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Abstract

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.

Nonalcoholic fatty liver disease (NAFLD) affects 15 to 30% of the world's population (1) 

and is a key predisposing factor for nonalcoholic steatohepatitis (NASH), cirrhosis, 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 histology 

or hepatic protein synthetic function in animal models of NASH. In addition, NAFLD is 

strongly associated with hepatic insulin resistance and type 2 diabetes (T2D); however, 

efforts to ameliorate NAFLD or diabetes with pharmacologic agents have met with limited 

success.
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The mitochondrial protonophore 2,4-dinitrophenol (DNP) has been investigated since the 

early 20th century for its ability to promote weight 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 safety 

margin. 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 was well tolerated, we hypothesized that we 

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 examined whether a 5-day continuous, low-dose intragastric 

infusion of DNP to achieve sustained plasma DNP concentrations in the 1 to 5 μM 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 μM, respectively (fig. S1A). Nevertheless, these very low 

concentrations of DNP resulted in lower fasting plasma glucose and insulin concentrations 

as well 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 

materials, materials and methods. This formulation, called CRMP (controlled-release 

mitochondrial protonophore), was fed to rats in a small amount of peanut butter. In contrast 

to DNP, 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 100 mg/kg (fig. S2, 

A and B). To compare the safety and efficacy 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 creatinine were observed 

with any of the doses of CRMP below 125 mg/kg, whereas DNP treatment at doses above 

0.5 mg/kg raised AST concentrations (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 examined whether the improved safety 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 improved 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 safety margins of CRMP as compared with DNP, we treated rats for 

6 weeks with oral DNP or CRMP. Six weeks of CRMP treatment at 1 mg/kg was well 

tolerated and did not result in any alterations in behavior, food intake, body weight, body 
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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 toxicity of a DNP derivative is 

predicted by the maximum 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 mitochondrial 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 oxidation relative to VTCA 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 reduces 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% 

reductions in fasting plasma glucose, fatty acid, and triglyceride concentrations; a 30% 

increase in high-density lipoprotein concentration; and a 50% reduction 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 CRMP manifested improved glucose tolerance, with lower plasma glucose 

and insulin concentrations throughout an intraperitoneal 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 performed hyperinsulinemic-euglycemic clamps with radiolabeled glucose (fig. S8, A 

and B). Consistent with improved whole-body insulin sensitivity, the CRMP-treated rats 

required twofold more glucose to maintain euglycemia (Fig. 1G and fig. S8C). This 

improvement in insulin-stimulated whole-body glucose metabolism in the CRMP-treated 

animals could be attributed to increases in both liver and muscle insulin sensitivity, as 

reflected by a 2.5-fold increase in insulin-stimulated peripheral muscle glucose uptake and a 

threefold greater suppression of hepatic glucose production in CRMP-treated rats during the 

hyperinsulinemiceuglycemic clamp (Fig. 1H and fig. S8D).

Previous studies have shown a strong causal relationship between ectopic diacylglycerol 

(DAG) accumulation and insulin resistance in liver and skeletal muscle. Consistent with 

this, we found that CRMP-treated rats had lower TAG and DAG content and decreased 

protein kinase Cε (PKCε) and PKCθ translocation in liver and skeletal muscle, respectively 

(Fig. 1, I and J and fig. S8, E to J). The reduction in skeletal muscle triglycerides was 

associated with 40% lower plasma triglyceride concentrations and an 80% reduction in liver 

very-low-density lipoprotein (VLDL) export (Fig. 1, K and L), explaining the reduced 

muscle lipid content as a result of liver-specific mitochondrial uncoupling. However, these 

reductions in TAG and DAG content were dissociated from any changes in liver or muscle 
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acylcarnitine or ceramide content, liver glycogen, plasma inflammatory markers, FGF-21, or 

adiponectin concentration, or markers of uncoupling in brown fat (fig. S9, A to O).

CRMP also prevented the development of NAFLD: Rats fed a high-fat diet for 2 weeks and 

concurrently fed CRMP had lower fasting plasma glucose and nonesterified fatty acid 

(NEFA) and insulin concentrations associated with 50 to 90% reductions in triglyceride 

concentrations in plasma, liver, and skeletal muscle (fig. S10, A to F). To examine the effect 

of CRMP treatment on whole-body energy metabolism, we performed Comprehensive Lab 

Animal Monitoring System (CLAMS) metabolic cage studies in mice and observed no 

differences in any parameter examined (fig. S11, A to H). These data demonstrate that low 

levels of mitochondrial uncoupling confined to the liver are sufficient to reduce liver fat 

content and improve whole-body insulin resistance, without affecting food intake or whole-

body energy expenditure.

We next examined whether CRMP could reverse diabetes in the Zucker Diabetic Fatty 

(ZDF) rat. We treated high-fat–fed ZDF rats with CRMP daily for 14 days. CRMP treatment 

was associated with a progressive reduction in random plasma glucose concentrations and a 

400 mg/dL decrease in fasting plasma glucose concentrations after 2 weeks of treatment 

along with marked decrements in fasting plasma insulin and triglyceride concentrations, 

despite identical body weight before and after treatment (Fig. 2, A to D, and fig. S12A). 

CRMP-treated rats also displayed a 60% reduction in hepatic acetyl coenzyme A (acetyl 

CoA), a key allosteric activator of hepatic gluconeo-genesis (fig. S12B) (4). The improved 

glycemia in CRMP-treated rats was associated with improved glucose tolerance during an 

intraperitoneal glucose tolerance test (Fig. 2, E and F, and fig. S12, C and D). These 

increments in insulin sensitivity and glucose tolerance were associated with 65 and 55% 

reductions in liver and quadriceps TAG, respectively (fig. S12, E and F). There was no 

detectable renal toxicity with this 2-week treatment (fig. S12, G and H). In addition to 

reducing ectopic fat content in liver and skeletal muscle, CRMP also reversed liver 

inflammation in ZDF rats, as reflected by normalization of liver enzymes (Fig. 2, G and H). 

Histologic analysis confirmed the resolution of NAFLD with CRMP treatment in this model 

of poorly controlled diabetes (Fig. 2I).

To investigate whether CRMP could ameliorate NAFLD-induced NASH and liver fibrosis, 

we fed rats a methionine/choline–deficient diet (MCD) for 8 weeks so as to induce NASH 

(5, 6) and subsequently treated the animals with CRMP for 6 weeks. CRMP reduced liver 

triglyceride concentrations by 90% and normalized plasma transaminase concentrations 

(Fig. 3, A to C). Consistent with this reduction in liver inflammation, CRMP-treated rats 

displayed lower concentrations of five inflammatory cytokines in the liver and reduced 

hepatic CD69 protein (Fig. 3D and fig. S13, A and B). Histological analysis confirmed the 

resolution of NAFLD and liver fibrosis in CRMP-treated rats, with a 90% reduction in the 

liver fibrosis score and accompanying reductions in collagen mRNA, smooth muscle actin, 

hydroxyproline, and caspase concentrations and unchanged terminal deoxynucleotidyl 

transferase–mediated deoxyuridine triphosphate nick end labeling (TUNEL) staining (Fig. 3, 

F to K, and fig. S13C). Because patients with liver cirrhosis manifest reduced hepatic 

glycogen content (7), we measured hepatic glycogen content in MCD-fed rat livers and 

found an 80% increase in glycogen content in CRMP-treated rats associated with reversal of 
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fasting hypoglycemia (fig. S13, D and E). Additionally, CRMP improved liver protein 

synthetic function, indicated by increases in plasma albumin concentrations (Fig. 3L). By 

demonstrating an improvement in hepatic protein and carbohydrate synthetic function in 

addition to reversal of liver fibrosis in a NASH model, these data emphasize the potential 

efficacy of mitochondrial protonophores as a therapeutic agent for NAFLD-associated 

NASH to prevent liver cirrhosis and potentially hepatocellular carcinoma.

We have shown that altering the pharmacokinetics of DNP to promote a low sustained 

systemic release can increase the therapeutic window of this agent by more than 500-fold. 

Daily CRMP administration reversed NAFLD, insulin resistance, T2D, NASH, and liver 

fibrosis in rats without detectable toxicity. Altering the pharmacokinetics of DNP by 

increasing the DNP area under the curve while reducing the peak plasma DNP 

concentrations with a sustained-release coating increased the ratio of toxic to effective dose 

25-fold over liver-targeted DNP and 1250-fold over unaltered DNP. These data support the 

potential utility of mitochondrial protonophores and other mitochondrial uncoupling agents 

for the treatment of the related epidemics of NASH, metabolic syndrome, and T2D.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. CRMP improves insulin sensitivity in high-fat–fed rats
(A) Hepatic VTCA from fat oxidation (solid bars) and glucose oxidation (striped bars) in 

chow fed rats. (B to D) Fasting plasma glucose, NEFA, and insulin concentrations. (E and 

F) Plasma glucose and insulin concentrations during an intraperitoneal glucose tolerance 

test. *P < 0.05, **P < 0.01, ***P < 0.001 by means of Student's t test. (G) Glucose infusion 

rate during a hyperinsulinemiceuglycemic clamp. (H) Basal (solid bars) and clamped 

(striped bars) rates of hepatic glucose production. (I to K) Liver, quadriceps, and plasma 

triglyceride concentrations. (L) Liver VLDL export. In (A) to (L), data are mean ± SEM of n 

= 6 to 8 rats per group.
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Fig. 2. CRMP improves glucose tolerance in diabetic rats
(A) Random plasma glucose concentrations in vehicle-treated (black circles) and CRMP-

treated rats (red squares). (B to D) Fasting plasma glucose, triglyceride, and insulin 

concentrations. (E and F) Glucose and insulin concentrations during an intraperitoneal 

glucose tolerance test. (G and H) Plasma ALT and AST concentrations. (I) Liver histology 

(hematoxylin and eosin stain). Scale bars, 100 μm. In (A) to (I), *P < 0.05, **P < 0.01, ***P 

< 0.001, ****P < 0.0001 by means of Student's t test. Data are mean ± SEM of n = 6 to 7 

rats per group.
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Fig. 3. CRMP ameliorates liver disease in a rat model of NASH
(A) Liver triglyceride content. (B and C) Plasma ALTand AST. (D) Liver inflammatory 

cytokine concentrations, normalized to total protein. n = 4 rats per group. (E) Liver 

histology. Scale bars, 100 μm. (F) Fibrosis score. (G) Liver collagen mRNA. (H) Liver 

smooth muscle actin protein. (I) Hepatic hydroxyproline content. (J and K) Liver caspase 3 

and caspase 9 protein. (L) Plasma albumin. Unless otherwise specified, n = 6 to 8 rats per 

group. Data are mean ± SEM, with comparisons by means of analysis of variance.
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