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Abstract

Omaveloxolone is a potent activator of Nrf2, a master transcriptional regulator of a

multitude of cytoprotective functions, including antioxidative, anti‐inflammatory, and

mitochondrial bioenergetic effects. Some of the most potent known effects of Nrf2

involve hepatoprotective functions. The purpose of this study was to evaluate the effects

of omaveloxolone and TX63682, a closely related structural analog with similar

oral bioavailability, in the STAM mouse model of nonalcoholic steatohepatitis (NASH).

C57Bl/6 mice received a single subcutaneous injection of streptozotocin two days after

birth and were fed a high‐fat diet from 4 to 9 weeks of age. Omaveloxolone and

TX63682 were orally administered at doses of 1, 3, and 10mg/kg/d from 6 to 9 weeks of

age. Consistent with the beneficial effects of Nrf2 on hepatoprotection and improved

lipid handling, both omaveloxolone and TX63682 decreased hepatic fat deposition, he-

patocellular ballooning, inflammatory cell infiltration, and collagen deposition. Omave-

loxolone and TX63682 also improved blood glucose control, as evidenced by reductions

in nonfasting blood glucose and glycated hemoglobin A1C concentrations. Reductions in

liver and serum triglycerides with omaveloxolone and TX63682 treatment were also

observed. Both omaveloxolone and TX63682 decreased leptin and increased adipo-

nectin in serum, which is consistent with the anti‐inflammatory and antifibrotic effects

observed in the liver. These results were associated with significant induction of Nrf2

target gene expression in the liver, including NAD(P)H:quinone oxidoreductase 1, sul-

firedoxin 1, and ferritin heavy chain 1. Overall, these data suggest that omaveloxolone

and related Nrf2 activators may be useful for the treatment of NASH.
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1 | INTRODUCTION

Omaveloxolone (2‐cyano‐3,12‐dioxooleana‐1,9‐dien‐28‐oic acid‐
difluoro‐propyl‐amide [CDDO‐DFPA]; RTA 408), a semisynthetic

oleanane triterpenoid, is in a class of compounds known to be very

potent activators of nuclear factor, erythroid 2 like 2 (Nrf2).[1] Nrf2 is

the master transcriptional regulator of the antioxidative response

and has a multitude of cytoprotective functions. For example, it is

widely established that Nrf2 transcriptionally controls the expression

of proteins involved in glutathione synthesis, detoxification of re-

active oxygen species (ROS), inhibition of inflammation, and repair

and removal of damaged proteins. More recent studies have shown

that Nrf2 also regulates mitochondrial function and bioenergetics.[2]

For example, the detoxification of ROS extends beyond the
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cytoplasm into the mitochondria, where ROS homeostasis is critical

to maintaining proper mitochondrial function and ATP production.

Nrf2 can also be physically bound to mitochondria, which aids in its

ability to rapidly respond to alterations in mitochondrial function.[3]

In addition to responding to ROS, Nrf2 can increase the efficient use

of fatty acids and glucose by affecting fundamental pathways of

metabolism.[4] For example, Nrf2 enhances the expression of genes

encoding enzymes involved in the pentose phosphate pathway, which

uses glucose to produce the reduced form of nicotinamide adenine

dinucleotide phosphate, an important reducing cosubstrate for many

antioxidative reactions, including the reductive recycling of oxidized

glutathione.[5] Nrf2 also decreases the levels of acetyl‐CoA carbox-

ylase, the rate‐limiting enzyme in fatty acid synthesis, which de-

creases the levels of malonyl‐CoA, and results in increased fatty acid

oxidation by relieving the suppression of carnitine palmitoyl-

transferase 1 (Cpt1).[6] Cpt1 catalyzes the rate‐limiting step in the

beta‐oxidation of long‐chain fatty acids, and Nrf2 is essential for

Cpt1 expression, particularly in settings of high‐fat diet (HFD) and

oxidative stress.[7]

Paramount to the effects of Nrf2 on mitochondrial function, a

pivotal clinical trial of omaveloxolone in patients with Friedreich's

ataxia was recently completed.[8,9] Friedreich's ataxia is a disease

caused by a deficiency in frataxin, a protein involved in the assembly of

iron–sulfur clusters, which leads to increased free radicals, oxidative

stress, and disruption of mitochondrial homeostasis primarily in the

cerebellum, liver, and heart. Administration of omaveloxolone once

daily for 48 weeks to patients with Friedreich's ataxia significantly

increased the modified Friedreich's ataxia Rating Scale score when

compared with a placebo control group.[8,9] Further mechanistic sup-

port of the effects of omaveloxolone in the setting of mitochondrial

dysfunction comes from studies in Friedreich's ataxia mouse and pa-

tient cell models. Omaveloxolone improved mitochondrial function

and ATP generation and protected against oxidative stress in neurons

from KIKO and YG8R Friedreich's ataxia mice and also in fibroblasts

from patients with Friedreich's ataxia.[10] Consistent with the note-

worthy improvements observed in Friedreich's ataxia patients and the

known cytoprotective effects of Nrf2 in the central nervous system,[11]

omaveloxolone has also demonstrated efficacy in rodent models of

status epilepticus[12] and multiple sclerosis.[13] Furthermore, in line

with the broad applicability of its effects on oxidative stress, in-

flammation, and mitochondrial dysfunction, omaveloxolone has also

demonstrated efficacy in animal models of diseases outside of the

central nervous system. For example, omaveloxolone demonstrates

significant efficacy in rodent models of kidney ischemia‐reperfusion
injury, multiple sclerosis, diabetic wound healing, and radiation‐
induced dermatitis.[13–16]

Nonalcoholic fatty liver disease (NAFLD) is the most common

liver disease, affecting 80–100 million people in the United States.[17]

Approximately, 25% of cases of NAFLD progress to nonalcoholic

steatohepatitis (NASH), which is defined by steatosis, inflammation,

cellular ballooning, and fibrosis.[17] NASH has the potential to pro-

gress to cirrhosis and hepatocellular carcinoma and is associated with

many other comorbidities, such as colon cancer and chronic

kidney disease.[18] Mitochondria control hepatic lipid metabolism and

regulate oxidative stress in the liver, and, as such, NAFLD and NASH

are associated with the disruption of mitochondrial homeostasis,

often as a consequence of type 2 diabetes and/or obesity.[19] Because

mitochondrial dysfunction leads to increased production of ROS and

inflammation and decreased fatty acid oxidation, the role of mi-

tochondria appears to be central to the mechanism contributing to

the pathogenesis of NAFLD and NASH.[20]

Therefore, because Nrf2 is critical for mitochondrial homeostasis,

lipid metabolism, and overall hepatoprotection,[21] the effects of omave-

loxolone and a closely related analog, TX63682, were investigated in the

STAM mouse model of NASH.[22] Diabetes and obesity are key features

of the STAM model, which has been described to recapitulate the known

progression of the human disease.[23] Structures of omaveloxolone and

TX63682 are presented in Figure 1A. In this model, NASH is induced by a

single injection of the pancreatic β‐cell toxin streptozotocin (STZ) at

2 days after birth with HFD initiated at 4 weeks of age. This NASHmodel

is characterized by insulin resistance, hyperglycemia, dyslipidemia,

and accumulation of hepatic lipids, which facilitates oxidative stress,

inflammation, and liver fibrosis.[24]

2 | METHODS

2.1 | Animals

For the plasma drug concentration and liver content study,

C57Bl/6 mice were obtained from Charles River Laboratories

(Wilmington, MA). The study was approved by the Institutional

Animal Care and Use Committee at the laboratory where the in‐
life study was conducted (Biomodels Inc, Watertown, MA). Mice

were administered omaveloxolone or TX63682 at 10 mg/kg once

daily for 14 days. Sesame oil was used as the vehicle with a dosing

volume of 10 mL/kg. Mice were terminated 4 hours after the

final dose, and plasma (supplemented with sodium sulfite,

0.25% wt/vol) and livers were collected for determination of drug

concentrations.

The in‐life portion of the NASH study was conducted at Stelic

Institute & Co, (Tokyo, Japan). Thirty C57Bl/6 mice (15‐day‐pregnant
females) were obtained from Charles River Laboratories Japan

(Kanagawa, Japan). All animals were housed and cared for in accordance

with the Japanese Pharmacological Society Guidelines for Animal Use.

NASH was induced in 68 male mice by a single subcutaneous injection

of 20 μL STZ (Catalog #S0130, Lot #031M1287V; Sigma‐Aldrich)
solution (10mg/mL) 2 days after birth, followed by feeding with HFD

(57 kcal% fat, Catalog #HFD32; CLEA Japan Inc, Japan) ad libitum from

4 to 9 weeks of age. The mice were randomized into a vehicle group

(n =6) and drug treatment groups (n = 8/group) at 6 weeks of age.

Male littermates (n = 6), without STZ treatment and fed with normal diet

ad libitum, were used for the normal group. Omaveloxolone (1, 3, or

10mg/kg), TX63682 (1, 3, or 10mg/kg), or sesame oil vehicle (10mL/kg)

were administered by oral gavage once daily from 6 to 9 weeks of age.

Mice were terminated at 9 weeks of age, and whole blood, serum, liver,
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and pancreas were collected for the various biochemical and molecular

biology assays listed in the following sections.

2.2 | Quantification of drug concentrations in
plasma and liver

Omaveloxolone and TX63682 were extracted from mouse plasma

and, then, quantified using liquid chromatography‐tandem mass

spectrometry (LC‐MS/MS) methods similar to those described

previously.[25–27] Plasma calibration curves were prepared using

blank C57Bl/6 mouse plasma obtained from a commercial supplier

(BioIVT, Westbury, NY). All plasma samples and controls were sup-

plemented with 0.25% sodium sulfite to prevent oxidative degrada-

tion of omaveloxolone or TX63682. Omaveloxolone and TX63682

were extracted from mouse livers and, then, quantified using liquid

chromatography methods similar to those previously described.[25]

2.3 | Blood biochemistry

Nonfasting blood glucose levels were measured in whole blood samples

using G‐Checker (Sanko Junyaku, Japan). Glycated hemoglobin A1c

(HbA1c) levels were quantified by a DCA Vantage Analyzer (Siemens

Healthcare Diagnostics, IL) at Shin Nippon Biomedical Laboratories Ltd,

(Kagoshima, Japan). For serum biochemistry, blood was collected in

polypropylene tubes without anticoagulant and kept at room tem-

perature for 30minutes, followed by 4°C for 1 hour. The blood samples

were then centrifuged at 1000 x g for 15minutes at 4°C. The super-

natant was collected and stored at −80°C until use. Serum levels of

alanine transaminase (ALT), aspartate transaminase (AST), total bilir-

ubin, and gamma‐glutamyl transpeptidase (GGT) were measured using a

FUJI DRI‐CHEM7000 chemistry analyzer (Fujifilm, Japan). Serum total

cholesterol, high‐density lipoprotein (HDL) cholesterol, low‐density
lipoprotein (LDL) cholesterol, and triglyceride levels were analyzed by

high‐performance liquid chromatography at Skylight Biotech (Akita,

Japan) using proprietary validated methods. Serum insulin, leptin, and

adiponectin concentrations were quantified by the Ultra Sensitive

Mouse Insulin ELISA Kit (Catalog #200761, Lot #12MAUM1214;

Morinaga Institute of Biological Science, Japan), Mouse Leptin ELISA Kit

(Catalog #MS331, Lot #12MAML338; Morinaga Institute of Biological

Science), and Mouse Adiponectin Quantikine ELISA Kit (Catalog

#MRP300, Lot #510‐87851; R&D Systems).

2.4 | Measurement of liver triglycerides

Liver total lipid extracts were obtained from right lobes by Folch's

method.[28] The liver lobes were homogenized in chloroform‐methanol

(2:1, vol/vol) and incubated overnight at room temperature. After

washing with chloroform‐methanol‐water (8:4:3, vol/vol/vol), the

extracts were evaporated to dryness and dissolved in isopropanol. Liver

triglyceride content was measured by the triglyceride E‐test (Catalog

#432‐40201, Lot #TJ482; Wako Pure Chemical Industries, Japan).

When the triglyceride content exceeded the detection limit, extracts

were diluted twofold in isopropanol and were then reanalyzed.

2.5 | Histopathology

For liver hematoxylin and eosin (H&E) staining, sections were cut from

paraffin blocks of liver tissue prefixed in Bouin's solution and stained
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F IGURE 1 Chemical structures and plasma and liver

concentrations of omaveloxolone and analog TX63682. A, Chemical
structures of omaveloxolone and TX63682 are presented. B, Blood
and liver were collected 4 hours following the final dose after 14
daily oral doses of omaveloxolone (n = 8) or TX63682 (n = 5 for

plasma and n = 10 for liver) at a dose level of 10mg/kg to male
C57Bl/6 mice. Plasma and liver concentrations were determined
using liquid chromatography‐tandem mass spectrometry

methodology. Plasma concentrations are presented as mean
ng/mL ± SD, and liver concentrations are presented as mean
ng/g ± SD. Omav, omaveloxolone
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with Lillie‐Mayer's hematoxylin (Muto Pure Chemicals, Japan) and eosin

solution (Wako Pure Chemical Industries). NAFLD activity scores were

calculated according to the criteria of Kleiner.[29] To visualize collagen

deposition, Bouin's fixed liver sections were stained using picro‐sirius red
solution (Waldeck GmbH & Co, KG, Germany). To visualize macro‐ and
microvesicular fat, cryosections were cut from left lateral livers

embedded in Tissue‐Tek O.C.T. compound (Sakura Finetek Japan, Japan)

and stained with Oil Red O (Sigma‐Aldrich). For quantitative analysis of

fibrosis or fat deposition areas, bright field images were captured using a

digital camera (DFC280; Leica, Germany) around central veins at

200‐fold magnification, and the positive areas in 5 fields/section were

quantified using ImageJ software (National Institutes of Health).

TABLE 1 Body weights, liver weights,
liver‐to‐body weight ratios, and serum
insulin

Dose group
Initial body
weight, g

Final body
weight, g Liver weight, g

Liver:body
weight (%)

Serum insulin,
ng/mL

Normal 21.9 ± 0.5 23.7 ± 0.7** 1.042 ± 0.046** 4.4 ± 0.1** 0.62 ± 0.08**

Vehicle control 18.3 ± 1.3 19.3 ± 1.3 1.362 ± 0.097 7.1 ± 0.5 0.25 ± 0.12

Omaveloxolone,

1mg/kg

18.4 ± 0.7 19.6 ± 0.8 1.381 ± 0.091 7.0 ± 0.5 0.31 ± 0.17

Omaveloxolone,

3mg/kg

18.5 ± 0.7 19.4 ± 1.0 1.388 ± 0.153 7.2 ± 0.7 0.25 ± 0.18

Omaveloxolone,

10mg/kg

18.3 ± 0.7 19.5 ± 1.2 1.379 ± 0.028 7.0 ± 1.1 0.34 ± 0.11

TX63682, 1 mg/kg 18.4 ± 0.6 19.9 ± 0.9 1.419 ± 0.199 7.1 ± 0.8 0.31 ± 0.21

TX63682, 3 mg/kg 18.3 ± 1.0 19.3 ± 1.4 1.419 ± 0.200 7.4 ± 0.7 0.23 ± 0.09

TX63682,

10mg/kg

18.6 ± 1.2 19.2 ± 1.1 1.390 ± 0.140 7.3 ± 0.7 0.26 ± 0.13

Note: Data presented as (mean ± SD).

**P < .01 vs all STAM mice (vehicle control and all treated groups).

F IGURE 2 Omaveloxolone and analog TX63682 protect liver in the model of NASH. Representative photomicrographs are presented for
histopathology (A), Oil Red O staining of fatty acids (C), and Sirius Red staining of collagen (E). NAFLD activity scores (B) and percent positive

area for Oil Red O (D) and Sirius Red (F) are also presented. Data are shown as fold change from normal control ± SEM. Asterisks indicate a
statistically significant difference from the vehicle control group (*P < .05, **P < .01, ***P < .001). H&E, hematoxylin and eosin; NAFLD,
nonalcoholic fatty liver disease; NASH, nonalcoholic steatohepatitis; Omav, omaveloxolone
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For pancreas H&E staining, sections were cut from paraffin blocks of

pancreatic head tissue prefixed in 4% paraformaldehyde solution and

stained with Lillie–Mayer's hematoxylin and eosin solution. For im-

munohistochemistry of insulin, sections were cut from frozen pancreatic

tail tissues embedded in Tissue‐Tek O.C.T. compound and fixed in acet-

one. Endogenous peroxidase activity was blocked using 0.03% H2O2 for

5minutes, followed by incubation with Block Ace (Dainippon Sumitomo

Pharma, Japan) for 10minutes. The sections were incubated with a

100‐fold dilution of anti‐insulin antibody (Santa Cruz Biotechnology)

overnight at 4°C. After an overnight incubation with secondary antibody

(×25 diluted horseradish peroxidae‐goat anti‐rabbit antibody; Vector

Laboratories), enzyme‐substrate reactions were performed using 3,

3’‐diaminobenzidine/H2O2 solution (Nichirei, Japan). Nuclear counter-

staining was performed using Lillie–Mayer's hematoxylin solution.

2.6 | Messenger RNA quantification

Livers were homogenized at 16.67mg tissue/mL homogenization buf-

fer (Catalog #QS0106; Thermo Fisher Scientific) containing 0.5mg/mL

Proteinase K. After homogenization, samples were vortexed at high

speed for 1 hour at 65°C. The samples were centrifuged at 16,000 ×g

for 15minutes at room temperature. The supernatant was then col-

lected, diluted 30‐40‐fold in homogenization buffer to be within the

linear dynamic range of the assay, and stored at −80°C until analysis.

Messenger RNA (mRNA) was quantified using Quantigene Plex 2.0

technology according to manufacturer's protocol (Thermo Fisher

Scientific) and as previously described.[30] The design of probe targets

for NAD(P)H:quinone oxidoreductase 1 (Nqo1), sulfiredoxin 1 (Srxn1),

ferritin heavy chain 1 (Fth1), and Rpl13a mRNA is freely available at

https://www.thermofisher.com/order/quantigene-plex/configuration.

Raw values were normalized to Rpl13a and presented as fold mean

normal control ± standard error of the mean (SEM).

2.7 | Nqo1 enzyme activity

Livers were homogenized at 250mg tissue/mL in ice‐cold phosphate‐
buffered saline at pH 7.2 (Catalog #70013; Invitrogen), fortified with

2mM ethylenediaminetetraacetic acid. Homogenates were then

centrifuged at 10 000 x g for 10minutes at 4°C. The supernatants

were collected and stored at −80°C until analysis. Protein con-

centrations of tissue homogenates were determined using the

Bicinchoninic Acid Protein Assay Kit from Pierce Biotechnology

(Catalog #23225; Rockford, IL). Liver cytosolic Nqo1 enzyme activity

F IGURE 3 Omaveloxolone and analog TX63682 induce liver Nrf2
targets. A, The mRNA expression of Nqo1, Srxn1, and Fth1 was
determined using Quantigene Plex 2.0 technology. Data are

normalized to Rpl13a and are presented as fold change from normal
control ± SEM. B, Liver Nqo1 enzyme activity was also evaluated by
quantifying the reduction of DCPIP in the presence and absence of

dicumarol. Enzyme activity data are presented as fold change from
normal control ± SEM. Asterisks indicate a statistically significant
difference from the vehicle control group (*P < .05, **P < .01,
***P < .001). DCPIP, 2,6‐dichlorophenol‐indophenol; mRNA,

messenger RNA; Omav, omaveloxolone
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was determined by quantifying the reduction of 2,6‐dichlorophenol‐
indophenol in the presence and absence of dicumarol, as previously

described[31] and modified.[32] Data were normalized to protein

concentration and presented as fold mean normal control.

2.8 | Statistics

Statistical analyses were performed using a one‐way analysis of

variance followed by Dunnett's test for parametric data or Dunn's

test for nonparametric data, where appropriate, using the Prism

Software v7 (GraphPad Software). P value less than .05 was

considered statistically significant. Results are expressed as

mean ± SEM.

3 | RESULTS

3.1 | Omaveloxolone and TX63682 are orally
bioavailable and similarly distribute to liver

After oral dosing of omaveloxolone or TX63682 to C57Bl/6 mice

once daily for 14 days, plasma and liver samples were collected

4 hours after the final dose, and drug concentrations were de-

termined by LC/MS/MS methods (Figure 1B). Overall, pharmacolo-

gically relevant concentrations were readily achieved, and exposures

were similar between compounds.

3.2 | Omaveloxolone and TX63682 do not affect
body or liver weights in the STAM mouse model

Mean body weights for all groups of STAM mice were significantly

lower than those of normal mice at the start and completion of the

study (Table 1). There were no significant differences in mean body

weight between the vehicle‐treated STAM mice and any of the

drug‐treated STAM mice during the dosing period. Liver weights

were also significantly higher in the vehicle‐treated STAM mice

compared with the normal nondiseased mice (Table 1). Treatment

with omaveloxolone or TX63682 also did not affect liver weight.

Likewise, liver‐to‐body weight ratios were significantly higher in

the vehicle‐treated STAM mice and were not affected by treatment

with omaveloxolone or TX63682 (Table 1). The decrease in body

weight and increase in liver weight between normal mice and

vehicle‐treated STAM mice are consistent with previous

findings.[24]

3.3 | Omaveloxolone and TX63682 improve liver
architecture and decrease collagen and fat deposits

As expected in the STAM model of NASH,[22,24] livers from the vehicle

group exhibited severe microvesicular and macrovesicular fat deposition,

hepatocellular ballooning, and inflammatory cell infiltration, which were

reflected by a marked increase in NAFLD activity scores compared to

normal mice (Figure 2A,B). Treatment with either omaveloxolone or

TX63682 ameliorated these histopathological features (Figure 2A) and

resulted in dose‐dependent decreases in NAFLD activity scores with

statistical significance achieved at 10mg/kg for both compounds

(Figure 2B).

Compared with livers from normal nondiseased mice, livers from

vehicle‐treated STAM mice demonstrated significant increases in

lipid accumulation in hepatocytes, as assessed by Oil Red O staining

(Figure 2C,D). Omaveloxolone demonstrated a trend with apparent

dose‐dependent decreases in lipid accumulation, though the differ-

ence in the mean percent positive area for Oil Red O staining was not

statistically significant at any dose (Figure 2C,D). TX63682 also de-

monstrated decreases in lipid accumulation with a statistically sig-

nificant difference observed at 10mg/kg. In fact, the amount of lipid

staining at 10mg/kg TX63682 was similar to that of normal non-

diseased mice. Consistent with other parameters of liver injury, the

vehicle‐treated STAM mice also showed increased collagen deposi-

tion in the pericentral region of the liver lobule (Figure 2E,F).

F IGURE 4 Effect of omaveloxolone and analog TX63682 on
blood glucose and HbA1c. A, Blood glucose was determined using a
G‐Checker (Sanko Junyaku, Japan). B, HbA1c levels were quantified

by DCA Vantage Analyzer, a point‐of‐care immunoassay analyzer.
Data are presented as mean ± SEM. Asterisks indicate a statistically
significant difference from the vehicle control group (*P < .05). HbA1c,

hemoglobin A1c; Omav, omaveloxolone

6 of 11 | REISMAN ET AL.



Both omaveloxolone and TX63682 decreased collagen deposition,

with statistical significance observed at 3 and 10mg/kg (Figure 2E,F).

3.4 | Omaveloxolone and TX63682 induce Nrf2
target genes in liver

Expression of the Nrf2 target genes Nqo1, Srxn1, and Fth1 was

quantified in liver (Figure 3A). Nqo1 enzyme activity, another func-

tional measurement of Nrf2 activity, was also evaluated in livers

(Figure 3B). Vehicle‐treated STAM mice tended to have modest in-

creases in Nrf2 target gene expression compared to normal control

mice, likely as a consequence of the oxidative stress present in the

disease model but clearly not sufficient enough to provide adequate

hepatoprotection. Both omaveloxolone and TX63682 demonstrated

dose‐dependent increases in Nrf2 target gene expression, with sta-

tistical significance observed at 3 mg/kg for some targets and at

10mg/kg for all targets. Overall, these Nrf2 target gene data confirm

engagement of Nrf2 by omaveloxolone and TX63682 in liver.

3.5 | Omaveloxolone and TX63682 improve glucose
control and alter lipid profiles

Nonfasting blood glucose and serum glycated HbA1c levels were

significantly elevated in vehicle‐treated STAM mice compared to

normal nondiseased mice (Figure 4A,B). Treatment with omavelox-

olone or TX63682 at 10mg/kg tended to decrease, or significantly

decreased, blood glucose levels. Consistent with the decreases in

fasting blood glucose, serum HbA1c was also lower with both oma-

veloxolone and TX63682 at 10mg/kg, with statistical significance

observed with omaveloxolone.

Serum total cholesterol levels, HDL cholesterol, LDL cholesterol,

serum triglycerides, and liver triglycerides were all higher in vehicle‐
treated STAMmice compared to normal nondiseased mice (Figure 5A‐E).
Omaveloxolone and TX63682 mildly and dose‐dependently increased

serum total cholesterol with statistically significant increases observed at

3 and 10mg/kg TX63682. Omaveloxolone and TX63682 only modestly

increased HDL cholesterol (Figure 5B); however, both compounds sig-

nificantly and dose‐dependently increased LDL cholesterol (Figure 5C).

Reductions in both serum and liver triglycerides were observed for both

omaveloxolone and TX63682 with a statistically significant decrease in

liver triglycerides observed by TX63682 at 10mg/kg (Figure 5D,E).

Both leptin and adiponectin were significantly decreased in

vehicle‐treated STAM mice compared to normal nondiseased mice

(Figure 6A,B). Both omaveloxolone and TX63682 at 10mg/kg de-

creased leptin further with statistical significance obtained by

TX63682. In contrast, both omaveloxolone and TX63682 slightly

increased adiponectin compared to vehicle with statistical sig-

nificance obtained by TX63682 at 3 and 10mg/kg.

Pancreatic tissue from the vehicle‐treated STAM mice showed

islet atrophy, a reduction in the number and sizes of islets, and fewer

F IGURE 5 Effect of omaveloxolone and analog TX63682 on lipids. Serum total cholesterol (A), HDL cholesterol (B), LDL cholesterol (C), and

triglycerides (D) were analyzed by HPLC. E, Liver triglycerides were quantified with the commercially available Triglyceride E‐test Kit (Wako
Chemicals). Data are presented as mean ± SEM. Asterisks indicate a statistically significant difference from the vehicle control group (*P < .05, **P < .01,
***P < .001). HDL, high‐density lipoprotein; HPLC, high‐performance liquid chromatography; LDL, low‐density lipoprotein; Omav, omaveloxolone

REISMAN ET AL. | 7 of 11



insulin‐positive β cells compared to pancreatic tissue from normal

nondiseased mice (data not shown). However, no differences in

pancreatic insulin staining, or pancreas histology, were observed

between STAM mice treated with vehicle and STAM mice treated

with any dose of omaveloxolone or TX63682 (data not shown).

Serum insulin was also significantly lower in the vehicle‐treated
STAM group compared to the normal group; however, no differences

were observed between STAM mice treated with vehicle and STAM

mice treated with any dose of omaveloxolone or TX63682 (Table 1).

These data indicate that the effects of omaveloxolone and TX63682

on glucose and lipid levels were not related to islet status.

3.6 | Omaveloxolone and TX63682 increase serum
transaminases

Compared to normal nondiseased mice, vehicle‐treated STAM mice

had mild increases in both serum ALT and AST (Figure 7A,B).

Treatment with omaveloxolone or TX63682 resulted in mild and

dose‐dependent increases in ALT with statistical significance

obtained by TX63682 (Figure 7A). Mild increases in serum AST were

also observed with both omaveloxolone and TX63682 treatment

(Figure 7B). No meaningful differences among any of the NASH

treatment groups were observed for serum GGT, though there were

mild but significant elevations between the vehicle‐treated NASH

and normal mice (Figure 7C). There was a minimal yet statistically

significant increase in total bilirubin at 3mg/kg omaveloxolone but

no changes at 10mg/kg, and mean total bilirubin trended lower in the

3 and 10mg/kg dose groups for TX63682 (Figure 7D). Based on the

evidence, the minimal change observed at 3mg/kg omaveloxolone

was considered a statistical anomaly and not biologically meaningful.

Overall, the mild increases in serum ALT and AST occurred in the

absence of meaningful changes in bilirubin and were concurrent with

marked improvements in hepatic histology, lipid accumulation, and

collagen deposition (Figure 2).

4 | DISCUSSION

Omaveloxolone and its analog TX63682 demonstrated significant

hepatoprotection in the STAM mouse model of NASH, as evidenced

by improvements in multiple parameters of hepatic physiology. At

doses that significantly and dose‐dependently increased Nrf2 target

gene expression in the liver, both compounds decreased hepatocel-

lular ballooning and inflammation, as well as lipid accumulation and

collagen deposition. Enhanced blood glucose control and reduced

serum and liver triglycerides were also observed. Consistent with its

higher potency in vitro (not shown for TX63682, see previous data

for omaveloxolone[33]), TX63682 performed slightly better than

omaveloxolone in this model, despite achieving similar plasma and

liver exposures after oral dosing. The higher activity of TX63682 was

associated with higher Nrf2 target gene induction in liver.

Interestingly, despite the improvements in hepatic lipid profiles

with omaveloxolone and TX63682, mild, and in some cases sig-

nificant, increases in serum total, HDL, and LDL cholesterol were

observed. Another analog of omaveloxolone, CDDO‐Im, also mildly

increased serum cholesterol in an HFD mouse model of obesity, while

attenuating weight gain and hepatic fat accumulation and increasing

energy expenditure and oxygen consumption.[34] Strikingly, CDDO‐
Im did not affect serum cholesterol or produce the profound im-

provements on obesity in Nrf2‐null mice. Consistent with these ob-

servations, untreated Nrf2‐null mice have lower serum cholesterol

levels than wild‐type mice when fed an HFD.[35] Overall, these data

suggest that Nrf2 plays an important role in the regulation of cho-

lesterol homeostasis. The mechanism underlying this phenomenon is

currently unknown, but we speculate that it may be related to the

known improvements in lipid handling, fat mobilization, fatty acid

oxidation, and mitochondrial function that have been shown to occur

with omaveloxolone treatment and Nrf2 activation.[6] Additionally,

the omaveloxolone analog CDDO‐dhTFEA increases glutathione‐
dependent bile flow and the biliary excretion of cholesterol,[36] and

Nrf2 regulates the expression of the cholesterol efflux transporters

ATP‐binding cassette sub‐family G member 5 (Abcg5) and Abcg8.[37]

F IGURE 6 Effect of omaveloxolone and analog TX63682 on

leptin and adiponectin. Serum leptin (A) and adiponectin (B)
concentrations were quantified by ELISA. Data are presented as
mean ± SEM. Asterisks indicate a statistically significant difference

from the vehicle control group (*P < .05, **P < .01, ***P < .001). ELISA,
enzyme‐linked immunosorbent assay; Omav, omaveloxolone
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These phenomena may also contribute to compensatory mechanisms

that result in mild increases in serum cholesterol.

Mild increases in serum transaminases were observed in con-

junction with clear improvements in hepatic histology and without

major changes in serum bilirubin. These observations are consistent

with the clinical profile of omaveloxolone and bardoxolone methyl,

where reversible increases in serum transaminases are observed

without increases in other markers of hepatic injury (Lewis, 2020, in

preparation). Such increases in serum transaminases without apparent

liver injury are postulated to be related to the pharmacology of these

Nrf2 activators. Serum transaminase levels and hepatic transaminase

gene expression have been observed to correlate with Nrf2 status in

Nrf2‐null, wild‐type, and Keap1‐knockdown mice (Lewis, 2020, in

preparation). Additionally, bardoxolone methyl increases mRNA levels

of both ALT and AST isoforms in a variety of cell lines derived from

hepatic and extrahepatic tissues (Lewis, 2020, in preparation). The

physiological roles of transaminases have been reviewed.[38] To briefly

summarize, ALT and AST catalyze the reversible transfer of amino

groups between alanine or aspartate, respectively, and α‐ketoglutarate
to form glutamate and pyruvate (ALT) or oxaloacetate (AST). Because

the substrates and products of the ALT and AST enzymatic reactions

are critical for a variety of cellular functions, both ALT and AST

contribute to other cellular processes outside of basic amino acid

metabolism. ALT plays an important role in the glucose‐alanine cycle,

which, in hepatocytes, facilitates pyruvate production that is then used

to synthesize glucose. ALT also contributes glutamate to make

glutathione,[39] an important cellular antioxidant that is regulated by

Nrf2. AST, on the contrary, is an important enzyme in the malate‐
aspartate shuttle and the generation of NADH, a necessary cosub-

strate for ATP generation by mitochondria.[38]

Induction of NASH in vehicle‐treated STAM mice led to sig-

nificant decreases in both serum leptin and adiponectin compared to

normal nondiseased mice. Treatment with omaveloxolone or

TX63682 further decreased leptin values, while increasing adipo-

nectin values back toward normal levels. Leptin, an adipokine, is

known to contribute to hepatic disrepair and fibrogenesis often ob-

served in response to liver injury.[40] Leptin has also been shown to

suppress Nrf2 activity, and the decrease in leptin observed with

omaveloxolone or TX63682 treatment in this study is considered to

be hepatoprotective and potentially related, at least in part, to the

reduction in collagen deposition that was observed.[41] Adiponectin is

a potent anti‐inflammatory adipocytokine that has suppressive ef-

fects on tumor necrosis factor‐α‐mediated nuclear factor κB activity

and has been shown to prevent liver fibrosis.[42] As such, lower

F IGURE 7 Effect of omaveloxolone and analog TX63682 on serum transaminases. Serum ALT (A), AST (B), GGT (C), and total bilirubin (D)
were quantified using a FUJI DRI‐CHEM7000 chemistry analyzer. Data are presented as mean ± SEM. Asterisks indicate a statistically
significant difference from the vehicle control group (*P < .05, **P < .01). ALT, alanine transaminase; AST, aspartate transaminase; GGT,

gamma‐glutamyl transpeptidase; Omav, omaveloxolone
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adiponectin levels are also considered to be an independent risk

factor for NASH.[43]

The hepatoprotection observed with omaveloxolone and

TX63682 in the STAM model of NASH presented herein is consistent

with data from other models of liver injury that evaluated various

analogs of omaveloxolone. For example, an analog suppressed he-

patic steatosis and liver fibrosis in mice fed a high‐fat/high‐fructose
diet.[44] However, the STAM model of NASH is considered to be more

clinically relevant because the progression of disease closely mirrors

the known progression in humans but within a much shorter time

frame.[23] Significant hepatoprotection with omaveloxolone

analogs has also been demonstrated in acetaminophen‐induced
hepatotoxicity,[45] chronic liver injury from carbon tetrachloride,[46]

and ischemia‐reperfusion.[47] Thus, the overall hepatoprotective

pharmacology of omaveloxolone and its analogs are consistent with

the profound hepatoprotective properties of Nrf2, which has been

studied and reviewed extensively.[21,48–52]

In conclusion, omaveloxolone and TX63682 demonstrated sig-

nificant hepatoprotection in a rodent model of NASH. Such hepato-

protection was observed in conjunction with improvements in

glucose control and lipid handling, which is consistent with the

overall phenotype of improved mitochondrial function that is asso-

ciated with Nrf2 activation. Overall, these data suggest that oma-

veloxolone and its analogs may be useful for the treatment of liver

diseases.
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