Center, West Haven, CT 06516, USA
*Correspondence: varman.samuel@yale.edu (V.T.S.), gerald.shulman@yale.edu (G.I.S.)
http://dx.doi.org/10.1016/j.cmet.2017.08.002

NAFLD is closely linked with hepatic insulin resistance. Accumulation of hepatic diacylglycerol activates
PKC-ε, impairing insulin receptor activation and insulin-stimulated glycogen synthesis. Peripheral insulin
resistance indirectly influences hepatic glucose and lipid metabolism by increasing flux of substrates that
promote lipogenesis (glucose and fatty acids) and gluconeogenesis (glycerol and fatty acid-derived
acetyl-CoA, an allosteric activator of pyruvate carboxylase). Weight loss with diet or bariatric surgery effec-
tively treats NAFLD, but drugs specifically approved for NAFLD are not available. Some newpharmacological
strategies act broadly to alter energy balance or influence pathways that contribute to NAFLD (e.g., agonists
for PPAR g, PPAR a/d, FXR and analogs for FGF-21, and GLP-1). Others specifically inhibit key enzymes
involved in lipid synthesis (e.g., mitochondrial pyruvate carrier, acetyl-CoA carboxylase, stearoyl-CoA desa-
turase, andmonoacyl- and diacyl-glycerol transferases). Finally, a novel class of liver-targetedmitochondrial
uncoupling agents increases hepatocellular energy expenditure, reversing the metabolic and hepatic com-
plications of NAFLD.

Introduction
Over the past century, industrialized nations have undergone an
epidemiological transition. Better policies and novel therapies
prevent or cure many once-fatal infectious diseases (e.g., the
global eradication of smallpox and eradication of malaria and
polio from many countries). But now non-communicable dis-
eases threaten modern societies. In many instances, the
increasing burden of non-communicable disease is associated
with rising rates of obesity. For the first time, life expectancy in
the United States has decreased, and can be partly attributed
to obesity-related ‘‘metabolic diseases,’’ including type 2 dia-
betes (T2D), kidney disease, stroke, and heart disease (Xu
et al., 2016).
The transition from infectious to metabolic disease is apparent

in the shifting epidemiology of liver diseases. Vaccines and ther-
apies now prevent or cure many forms of viral hepatitis. How-
ever, nonalcoholic fatty liver disease (NAFLD) is increasingly
recognized as the most common chronic liver disease (Younossi
and Henry, 2016). NAFLD is associated with obesity and encom-
passes a range of pathologies from steatosis, nonalcoholic stea-
tohepatitis (NASH), fibrosis, and cirrhosis. NAFLD also increases
the risk of hepatocellular carcinoma (HCC). The incidence of
HCC is rising, and NAFLD may account for up to 25% of these
cases in Westernized countries, though this association may
be even higher (Michelotti et al., 2013). And the prevalence of
NASH in patients awaiting liver transplant has risen dramatically
over the last decade, surpassing alcoholic liver disease and sec-
ond only to chronic hepatitis C (Wong et al., 2015). The liver plays
key roles in glucose and lipoprotein metabolism. Unsurprisingly,
NAFLD is a risk factor for many metabolic diseases, including
T2D (Lallukka and Yki-J€arvinen, 2016) and cardiovascular dis-

ease (Targher et al., 2010). The presence of diabetes mellitus
can also increase the risk of liver diseases (Raff et al., 2015).
Thus, NAFLD is a common factor for both liver disease and
metabolic disease.

Insulin Regulation of Hepatic Glucose and Lipid
Metabolism
A healthy liver has remarkable metabolic plasticity. Over the
course of a day, hepatocytes readily shift back and forth be-
tween the disparate metabolic tasks of energy storage and sup-
ply. These transitions are seamless; multiple factors including
nutrients, pancreatic and enteric hormones, and neural inputs
precisely manage substrate availability for the entire body. A
complete accounting for all the pathways that regulate hepatic
lipid and glucose metabolism is beyond the scope of this review
and was recently reviewed in greater detail elsewhere (Samuel
and Shulman, 2016). We also will not discuss mechanisms gov-
erning inflammation and fibrosis in the progression of NAFLD to
NASH and cirrhosis (reviewed in detail in Fuchs and Schnabl,
2016). Instead, in this review, we focus on NAFLD as a nexus
of metabolic disease and liver disease. We review how insulin
normally regulates hepatic glucose and lipid metabolism, how
the development of NAFLD impacts hepatic insulin action, and
how therapies that treat NAFLD may also impact hepatic insulin
action and the development of NASH and T2D.
Insulin regulates hepatic glucose and lipid metabolism by

both direct and indirect mechanisms. Following a meal, the
relatively high concentrations of insulin within the portal vein
(!33 peripheral vein) directly activate hepatic insulin receptor
tyrosine kinase (IRTK) activity, initiating a coordinated relay of
intracellular signals (Figure 1) (Samuel and Shulman, 2012).
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METABOLIC DISEASE

Controlled-release mitochondrial
protonophore reverses diabetes and
steatohepatitis in rats
Rachel J. Perry,1,2,3 Dongyan Zhang,1 Xian-Man Zhang,2

James L. Boyer,2,4 Gerald I. Shulman1,2,3*

Nonalcoholic fatty liver disease (NAFLD) is a major factor in the pathogenesis of type 2
diabetes (T2D) and nonalcoholic steatohepatitis (NASH). The mitochondrial protonophore
2,4 dinitrophenol (DNP) has beneficial effects on NAFLD, insulin resistance, and obesity
in preclinical models but is too toxic for clinical use. We developed a controlled-release
oral formulation of DNP, called CRMP (controlled-release mitochondrial protonophore),
that produces mild hepatic mitochondrial uncoupling. In rat models, CRMP reduced
hypertriglyceridemia, insulin resistance, hepatic steatosis, and diabetes. It also normalized
plasma transaminase concentrations, ameliorated liver fibrosis, and improved hepatic
protein synthetic function in a methionine/choline–deficient rat model of NASH. Chronic
treatment with CRMP was not associated with any systemic toxicity. These data offer
proof of concept that mild hepatic mitochondrial uncoupling may be a safe and effective
therapy for the related epidemics of metabolic syndrome, T2D, and NASH.

N
onalcoholic fatty liver disease (NAFLD)
affects 15 to 30% of the world’s population
(1) and is a key predisposing factor for
nonalcoholic steatohepatitis (NASH), cir-
rhosis, and hepatocellular carcinoma. The

role of hepatic steatosis in the pathogenesis of
NASH and liver fibrosis remains undefined, and
thus far, no therapeutic agents improve liver his-
tology or hepatic protein synthetic function in
animal models of NASH. In addition, NAFLD is
strongly associated with hepatic insulin resist-
ance and type 2 diabetes (T2D); however, efforts
to ameliorate NAFLD or diabetes with pharma-
cologic agents have met with limited success.
The mitochondrial protonophore 2,4-dinitro-

phenol (DNP) has been investigated since the
early 20th century for its ability to promoteweight
loss; however, after numerous reports of deaths in
individuals taking DNP, production of the drug
ceased in the United States in the late 1930s.
Nevertheless, given its ability to promote insulin
sensitivity in the rat (2), we investigated whether
DNP could be pharmacologically manipulated to
improve its safetymargin. In a previous study (3),
we showed that promoting subtle increases in
hepatic mitochondrial uncoupling with a liver-
targeted derivative of DNP ameliorates NAFLD
and T2D in the rat. Although liver-targeted DNP
waswell tolerated,we hypothesized thatwe could
further improve the safety and efficacy of DNP
by developing a version of the drug with lower

peak plasma concentrations and sustained-release
pharmacokinetics.
To test this hypothesis,we first examinedwheth-

er a 5-day continuous, low-dose intragastric in-
fusion of DNP to achieve sustained plasma DNP
concentrations in the 1 to 5 mM range would lead
to reductions in hepatic steatosis and improve
whole-body insulin sensitivity in high-fat–fed rats.
This intragastric infusion of DNP resulted in
steady-state plasma and liver DNP concentrations
of ~3 and ~1 mM, respectively (fig. S1A). Never-
theless, these very low concentrations of DNP
resulted in lower fasting plasma glucose and in-
sulin concentrations aswell as 80% reductions in
plasma, liver, and skeletal muscle triacylglycerol
(TAG) content (fig. S1, B to F).
Given the encouraging results of the intra-

gastric infusion studies, we synthesized an orally
available, controlled-release formulation of DNP,
which is described in the supplemental mate-
rials, materials and methods. This formulation,
called CRMP (controlled-release mitochondrial
protonophore), was fed to rats in a small amount
of peanut butter. In contrast toDNP,which caused
a dose-dependent increase in body temperature
at doses above 25 mg/kg, CRMP had a negligible
effect on temperature at doses less than 100mg/kg
(fig. S2, A and B). To compare the safety and ef-
ficacy of CRMP and DNP, we performed 5-day
parallel group dosing studies in high-fat–fed rats
and found that the minimum effective dose of
CRMP to decrease liver TAG was 0.5 mg/kg,
whereas that of DNP was 5 mg/kg (fig. S2, C and
D). In concert with this, the median lethal dose
(LD50) of CRMP was more than 10-fold higher
than that of DNP (fig. S2E). No changes to ala-
nine aminotransferase (ALT), aspartate amino-
transferase (AST), blood urea nitrogen (BUN), or
creatininewere observedwith any of the doses of
CRMP below 125 mg/kg, whereas DNP treat-

ment at doses above 0.5 mg/kg raised AST con-
centrations (fig. S3, A to H). Thus, the 5-day no
observed adverse effect level (NOAEL) of CRMP
was 100 mg/kg, as compared with 0.5 mg/kg
for DNP.
We next examinedwhether the improved safe-

ty of CRMP might be related to differences in
pharmacokinetic properties (fig. S4, A to F). Peak
plasma DNP concentrations at each toxic dose of
DNP were significantly higher than equimolar
doses of CRMP, whereas the area under the curve
of DNP concentration was higher after treatment
with CRMP, likely accounting for CRMP’s im-
proved efficacy and reduced toxicity (fig. S4, E
and F). Detailed pharmacologic data can be found
in the supplementary materials (fig. S5, A to H).
To further evaluate the safetymargins of CRMP

as comparedwithDNP,we treated rats for 6weeks
with oral DNP or CRMP. Six weeks of CRMP treat-
ment at 1 mg/kg was well tolerated and did not
result in any alterations in behavior, food intake,
body weight, body temperature, liver or kidney
histology, or induction of neuropathy (fig. S6, A
to I). In addition, no toxic effects were seen with
doses up to 100 mg/kg CRMP, whereas increases
in AST were seen at 1 mg/kg DNP treatment (fig.
S6, D to G). Thus, the 6-week NOAEL for CRMP
is at least 100-fold greater for CRMP (more than
100 mg/kg) than for DNP (less than 1 mg/kg).
Taken together, our data indicate that the tox-
icity of a DNP derivative is predicted by the max-
imum concentration of DNP (fig. S4F), whereas
its efficacy is predicted by the area under the
curve of plasma DNP concentrations (fig. S4E).
To examine the impact of CRMP on rates of

hepatic mitochondrial glucose and fat oxidation,
we assessed these rates using a combined liquid
chromatography–mass spectrometry (MS)/MS–
nuclear magnetic resonance method (4). We
observed a 60% increase in rates of hepatic mito-
chondrial tricarboxylic acid cycle flux (VTCA) flux
in CRMP-treated rats, which could be attributed
to a 65% increase in rates of fat oxidation (Fig. 1A).
In contrast, there were no differences in fat oxi-
dation relative toVTCA in kidney, brain, heart, or
skeletal muscle, indicating that the uncoupling
effect of CRMP is confined to the liver (fig. S7A).
To examine whether uncoupling with CRMP re-
duces tissue lipid content and improves insulin
sensitivity, we treated a high-fat–fed rat model of
NAFLD and insulin resistance with daily CRMP
(1 mg/kg) or vehicle for 5 days. Despite identical
body weight and fat content at the time of study,
CRMP-treated rats exhibited 30 to 40% reduc-
tions in fasting plasma glucose, fatty acid, and
triglyceride concentrations; a 30% increase inhigh-
density lipoprotein concentration; and a 50% re-
duction in plasma insulin concentration, without
any difference in hepatic gluconeogenic protein
expression (Fig. 1, B to D, and fig. S7, B to H).
Rats treated with CRMPmanifested improved

glucose tolerance, with lower plasma glucose and
insulin concentrations throughout an intra-
peritoneal glucose tolerance test (Fig. 1, E and F,
and fig. S7, I and J). To evaluate the effect of
CRMP on whole-body insulin sensitivity, we per-
formedhyperinsulinemic-euglycemic clampswith
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SUMMARY

Nonalcoholic fatty liver disease (NAFLD) affects one
in three Americans and is a major predisposing
condition for the metabolic syndrome and type 2
diabetes (T2D). We examined whether a functionally
liver-targeted derivative of 2,4-dinitrophenol (DNP),
DNP-methyl ether (DNPME), could safely decrease
hypertriglyceridemia, NAFLD, and insulin resistance
without systemic toxicities. Treatment with DNPME
reversed hypertriglyceridemia, fatty liver, and whole-
body insulin resistance in high-fat-fed rats and
decreased hyperglycemia in a rat model of T2D with
a wide therapeutic index. The reversal of liver and
muscle insulin resistancewas associatedwith reduc-
tions in tissue diacylglycerol content and reductions
in protein kinase C epsilon (PKCε) and PKCq activity
in liver and muscle, respectively. These results de-
monstrate that thebeneficial effects ofDNPonhyper-
triglyceridemia, fatty liver, and insulin resistance can
be dissociated from systemic toxicities and suggest
the potential utility of liver-targeted mitochondrial
uncoupling agents for the treatment of hypertrigly-
ceridemia, NAFLD, metabolic syndrome, and T2D.

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a key factor in the
pathogenesis of type 2 diabetes (T2D) and affects one in three
Americans (Petersen et al., 2005; Samuel and Shulman, 2012).
NAFLD is also a key predisposing factor for the development
of nonalcoholic steatohepatitis (NASH), cirrhosis, and hepato-
cellular carcinoma. Furthermore, it is anticipated that NAFLD-
induced NASH will soon surpass hepatitis C and alcoholic
cirrhosis as the most common indication for liver transplantation
in the US (White et al., 2012). Therefore, new and effective ther-
apies for treatment of NAFLD are urgently needed.

We hypothesized that a liver-targeted mitochondrial uncou-
pling agent might be an effective and safe approach for the
treatment of NAFLD and insulin resistance by promoting the
oxidation of hepatic triglyceride, while avoiding hyperthermia
and associated systemic toxicities that typically occur with
classic uncoupling agents. One of the best-characterized
mitochondrial uncoupling agents is 2,4 dinitrophenol (DNP), a
protonophore that shuttles protons across the mitochondrial
membrane, dissipating themitochondrial proton gradient and re-
sulting in the conversion of the energy derived from mitochon-
drial substrate oxidation to heat. DNP was extensively used as
a weight loss remedy in the 1930s but taken off the market by
the FDA in 1938 due to the occurrence of fatal hyperthermia.
Given that the toxicities of DNP are on-target effects related to
systemic mitochondrial uncoupling, we hypothesized that the
safety and therapeutic potential of DNP could be increased by
targeting DNP to the liver. We therefore synthesized and
screened liver-targeted DNP derivatives that would be preferen-
tially metabolized by liver and converted to DNP. In this screen,
we found that DNP-methyl ether (DNPME) both prevented and
reversed nonalcoholic fatty liver disease, insulin resistance,
and hyperglycemia in rat models of NAFLD and T2D without
hepatic or renal toxicity.

RESULTS AND DISCUSSION

We hypothesized that targeting DNP to the liver would reduce
hypertriglyceridemia, hepatic lipid content, and improve insulin
sensitivity, without DNP-associated toxicities. We therefore
generated several derivatives of DNP, which we hypothesized
would be preferentially metabolized by the cytochrome P450
system in the liver to the active protonophore, DNP, and we
screened them in isolated hepatocytes for their ability to increase
oxygen consumption (Figures S1A and S1B available online).
From this screen, we identified two compounds that raised oxy-
gen consumption rates in plated hepatocytes with similar
potencies to DNP.We selected DNPME for further in vivo studies
due to its stability under acidic conditions, which would poten-
tially allow oral administration. In contrast to DNP, which caused
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