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ABSTRACT
Nonalcoholic fatty liver disease (NAFLD) is a very common
chronic hepatic disease, with nonalcoholic steatohepatitis
(NASH) as a major and severe subcategory that can lead to
cirrhosis and hepatocellular carcinoma, and thereby to a high
mortality rate. Currently, there has been no approved drug to
treat NAFLD or NASH. The current study has presented RLA8, a
novel and balanced quadruple agonist for hepatic lipid metab-
olism and inflammation-related peroxisome proliferator-activated
receptors (PPARs)-a/g/d and G protein–coupled receptor 40
(GPR40), as a NASH drug candidate. The efficacy of RLA8 to
treat NASH was evaluated in vivo using two mouse models
induced by methionine/choline-deficient diet or by high-fat diet,
respectively. RLA8 was shown to improve serum alanine amino-
transferase and high-density lipoprotein cholesterol levels, reduce
hepatic free fatty acid and triglyceride levels, and alleviate insulin

resistance. Cytokine and lipoperoxide analysis revealed that RLA8
could reduce oxidative stress and inflammation. Histochemical
and morphologic examination of mouse livers showed that RLA8
could improve pathologic changes such as steatosis, ballooning,
collagen fiber, and inflammation. Polymerase chain reaction and
Western blot analyses proved that RLA8 could result in PPARs
and GPR40 activation, accompanied by upregulation of the
59AMP-activated protein kinase-acetyl-CoA carboxylase path-
way and inhibition of the expression of lipogenic genes and
proteins, which provided more insights into its action mecha-
nisms. In summary, RLA8 has significantly better efficacy to
improve NASH-induced liver damage such as steatosis, inflam-
mation, and fibrosis, and, consequently, it represents a new and
highly promising NASH drug candidate that is worthy of further
investigation and development.

Introduction
Nonalcoholic fatty liver disease (NAFLD) is a common

chronic hepatic disease associated with fat accumulation in
the liver, which leads to hepatocyte damage and inflammation
with or without fibrosis. Nonalcoholic steatohepatitis (NASH)

is a major and severe subcategory of NAFLD characterized by
the presence of hepatic vesicular steatosis, hepatocyte balloon
degeneration, inflammation, and fibrosis (Chalasani et al.,
2012). It is estimated that about one-quarter of the world
population is affected by NAFLD and 3%–5% is suffering from
NASH (Vernon et al., 2011;Williams et al., 2011). Furthermore,
cirrhosis and hepatocellular carcinoma eventually develop in
approximately 15%–20% of NASH patients, resulting in a high
mortality rate (Adams et al., 2005; Ekstedt et al., 2006).
Therefore, NAFLD, especially NASH, represents a major and
ever-growing social, economic, and health problem worldwide.
Unfortunately, there have been no drugs approved for the

treatment of NASH yet, although several drug candidates are
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being investigated in clinical trials. Among them, obeticholic
acid [OCA (INT-747; C26H44O4)] and elafibranor (GFT-505;
C22H24O4S) are the most representative and hopeful candi-
dates currently in an advanced stage of (phase III) clinical
development (Neuschwander-Tetri et al., 2015; Ratziu et al.,
2016). OCA is a bile acid derivative and a transcriptional
activator of the nuclear farnesoid X receptor (FXR)
(Pellicciari et al., 2002), which has already been approved
for treating primary biliary cholangitis (Markham and
Keam, 2016). Preliminary results from National Institutes of
Health–sponsored FLINT (Farnesoid X Nuclear Receptor
Ligand Obeticholic Acid for Non-Cirrhotic, Non-Alcoholic
Steatohepatitis) clinical trials of OCA as a NASH drug
revealed that it had significant beneficial effects on NASH-
induced liver damage, such as ameliorating steatosis, in-
flammation, and fibrosis (Neuschwander-Tetri et al., 2015).
However, OCA treatment was associated with an increase in
the frequency and severity of pruritus, a major adverse effect
of OCA. Moreover, OCA-treated patients also displayed an
increase in total cholesterol (TC) and low-density lipoproteins
and a decrease in high-density lipoproteins (HDLs) (Ratziu
et al., 2016).
Elafibranor is a selective dual agonist for peroxisome

proliferator–activated receptors (PPARs) a and d (Cariou
et al., 2013), which belong to another family of ligand-
activated nuclear receptors that play a key role in the regu-
lation ofmetabolism and inflammation andwhose stimulation
was shown to ameliorate NAFLD (Hansen et al., 2017).
Elafibranor has been demonstrated to reduce hepatic fat
accumulation, inflammation, and fibrosis in preclinical and
clinical studies, making it a promising NAFLD and NASH
drug candidate (Ratziu et al., 2016). Its main side effect was to
cause a mild increase in serum creatinine in most subjects
(Gawrieh and Chalasani, 2018). Besides elafibranor, several
other PPAR subtype–selective agonists, like fibrates such as
PPAR-a ligands, thiazolidinediones such as PPAR-g ligands,
and GW501516 (C21H18F3NO3S2) as a PPAR-d ligand, have
also been explored and were demonstrated to reduce fibrotic
steatohepatitis in the methionine and choline–deficient
(MCD) diet-inducedmouseNASHmodel (Hansen et al., 2017).
Our group has recently explored a new NASH drug design,

aiming at activating multiple related receptors with one
agonist (Li et al., 2012). As a result, we discovered ZBH as a
potent and balanced triple agonist for PPAR-a/g/d (Chen et al.,
2014). Recently, we also become interested in G protein–coupled
receptor 40 [GPR40 (also known as FFAR1)] expressed in both
pancreatic b-cells and hepatocytes (Suh et al., 2008; Ou et al.,
2013), because a recent study has revealed that GPR40
activation could improve high-fat diet (HFD)–induced hepatic
steatosis inmice (Ou et al., 2014). It was further demonstrated
that medium and long chain fatty acids could activate GPR40
(Briscoe et al., 2003). Accordingly, we designed and synthe-
sized a series of new agonists containing the key structural
and pharmacophore motifs of PPAR-a/g/d agonists, such as
elafibranor, fibrates, and resveratrol (RSV), which is also an
anti-inflammatory and antiatherogenic agent (Cavallaro
et al., 2003; Li and Kazgan, 2011; Nakata et al., 2012), as
well as the structural motif of GPR40 agonists, that is, a long
chain fatty acid. Our preliminary screening showed that RLA8
(Fig. 1) was a promising quadruple agonist. We present herein
a detailed investigation of its PPARs and GPR40 agonist
activities, its action mechanism, and its influences on NASH

and fibrosis by in vitro transactivation assays and using
mouse NASH models generated from different pathologic
mechanisms.

Materials and Methods
In Vitro Transactivation Assays. RSV, OCA, ZBH, and RLA8

were synthesized and provided by the New Drug Design Center of
Beijing Institute of Pharmacology and Toxicology. Their purities and
structures were determined and confirmed by high-performance
liquid chromatography, mass spectrometry, and NMR spectrometry.
Purity of the compounds used in all experiments was more than 98%.
All plasmids used in the transactivation assays were provided by the
Lili Wang Laboratory of Beijing Institute of Pharmacology and
Toxicology. Transactivation assays of RLA8 and ZBH toward PPARs,
GPR40, GPBAR1 (G protein bile acid receptor 1), and FXR were
performed according to previously described protocols (Xu and Xie,
2009; Chen et al., 2014; Gao et al., 2018). The EC50 value was obtained
by analysis of the data using GraphPad Prism software (GraphPad
Software, San Diego, CA).

Animals, Diets, and Treatment Schemes. Adult male
C57BL/6J mice, weighing 24 6 2 g, purchased from the Vital River
Laboratory Animal Technology Co. Ltd. (Beijing, People’s Republic of
China) were used in this work. Animal breeding and care were
provided by the Animal Care Facility of Beijing Institute of Pharma-
cology and Toxicology. All of the animal experiments were carried out
according to an animal protocol approved by the Animal Experimental
Ethics Committee of the Beijing Institute of Pharmacology and
Toxicology in strict accordance with the current Animal Protection
Law of China. The mice were allowed to have free access to water and
food, and were kept at 216 2°Cwith a relative humidity of 60%6 10%
and illumination for 12 h/day (8:00 AM to 8:00 PM). MCD diet (catalog
number TP3005)was purchased fromTrophic Animal FeedHigh-Tech
Co., Ltd., China (Nantong, People’s Republic of China), and HFD diet
(60% kcal from fat; catalog number D12492) was purchased from
Research Diets (New Brunswick, NJ).

After mice arrived at the animal facility, they were acclimated for
1 week. Thereafter, they were fed with an MCD diet for 6 weeks or an
HFD diet for 12 weeks to induce NASH. At the end of the 6th or 12th
week, the mice were randomly divided into four groups that received
treatments with RSV (100 mg/kg) (Heebøll et al., 2015), OCA
(10 mg/kg) (Rodrigues et al., 2017), RLA8 (100 mg/kg), and saturated
NaHCO3 solution (0.1 ml/10 g), respectively. All drugs were adminis-
tered through gavage once a day for 3 weeks for the MCD model and
4 weeks for the HFD model. Mice having standard rodent diets were
used as the normal control (NC). Individual body weight and cage food
consumption were measured once a week. At the end of the experi-
ments, the mice were anesthetized with isoflurane and then eutha-
nized with carbon dioxide for the collection of blood and liver samples.

Biochemical Assays. Mouse serum biochemical indices, includ-
ing alanine aminotransferase (ALT), glucose, HDL cholesterol
(HDL-C), liver triglyceride (TG), TC, and free fatty acid (FFA), were
examined using an automatic biochemical analyzer (Modular-PPI,
Roche, Switzerland). Insulin, lipoperoxides, interleukin (IL)-6, IL-10,
and tumor necrosis factor a (TNF-a) were analyzed with ELISA kits,
according to the manufacturer instructions. The homeostasis model of
assessment for insulin resistance (HOMA-IR) was calculated based on
the values of fasting blood glucose (FBG) and fasting blood insulin
(FINS) according to the following equation: HOMA-IR 5 FBG �
FINS/22.5 (Matthews et al., 1985).

Histochemical and Morphologic Studies. Liver samples were
fixed in 4% paraformaldehyde, and the paraffin-embedded sections
(2–3 mm) were stained with H&E, Oil Red O, or Masson’s Trichrome.
The sections were then scored blindly by two experienced pathologists
according to the NAFLD activity score standards listed in Table 1
(Kleiner et al., 2005). Tissues with a total score of NAFLD activities
greater than 5 were diagnosed as NASH, and those with a score of less
than 3 were diagnosed as “none NASH.”
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Analysis of Target Genes by Quantitative Real-Time Poly-
merase Chain Reaction. Total RNA of the liver samples was
extracted with the reverse transcription kit (Promega, Madison, WI)
to obtain the first-strand cDNA. Then, quantitative real-time poly-
merase chain reaction (PCR) was performed under the following
conditions: 2 minutes at 95°C, followed by 40 cycles for 15 seconds at
95°C, 15 seconds at 60°C, and 30 seconds at 72°C. The primers used
these studies are shown in Supplemental Table 1, and glyceraldehyde-
3-phosphate dehydrogenase (GAPDH; National Center for Biotech-
nology Information Reference Sequence NM_031144) was included as
an internal control. Each sample was performed in triplicate. Standard
curves were generated from five repeated 10-fold serial dilutions of
cDNA, and the copy numbers of target genes in every milliliter of the
sample were calculated according to the standard curve (Li et al., 2014).

Analysis of Target Proteins by Western Blotting. Western
blot was performed according to the protocols of Towbin et al. (1979).
Proteins derived from cells or tissues were separated by SDS-PAGE
and then transferred to an Immobilon-P membrane (Millipore,
Burlington, MA). Thereafter, the membrane was blocked with 5%
nonfatmilk in 0.1%Tween 20 at room temperature for 1 hour and then
incubated with the respective primary antibody against 59AMP-
activated protein kinase (AMPK), phosphorylated (p) AMPK
(Thr172), acetyl-CoA carboxylase (ACC), p-ACC (Ser79), sterol regu-
latory element-binding protein 1 (SREBP1), fatty acid synthase (FAS),
stearyl-CoA desaturase 1 (SCD1), tissue inhibitor ofmetalloproteinases
1 (TIMP1), vascular cell adhesionmolecule 1 (VCAM1), or transforming
growth factor b1 (TGFb1) (Cell Signaling Technology Inc., Shanghai,
People’s Republic of China) at 4°C overnight. The membrane was
washed with Tris-buffered saline containing Tween 20 for 30 minutes
and then incubated with the secondary antibody horseradish
peroxidase–conjugated goat anti-rabbit IgG (Jackson ImmunoRe-
seach Laboratories Inc., Beijing, People’s Republic of China) at
room temperature. Proteins were visualized using enhanced
chemiluminescence reagents (Millipore). Protein content analysis was
carried out using ImageQuant TMTL software (GE Healthcare Life
Sciences, Pittsburgh, PA).

Statistical Analysis of Experimental Results. All data were
expressed as the mean 6 S.D. One-way analysis of variance followed
by the least significant difference test was used to compare experi-
mental values between groups, with P , 0.05 being considered as
statistically significant.

Results
Evaluation of RLA8 as a PPAR and GPR40 Agonist.

RLA8 is a completely novel class of anti-NASH drug. It was
designed to carry the key structural and pharmacophore
motifs of elafibranor, fibrates, and RSV as a triple agonist
for PPAR-a/g/d and a long chain fatty acid moiety as a GPR40
agonist. To confirm its quadruple agonist property, RLA8 was
subjected to in vitro transactivation assays using all three
subtypes of PPARs and GPR40 by previously described
protocols (Xu and Xie, 2009; Chen et al., 2014). Its EC50 values
as a PPAR-a, PPAR-d, PPAR-g, and GPR40 agonist were 7.04,
18.89, 18.65, and 1.27 mM, respectively (Table 2). The results
were compared with that of ZBH, a pan-PPAR agonist that
was demonstrated in vitro to possess relatively balanced
agonist activities for PPAR-a/g/d but weak activity for
GRP40. ZBH was also shown in vivo to significantly decrease
TGs and to have more potent hypolipidemic activity than
fenofibric acid (Chen et al., 2014).
Clearly, RLA8 showed relatively strong and comparable

agonist activities for all three subtypes of PPARs and GPR40.
For example, its EC50 value for PPAR-a was only 2.6-fold and
4.1-fold better than that for PPAR-d and PPAR-g, suggesting
more balanced PPAR pan-agonist activities than ZBH, which
had some PPAR-a preference (11.0-fold and 14.5-fold better
than for PPAR-d and PPAR-g) (Chen et al., 2014). More
importantly, compared with ZBH, RLA8 displayed 192-fold

Fig. 1. The chemical structure of RSV, OCA, ZBH, and
RLA8.

TABLE 1
Histologic scoring system for NASH

Score Steatosis Inflammation Ballooning
Degeneration

%

0 ,5 No foci None
1 5–33 ,2 foci per 200 � field Few
2 33–66 2–4 foci per 200 � field Many
3 .66 .4 foci per 200 � field

TABLE 2
The agonist activities of RLA8 and ZBH for PPARs and GPR40
Values are the mean 6 S.D. obtained from three independent experiments.

Compound
EC50

PPARa PPARd PPARg GPR40

mM

RLA8 7.04 6 1.60 18.89 6 1.53 28.65 6 2.04 1.27 6 0.09
ZBH 1.75 6 0.12 19.19 6 0.77 25.35 6 1.97 244.4 6 21.06
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better agonist activity toward GPR40 (EC50 values, 1.27 vs.
244.4 mM), suggesting that RLA8 is indeed a quadruple
agonist.
The Influence of RLA8 Treatment on the Body

Weight and Food Intake of NASH Mice. There are two
common animal models established to study NASH. One is
the diet-induced obesity model or HFD-induced model, which
mimics the natural process of NASH and represents NASH
with histopathologically mild to moderate liver fibrosis,
accompanied with obesity and insulin resistance (Marin
et al., 2016). The other is an MCD diet–induced model, which
is the more reproducible NASH model. With the diet model
devoid of an essential amino acid, methionine, and choline in
the diet promotes the occurrence of severe liver fibrosis and
significant weight loss, making it more appropriate for the
study of histologically advanced NASH (Weltman et al., 1996,
1998; Machado et al., 2015; Lau et al., 2017). We used both
models to investigate the efficacy of RLA8 for the treatment of
NASH and related diseases.
First, we evaluated the influence of RLA8 on the body

weight and food intake ofMCD andHFDmice. As described in
the experimental section, after C57BL/6J mice were fed with
an MCD diet for 6 weeks or with an HFD diet for 12 weeks,
they started to receive treatments with RSV (100 mg/kg)
(Heebøll et al., 2015), OCA (10 mg/kg) (Rodrigues et al., 2017),
and RLA8 (100 mg/kg), respectively, or with saturated
NaHCO3 (0.1 ml/10 g) as the model control (MC). Mice fed
with standard rodent diets were used as the NC. The dose
regimen for RLA8 was established in a pilot study using a
4-week MCD-fed mouse model, where significant reduc-
tion in hepatic lipids was observed. All compounds were

administered through gavage once a day for 3 weeks in the
MCD model, and for 4 weeks in the HFD model. Individual
body weight and cage food consumption were measured once a
week, and the results are depicted in Fig. 2 and Supplemental
Table 2. Clearly, compared with those of NC mice, the body
weights of MCDmice in theMC group decreased significantly,
which lasted until the end of the experiments, indicating the
occurrence and development of NASH symptoms (Fig. 2A).
Delightfully, after RLA8 treatment, the body weight loss was
halted, and a statistically significant difference in the body
weight between RLA8 and MC groups was observed 1 week
after RLA8 administration (P, 0.05) (Fig. 2A). RSV and OCA
treatments showed a similar impact on mouse body weight,
but their difference from the MC group was not statistically
significant. These results indicated that RLA had better or at
least similar activities to inhibit body weight loss in MCD
mice, compared with the positive controls RSV and OCA.
In contrast to the MCD model, HFD caused a significant

increase in the body weights of the MC mice compared with
NC mice (P , 0.01) (Fig. 2C). RLA8 and OCA treatments had
similar effects to invert excessive body weight gain. Their
difference from theMC groupwas statistically very significant
(P , 0.01) (Fig. 2C). RSV treatment could also stop mice from
gaining more body weight, and its difference from the MC
group was statistically significant (P , 0.05) (Fig. 2C).
However, the efficacy of RSV was not as high as that of
RLA8 andOCA. In addition, all three compounds did not show
a significant impact on food intake by mice of both models
(Fig. 2B; Fig. 3D).
The Influence of RLA8 Treatment on the Morphology

of MCD and HFD-Induced NASH. Once the livers of the

Fig. 2. The influences of RLA8, RSV, and OCA on the body weight change (A and C, averaged) and food intake (B and D, averaged) in MCD- and HFD-
induced NASH mice. Values are the mean 6 S.D. (n = 10 mice/group). ##P , 0.01 compared with NC; *P , 0.05; **P , 0.01 compared with MC.
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above experimental mice were extracted, they were subjected
to histochemical and histopathological examinations. H&E
staining of liver tissues revealed remarkable hypertrophy of
hepatocytes in MC mice of both MCD and HFD models
compared with NC mice eating normal diets (Supplemental
Fig. 1, A-b and C-b vs. Supplemental Fig. 1, A-a and C-a,
respectively). Oil Red O staining of the liver tissues showed
that the mice in both MC groups had severe steatohepatitis
and a remarkable hepatic lipid accumulation compared with
NC mice (Supplemental Fig. 1, B-b and D-b vs. Supplemental
Fig. 1, B-a and D-a). In RSV treatment groups, neither MCD
nor HFD mice showed significant histopathological improve-
ment (Supplemental Fig. 1, A–D-c) compared with MC mice.
In contrast, OCA and RLA8 treatments reversed both MCD-
and HFD-induced NASH and could significantly lower the
number and amount of fat droplets formed in the livers
(Supplemental Fig. 1, A–D-d and A–D-e). It was also no-
ticed that the number and size of inflammatory foci were

significantly reduced in OCA- and RLA8-treated mice. Fur-
thermore, the therapeutic efficacy of RLA8 was notably better
than that of OCA. In fact, themorphologic looks of liver tissues
from RLA8-treated mice were rather similar to those of
normal mice (Supplemental Fig. 1, A–D-e vs. Supplemental
Fig. 1, A–D-a).
To facilitate quantitative analysis and comparison of the

results, we assigned to the tissues in each group an NAFLD
activity score (NAS) according to the criteria listed in Table 1.
Clearly, the NASs of mice in the RLA8 group for both NASH
models (Table 3) were significantly lower than that of the MC
group, a reduction of 53.1% and 60.2% (P, 0.01) for the MCD
and HFD model, respectively. These results further corrobo-
rated that RLA8 could significantly improve liver injuries
caused by NASH and its efficacy was slight better than OCA
(NASs: 3.3 and 2.3 vs. 4.3 and 2.7).
To gain more insights into related pathology, we also

performed biochemical analysis of the mice. In accordance

Fig. 3. The influence of RLA8, RSV, and OCA treatments on serum levels of ALT (A and G) and HDL-C (B and H), as well as on the levels of hepatic
lipids TG (C and I), TC (D and J), and FFA (E and K) and lipoperoxides (F and L) in MCD- and HFD-induced NASH mice, respectively. Values are the
mean 6 S.D. (n = 10/group). #P , 0.05; ##P , 0.01, compared with NC mice; *P , 0.05; **P , 0.01, compared with MCD or HFD mice.
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with the observations above, we found that the contents of
hepatic TG, TC, and FFA in MC mice of the MCD model
increased by 8.75-fold, 4.30-fold, and 1.61-fold (Fig. 3C; Fig. 4,
D and E), respectively, compared with those in NC mice, and
they increased by 2.5-fold, 3.05-fold, and 1.43-fold in HFD
MC mice (Fig. 3I; Fig. 4, J and K). Similarly, the hepatic
lipoperoxide content in MCmice of both models also exhibited
a significant increase (Fig. 3F; Fig. 4L). The accumulation of
TG, TC, FFA, and lipoperoxide in mouse livers was associated
with hepatic dysfunction, as revealed by the significantly
elevated serum ALT levels for both models (Fig. 3, A and D).
The results in Fig. 3, C–E and I–K further showed that

RLA8 treatment could reverse hepatic lipid accumulation in
both NASHmodels. Compared withMCmice, hepatic TG, TC,
and FFA contents in RLA8-treated mice were reduced by
61.1%, 40.1%, and 38.4% in the MCD model and by 34.8%,
52.2%, and 29.2% in the HFD model, respectively. OCA
treatment gave similar results, but it reduced hepatic TG,
TC, and FFA contents by only 21.3%, 28.4%, and 7.9% in the
MCD model, and by 14.9%, 34.7%, and 20.4% in the HFD
model, which were much less impressive values than the
reductions induced by RLA8. On the other hand, RSV could
only marginally reduce FFA accumulation and had no signif-
icant impact on hepatic TG and TC contents. Moreover, RLA8
treatment significantly increased theHDL-C content (Fig. 3, B
and F) (P, 0.01), but OCA and RSV did not have any obvious
effect. Although RSV treatment had no significant influence
on hepaticTGandTC contents, it could reverse the lipoperoxide
content of NASH mice to the normal level, just like RLA8 and
OCA. In addition, all three compounds were able to restore
hepatic functions in NASH mice, as indicated by the recovered

serum ALT levels after treatments (Fig. 3, A and G). Again,
RLA8 seemed to be more potent than OCA and RSV in this
respect. These results agreed very well with that of above
histochemical and histopathological studies, which indicated
that RLA8 was more potent than OCA, which was then much
more potent than RSV, to reverse hepatic lipid accumulation
and steatohepatitis in both disease models.
The Influence of RLA8 Treatment on Hepatic In-

flammation Associated with NASH. NASH usually is
accompanied in patients by metabolic inflammation featuring
elevated levels of C-reactive proteins and various ILs (Jiang
et al., 2016). Inconsistent with these observations, we also
noticed an elevated level of inflammatory activities in the
MCD and HFD mice, including an increased number of
inflammatory cells (Supplemental Fig. 1, A and C-b) and
elevated levels of major hepatic inflammation markers, such
as TNF-a, IL-6, and IL-10 (Fig. 4). It was revealed that RSV,
OCA, and RLA8 could all reduce NASH-induced TNF-a, IL-6,
and IL-10 secretion (Fig. 4) and, consequently, alleviate related
hepatic inflammation. Again, RLA8 showed more potent thera-
peutic efficacy than RSV and OCA, especially in the more severe
MCD NASH model (Fig. 4, A–C).
The Influence of RLA8 Treatment on Hepatic Fibro-

sis in MCD-Induced NASH Mice. Hepatic fibrosis is
triggered by chronic injuries, especially inflammation, and
represents one of the common and severe concerns in NASH,
since it can lead to portal hypertension and cirrhosis to disrupt
hepatic function. Therefore, we also examined the impact of
RLA8 treatment on hepatic fibrosis based on liver biopsy samples.
In this regard, the liver sections from MCD and NC mice were
stained with trichrome and then subjected to histopathological

TABLE 3
The NASs for various groups of mice
Values are the mean 6 S.D. (n = 10/group).

NAFLD NC MC RSV OCA RLA8

MCD model 0.5 6 0.5 7.1 6 0.7* 5.7 6 0.7** 4.3 6 0.5*** 3.3 6 0.5***
HFD model 0.1 6 0.3 5.9 6 0.8* 4.2 6 0.4** 2.7 6 0.8*** 2.3 6 1.2***

*P , 0.01 vs. NC; **P , 0.05, ***P , 0.01 vs. MC.

Fig. 4. The influences of RSV, OCA and RLA8 treatments on the secretion levels of major hepatic inflammation markers TNF-a A and D, IL-6 B and E,
and IL-10 C and F in MCD and HFDNASHmice. Values are the mean6 S.D. (n = 10/group). ##P, 0.01, compared with NCmice; **P, 0.01, compared
with MCD or HFD mice.
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examination. In line with previous reports, a lack of the essential
amino acid methionine and choline in the MCD diet promoted
severe steatohepatitis and the occurrence of appreciable hepatic
sinusoidal fibrosis. Evidently, RSV, OCA, and RLA8 treatments
could all alleviate hepatic fibrosis (Fig. 5A). In particular, OCA
and RLA8 treatments could reverse hepatic fibrosis almost
completely. In agreement with this discovery, elevated expression
of the hepatic collagen a1 gene (Fig. 5B) in MCD mice was
effectively suppressed by all three compounds.
The Influence of RLA8 Treatment on Insulin Resis-

tance Associated with HFD-Induced NASH. Insulin re-
sistance is another important hallmark for NAFLD (Cusi et
al., 2016). However, MCD does not cause insulin resistance,
although it can induce a more severe form of NASH and
fibrosis in mice. In contrast, HFD can induce mild peripheral
insulin resistance, as reflected by significantly increased
serum levels of glucose, insulin, TG, and TC, as well as
HOMA-IR, in HFD MC mice (Fig. 6). Consequently, we
examined the impacts of RSV, OCA, and RLA8 treatments on
insulin resistance associated with the HFD model. It was
found that all three compounds led to a significant reduction in
serum glucose and insulin levels and HOMA-IR (Fig. 6, A, B,

and E), suggesting great improvement in insulin resistance in
these mice. This was associated with the significant improve-
ment of HFD-induced hyperlipidemia, namely, elevated se-
rumTGandTC levels, in the case of OCAandRLA8 (P, 0.05),
although changes in serumTG and TC levels in the RSV group
were not so obvious (Fig. 6, C and D).
The Influence of RLA8 Treatment on the Expression

of Genes and Proteins Associated with NASH. To help
elucidate the underlyingmechanism by which RLA8 improves
NASH in MCD mice, we analyzed the expression level of
PPAR-related genes and proteins involved in hepatic lipid
metabolism, inflammation, and fibrosis by PCR and Western
blot. The expression of genes and proteins regulating lipid
synthesis, including SREBP1, FAS, and SCD1, or inflamma-
tion and fibrosis, including VCAM1, TIMP1, and TGFb1, were
dramatically upregulated in MC mice, compared with NC
mice (Fig. 7, A–C). RLA8 treatment was found to significantly
suppress the expression of all assessed genes and proteins,
except for TGFb1. These results suggested that RLA8-induced
reduction in hepatic lipid accumulation, inflammation, and
fibrosis was coupled with reduced expression of the down-
stream hepatic genes and proteins of PPARs (Fig. 7D).

Fig. 5. The influences of RSV, OCA, and RLA8
treatments on hepatic fibrosis in MCD NASH
mice. (A) Representative photomicrographs
(original magnification, 100�; scale bar,
250 mm) of livers from mice of the NC, MC,
MCD + RSV (100 mg/kg); MCD + OCA
(10 mg/kg); and MCD + RLA8 (100 mg/kg)
groups, with liver sections stained with trichrome
and pericellular fibrosis indicated by arrows. (B)
Hepatic mRNA expression of collagen a1(I)
assessed using reverse-transcription PCR with
values (mean 6 S.D.) normalized against the
internal control GAPDH. ##P , 0.01 com-
pared with NC; *P, 0.05; **P, 0.01 compared
with MC.
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Considering that SREBP1, FAS, and SCD1 expression is
regulated by the AMPK-ACC pathway and that the AMPK-
ACC pathway is closely related to fatty acid biosynthesis and
lipogenesis (Rhee, 2001; Hawley et al., 2005; Shapiro et al.,
2005; Li et al., 2011), we then assessed the AMPK activity by
measuring Thr172 phosphorylation of AMPKa and its major
downstream protein p-ACC (Ser79), as AMPK activation can
lead to the phosphorylation and inhibition of ACC, which is
the rate-limiting enzyme in fatty acid biosynthesis (Weltman
et al., 1998; Tong, 2005). Western blot results (Fig. 7, E and F)
disclosed that, compared with the MC group, RLA8 treatment
could significantly enhance the phosphorylation of AMPKa
and ACC.

Discussion
PPAR has three subtypes, PPAR-a, PPAR-d, and PPAR-g,

and its activation has been demonstrated to improve NAFLD
and NASH primarily via suppressing lipogenesis and enhanc-
ing b-oxidation–associated hepatic fatty acid disposal (Cottart
et al., 2014; Pawlak et al., 2014). Employing balanced pan-
PPAR agonists to treat NAFLD and NASH may have
additional significant advantages, such as synergetic thera-
peutic efficacy, and thus has become an attractive direction
(Tenenbaum and Fisman, 2012). In previous studies (Xu and
Xie, 2009; Chen et al., 2014), we have developed a pan-PPAR
agonist, ZBH, by combining the pharmacophores of fibrates
and RSV. ZBH had exhibited relatively balanced agonist
activity in vitro for all three PPAR subtypes and was more
potent than fenofibric acid in vivo in reducing TG accumula-
tion (Chen et al., 2014). These discoveries led us to design a
completely novel type ofmultitargeting agonist that contained
not only the key structural and pharmacophore motifs of pan-
PPARagonists but also the structuralmotif of GPR40 agonists
(i.e., a long chain fatty acid moiety) (Briscoe et al., 2003), as
GPR40 is also an important target for the treatment of hepatic
steatosis. The current study has verified that the compound
RLA8, which was developed on the basis of this new drug

design principle, was a potent and balanced quadruple agonist
for PPAR-a, PPAR-d, PPAR-g, and GPR40, with the EC50

values all in the low-micromolar range. And the off-target
effect assays of RLA8 toward FXR and GPBAR1 showed that
the maximum response of RLA8 to both receptors was less
than 10% (Supplemental Fig. 2). Most significantly, detailed
in vivo studies on RLA8 have revealed its great efficacy to
improve all of the symptoms related to NAFLD and NASH.
The therapeutic efficacy of RLA8 compared with NASHwas

evaluated in mice using two NASH models induced by HFD
and MCD diets, respectively, which represent different sever-
ities of the disease, and were compared with two positive
reference drugs, RSV andOCA. Abnormal body weight change
is one of the important NASH parameters for these disease
models. It was shown that RLA8 treatment could completely
prevent MCD-caused mouse body weight loss (Fig. 2A) and
reverse in a time-dependent manner the trend of body weight
gains in HFD mice (Fig. 2C), and that its efficacy was
significantly better than those of both reference drugs.
Histochemical and hepatic histopathological studies of

the experimental mice have disclosed that RLA8 and OCA
treatments could reverse the number and size of fat droplets
and inflammation foci in both MCD and HFD models (Sup-
plemental Fig. 1), and could significantly alleviate hepatic
fibrosis (Fig. 5A) that can only be created in the more severe
MCD model. This observation was further corroborated by
biochemical analysis results showing significant decreases of
TG, TC, FFA, and lipoperoxide contents related to hepatic
lipid accumulation (Fig. 3, C–F and I–L), and of hepatic
inflammation-related key markers, such as TNF-a, IL-6, and
IL-10 (Fig. 3, A–F), in RLA8 and OCA-treated mice for both
NASHmodels; significant decreases of hepatic mRNA expres-
sion of liver fibrosis-related collagen a1(I) in RLA8 and OCA-
treated MCD mice (Fig. 5B); and much improved insulin
resistance in RLA8 and OCA-treated HFD mice (Fig. 6E).
These pathologic and biochemical changes were associated
with the improvement of liver injury and the restoration
of hepatic function, as reflected by the significantly reduced

Fig. 6. The impacts of RSV, OCA, and RLA8 treatments on insulin resistance in HFD NASH mice, reflected by serum glucose (A), insulin (B), TG (C),
and TC levels (D), as well as HOMA-IR (E). Values are the mean6 S.D. (n = 10/group). ##P, 0.01 compared with NC; *P, 0.05; **P, 0.01, compared
with MC.
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serum levels of ALT (Fig. 3, A and G). In most cases, RSV had
similar beneficial effects against NASH, but it was much less
effective than RLA8 and OCA. Most significantly, RLA8
showed almost uniformly better efficacy than OCA for all
parameters examined. In fact, the overall NAS (Table 3) of
mice in the RLA8 group for both MCD (NAS, 3.3) and HFD
(NAS 2.3) models were nearly none-NASH (NAS, ,3.0), and
themorphologic looks of their liver tissues were very similar to
those of normal mice (Fig. 5; Supplemental Fig. 1e). Another
beneficial effect associated with RLA8 treatment was the
significantly increased levels of serum HDL-C, the “good
cholesterol,” in both MCD and HFD models (Fig. 3, B and
H), and this was not observed with OCA and RSV treatments.
Hepatic and peripheral insulin resistance is a general

feature of NASH, and it is usually associated with lipotoxicity
and hepatic inflammation. Moreover, hyperlipidemia (i.e.,
elevated concentrations of plasma lipids) and increased pro-
duction of proinflammatory cytokines also contribute to or
exacerbate hepatic inflammation and fibrosis further. The
improvement of all these parameters, including insulin resis-
tance, hyperlipidemia, and proinflammatory cytokine produc-
tion, upon treatment with RLA8 may be the explanation for
its great efficacy in alleviating NASH-related hepatic in-
flammation, fibrosis, and other symptoms observed with both
NASH models.

Detailed biochemical analysis of the expression levels of
genes/proteins related to lipogenesis and fibrogenesis, includ-
ing SREBP1, FAS, SCD1, VCAM1, TIMP1, TGFb1 (Fig. 7,
B and C), and collagen a1(I) (Fig. 5B), all of which were
drastically upregulated in MCD mice, provided additional
insight into the action mechanism of RLA8. It was shown that
RLA8 treatment could downregulate the expression of all
these proteins, except for TGFb1, at mRNA and/or protein
levels. As the expression of SREBP1, FAS, and SCD1 is
regulated by the AMPK-ACC pathway, we also assessed the
AMPK activity and its major downstream protein ACC to
discover that RLA8 could significantly enhance the phosphor-
ylation of AMPKa and ACC. AMPK is a heterotrimeric kinase,
composed of a conserved catalytic a subunit and two regula-
tory subunits, b and g. The kinase activity of its a subunit can
be increased by two to three orders of magnitude upon Thr172
phosphorylation of its activation loop (Hawley et al., 1996).
AMPK phosphorylates ACC Ser79 to lead to its inactivation,
whereas ACC is the rate-limiting enzyme in fatty acid
synthesis (Weltman et al., 1998; Tong, 2005). AMPKactivation
also reduces the expression of SREBP-1, a lipogenic transcription
factor that can suppress lipogenesis (Li et al., 2011). In turn,
AMPK phosphorylation is realized by the Ca21/calmodulin-
dependent protein kinase CaMKKb (Hawley et al., 2005). GPR40
is a Gaq/11-coupled receptor, which activates phospholipase C

Fig. 7. The influence of RLA8 treatment on the expression of proteins related to hepatic lipogenesis and fibrogenesis and the AMPK pathway in MCD
mice. (A) Hepatic mRNA levels of target genes assessed using reverse-transcription PCR with values normalized against an internal control, GAPDH.
Western blot results of hepatic lipogenesis and fibrogenesis-related proteins (B) and their densitometric quantification (C). (D) Proposed mechanisms for
RLA8 to participate in reversing MCD-induced NASH. Western blot results of phosphorylated AMPKa and ACC (E) and their densitometric
quantification (F). Values are given as the mean 6 S.D. expressed in fold changes compared with NC. #P , 0.05; ##P , 0.01 compared with NC; **P ,
0.01 compared MCD mice.
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(Rhee, 2001) to elevate the intracellular Ca21 concentration
(Shapiro et al., 2005).
TGFb1 is an important profibrogenic cytokine that favors

extracellular matrix deposition. Increased levels of TGFb1
have been detected in human fibrotic livers and in the livers of
rats fed with the MCD diet (George et al., 2003); thus, it is
likely to play a role in the development of hepatic fibrosis.
However, RLA8 did not have a significant impact on the
expression level of TGFb1, indicating that RLA8 reversed
fibrosis, probably through the reduction of liver lipids such as
TGs and lipoperoxides, which are known to regulate collagen I
gene expression, rather than through inhibiting profibrogenic
cytokine expression. In accordance with this, RLA8 was found
to substantially improve HFD-induced insulin resistance and
hyperlipidemia.
Based on the above evidence and also on literature results,

we have proposed in Fig. 7D an action mechanism for RLA8.
As a pan-PPAR and GPR40 agonist, RLA8 might induce
AMPK activation to result in ACC inactivation and down-
regulation of SREBP1, FAS, and SCD1 expression to reduce
lipid synthesis, so as to prevent hepatic lipid accumulation
and thereby related inflammation and fibrosis. In the mean-
time, PPAR-a/g/d and GPR40 activation by RLA8 might also
directly lead to downregulated expression of proinflammatory
and profibrogenic proteins (e.g., VCAM1, TIMP1, and hepatic
collagen a1) to further suppress hepatic inflammation and
fibrosis.
In conclusion, we have introduced in this work a completely

new class of anti-NASH drugs, such as RLA8. It was proved to
be a balanced quadruple agonist for PPAR-a/g/d and GPR40
and exhibited a superb efficacy to reverse NASH-induced
hepatic lipid accumulation, steatosis, inflammation, fibrosis,
and other damage associated with both HFD-induced mild
and MCD-induced severe mouse NASH models. Most impres-
sively, RLA8 showed a significantly better efficacy to treat
NASH than reference “drugs” RSV and OCA, whereas cur-
rently OCA is the most promising NASH drug candidate that
is in phase III clinical trials and there has been no clinically
approved drug to treat NASH yet. Compared with some
subtype-selective PPAR agonists, such as PPAR-a/d agonist
elafibranor (EC50 5 45–175 nM) (Cariou and Staels, 2014) or
specific GPR40 agonist GW9508 (EC50 5 50 nM) (Briscoe
et al., 2006), the agonist activities of RLA8 in each individual
acceptor (EC50 5 1–28 mM) may not seem to be extremely
potent, but the overall therapeutic efficacy of RLA8 was way
superior to all compounds reported thus far. This may be
explained by the synergetic effects upon balanced inhibition of
multiple hepatic lipogenesis, inflammation, and fibrogenesis-
related receptor targets by RLA8, as this can prevent com-
pensatory responses through alternative pathways. In addition,
our preliminary studies also showed that RLA8 had fewer and
less severe side effects than the reference drugs. Therefore,
RLA8 represents a newNASH drug candidate worthy of further
investigation, andwe are now in the process of pushing it toward
clinical studies.
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Supplemental Table 1. Primer sequences used for real time PCR reactions

Target Sequences

GAPDH
F: GAGCCAAAAGGGTCATCATCT

R: AGGGGCCATCCACAGTCTTC

Col1a1
F: GCACGAGTCACACCGGAAC

R: CCAATGTCCAAGGGAGCCAC

SREBP-1c
F: GGAGGGGTAGGGCCAACGGCCT

R: CATGTCTTCGAAAGTGCAATCAC

FAS
F: TCCTGCCTCTGGTGCTTGCT

R: AGTTTCACGAACCCGCCTCCT

SCD1
F: CGAGAGTCAGGAGGGCAGGTTT

R: TGATGGTGGTGGTGGTCGTGTA

Vcam1
F: AGTGTTGCTTGGACTGACTGTTG

R: TGACCTCTTTACCGTTTGCCTAT

Timp1
F: TCCCAGAACCGCAGTGAAG

R: TCAGAGCCCACGAGGACC

TGF-β1
F: ACAACGCCATCTATGAGAAAACC

R: GCAGCTCTGCACGGGACA
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Supplemental Table 2-1. The influences of RLA8, RSV, and OCA on the body weight change and

food intake in MCD -induced NASH mice.

Body weight (g)
week NC MC RSV OCA RLA8
1 24.3±0.30 25.66±0.33
2 24.63±0.25 25.58±0.23
3 25.43±0.33 21.07±0.21
4 26.22±0.23 19.01±0.23
5 26.97±0.22 16.94±0.30
6 27.68±0.23 16.58±0.33 17.01±0.33 17.05±0.32 17.08±0.33
7 27.67±0.31 15.63±0.23## 16.72±0.23 16.1±0.23 17.07±0.23**

8 27.23±0.25 15.14±0.21## 16.01±0.21 15.46±0.21 16.94±0.22**

9 27.33±0.32 14.47±0.25## 15.51±0.25 15.16±0.32 16.84±0.23**

Food intake (g)
week NC MC RSV OCA RLA8
1 3.45±0.10 2.71±0.13
2 4.29±0.15 1.97±0.12
3 4.22±0.13 1.86±0.12
4 4.07±0.12 1.78±0.12
5 4.06±0.12 1.61±0.13
6 3.93±0.11 1.48±0.13 1.45±0.13 1.43±0.11 1.46±0.13
7 3.71±0.13 1.26±0.12 1.31±0.12 1.20±0.12 1.45±0.12
8 3.70±0.12 1.24±0.12 1.14±0.12 1.11±0.12 1.45±0.12
9 3.67±0.13 1.22±0.12 1.06±0.13 1.07±0.13 1.45±0.12

Values are the mean ± SD (n = 10/group). ##P < 0.01 vs. NC, **P < 0.01 vs. MC.
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Supplemental Table 2-2. The influences of RLA8, RSV, and OCA on the body weight change and

food intake in HFD -induced NASH mice.

Body weight (g)
week NC MC RSV OCA RLA8
1 20.45±0.50 21.03±0.52
2 23.08±0.45 24.18±0.43
3 24.53±0.53 25.68±0.41
4 26.29±0.43 28.27±0.42
5 27.05±0.42 29.65±0.50
6 27.98±0.43 31.68±0.52
7 28.84±0.50 33.64±0.43
8 28.86±0.45 35.3±0.41
9 29.76±0.53 37.24±0.45
10 30.12±0.51 39.16±0.43
11 30.49±0.44 41.3±0.43
12 30.97±0.52 43.73±0.41 42.86±0.52 42.74±0.50 44.12±0.50
13 31.15±0.43 44.79±0.43## 42.34±0.44** 41.5±0.44** 42.35±0.52**

14 31.36±0.41 45.14±0.49## 43.21±0.12 41±0.41** 41.42±0.43**

15 31.69±0.42 45.4±0.53## 42.5±0.52* 41.18±0.53** 40.93±0.52**

16 32.8±0.49 45.75±0.43## 42.46±0.42* 39.97±0.43** 39.17±0.44**

Food intake (g)
week NC MC RSV OCA RLA8
1 3.04±0.10 2.27±0.13
2 4.02±0.15 2.31±0.12
3 4.02±0.13 2.42±0.12
4 4.07±0.12 2.43±0.12
5 4.06±0.12 2.52±0.13
6 3.93±0.12 2.56±0.13
7 3.71±0.13 2.57±0.12
8 3.70±0.12 2.51±0.12
9 3.67±0.13 2.54±0.13
10 3.64±0.10 2.18±0.13
11 3.67±0.15 2.21±0.12
12 3.70±0.13 2.14±0.12 2.14±0.13 2.14±0.13 2.14±0.13
13 3.68±0.12 2.3±0.12 2.24±0.12 2.28±0.12 2.18±0.13
14 3.56±0.12 2.27±0.13 2.25±0.12 2.15±0.12 2.15±0.12
15 3.57±0.12 2.34±0.13 2.24±0.13 2.29±0.13 2.17±0.13
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Values are the mean ± SD (n = 10/group). ##P < 0.01 vs. NC, *P < 0.05 and **P < 0.01 vs. MC.

16 3.54±0.13 2.23±0.12 2.13±0.12 2.23±0.12 2.13±0.12
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Supplemental Figure 1. The influences of RLA8, OCA, and RSV treatments on the hepatic

histopathology of MCD (A) and HFD (B)-induced NASH mouse: 100×; Bar = 250 μm. Liver sections

were stained with H&E and oil red O. Representative photomicrographs were obtained from the NC,

MC, MCD or HFD + 100 mg/kg RSV, MCD or HFD + 10 mg/kg OCA, MCD or HFD + 100 mg/kg

RLA8 groups. The black arrows indicate steatosis and the red circle with black arrows indicate

necroinflammation foci.
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Supplemental Figure 2. The agonist activities of RLA8 for FXR and GPBAR1

Values are mean ± standard deviation (SD) that obtained from three independent experiments.


