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ABSTRACT

Retinoic acid (RA), a bioactive metabolite of vitamin A, has shown therapeutic effects in liver
disease, and its effect in improving non-alcoholic fatty liver disease (NAFLD) is associated with the
inhibition of adipogenesis in the white adipose tissue (WAT) and fatty acid oxidation induction in
the liver. However, the major target organ of RA is unknown. We performed chronic administra-
tion of RA in high-fat diet (HFD)-induced NAFLD mice. Further, hepatic and adipose cells were
used to study the direct effect of RA on lipid metabolism. In addition, gRT-PCR was performed to
examine differential gene expression in mouse adipose tissue. RA administration ameliorated
NAFLD in HFD-induced obese mice and increased mouse energy expenditure. Although RA had
therapeutic effects on liver histology and lipid accumulation, it did not directly affect lipid
metabolism in HepG2 cells. In contrast, RA reduced the weight of several adipose tissues and
improved lipid accumulation in OP9 cells. In addition, RA upregulated genes responsible for fatty
acid oxidation and thermogenesis in three different WATs. Our work suggests that the liver may
not be the main target organ of RA during NAFLD treatment. WAT browning induced by RA may
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be the primary contributor towards the amelioration of NAFLD in HFD-induced obese mice.

Introduction

Non-alcoholic fatty liver disease (NAFLD) represents
a spectrum of hepatic pathologies, ranging from simple
steatosis to non-alcoholic steatohepatitis (NASH) and
cirrhosis [1]. NAFLD is frequently associated with obe-
sity and diabetes mellitus, and NAFLD development is
strongly linked to metabolic syndrome [2]. However,
no approved therapy for NAFLD currently exists.

Retinoic acid (RA), a major metabolite of vitamin A,
has many remarkable effects on lipid and energy meta-
bolism [3,4]. RA treatment significantly reduces body
weight and adiposity independent of changes in food
intake and improves insulin sensitivity and glucose
tolerance in high-fat diet (HFD) induced NAFLD
mice [5].

The pathogenesis of NAFLD is complex and relies
on the crosstalk between liver and adipose tissues [5].
Studies have demonstrated that the therapeutic effect of
RA in improving NAFLD is associated with the inhibi-
tion of adipogenesis in the white adipose tissue (WAT)
and the induction of fatty acid oxidation in the liver
[4,6,7]. However, the organ that is the major target of
RA is still unclear.

To address this issue, we performed chronic admin-
istration of RA in HFD-induced NAFLD and explored
the relationship between lipid metabolism in the liver
and that in eight different parts of the adipose tissue.
Furthermore, we used hepatic and adipose cells to
study the direct effect of RA on lipid metabolism. In
this study, we found that adipose cells played a major
role in RA-mediated metabolic homoeostasis and RA
protected against HFD-induced NAFLD mainly by
WAT browning.

Results

RA administration improves lipid and glucose
homoeostasis

Previously published data in rodents demonstrates that
RA prevents and/or reverses diet-induced obesity and
insulin resistance [8]. To investigate the mechanisms of
these protective effects of RA, C57BL/6 ] mice were fed
with or without RA in high-fat diets (HFDs). Results
demonstrated that RA treatment for 8 weeks decreased
the body weight of HFD-fed mice (Figure la) and no
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Figure 1. Retinoic acid protects against high-fat diet-induced lipid and glucose changes to maintain homoeostasis. Effects of
RA treatment in WT mice fed with HFD. Reduction in body weight (a) and Food intake (b) plasma TC (c), Glucose tolerance test (d),
and insulin tolerance test (f) were performed in WT mice fed with HFD and treated with RA (HFD-RA). (e) Fasting glucose. (g) HOMA-
IR. Data are shown as mean + SEM. One-way ANOVA was performed to compare multiple groups, and differences (P < 0.05) have
been labelled with different letters; same letters mean no significance (P > 0.05).

significant change in food intake was observed
(Figure 1b). Compared with mice in the HFD group,
those in HFD-RA group showed substantially
decreased TC levels in the plasma (Figure C).
Moreover, in glucose tolerance test (GTT) and insulin
tolerance test (ITT), mice in the HFD-RA group
showed improved glucose tolerance and insulin sensi-
tivity (Figure 1d,F). Also, fasting glucose and HOMA-
IR were significantly reduced in the HFD-RA group
(Figure le,G). These results showed that RA treatment
improved the metabolic function.

RA administration increases energy expenditure

Increasing energy expenditure is an important mechan-
ism to prevent obesity [9]. We tested the effect of RA on
animal energy expenditure using a laboratory animal
monitoring system (CLAMS). The metabolic analysis
showed increased O, consumption, CO, production,
and respiratory exchange ratio (RER) in the HFD-RA

group compared with the HFD group during dark period
(Figure 2a-C). Importantly, the protective effect of RA
was associated with a significant increase in energy expen-
diture as evaluated by the oxygen consumption test.
Further, the values of respiratory metabolism parameters
were higher in the HFD-RA group than in the HFD group
mainly in the dark period. These data demonstrated that
the increased energy expenditure induced by RA could be
the primary contributor for the prevention of obesity in
NAFLD mice.

The liver may not be the target of RA in NAFLD
treatment

Treatment with RA significantly reduced the size of the
liver and the degree of fat deposition in the liver
(Figure 3a). However, there was no significant differ-
ence in the liver to body weight ratio between HFD-RA
and HFD groups (Figure 3b). RA treatment decreased
hepatic TG and TC levels (Figure 3¢,D). In addition,
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Figure 2. Retinoic acid enhances energy expenditure. (a-d) the curve of oxygen consumption rate (VO,), carbon dioxide
production rate (VCO2), respiratory exchange ratio (RER), and mice activity during a 24-h period. Average VO,, VCO2, and RER in
both light and dark cycles. The energy expenditure was monitored using CLAMS for 72 h. Data are shown as mean + SEM. One-way
ANOVA was performed to compare multiple groups, and differences (P < 0.05) have been labelled with different letters; same letters

indicate no significance (P > 0.05).

RA reduced intracellular hepatic ALT and AST levels
(Figure 3e,F). Moreover, fatty changes in the liver, as
evaluated by H&E staining, were reduced after treat-
ment with RA in NAFLD mice (Figure 3g). HepG2 cells
were used to investigate whether the therapeutic effects
of RA in improving metabolic disorders were directly
through targeting the liver. However, oil red O staining
showed that RA had no effect on lipid metabolism in
HepG2 cells (Figure 3h). These data suggest that the
therapeutic effects of RA in improving metabolic dis-
orders may not directly be through targeting the liver.

RA exerts therapeutic effects by targeting the
adipose tissue

WAT functions primarily as a key regulatory centre of
energy metabolism and a site for fuel storage [10].
Considering the increased energy expenditure induced
by RA (Figure 2), we then evaluated the effects of RA
on WAT. In general, WAT is categorized as subcuta-
neous WAT, dorsolumbar WAT, perigonadal WAT,
retroperitoneal WAT, gluteal WAT, inguinal WAT,
and mesenteric WAT. Unlike our results observed in
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Figure 3. Amelioration of non-alcoholic fatty liver disease by retinoic acid does not directly depend on the liver. (a)
Representative photograph of the liver. (b) liver weight and liver/body weight. (c-f) Hepatic TG, TC, ALT, and AST levels. (g) H&E
staining of the liver. (h) The effects of RA on OA- and PA-induced lipid accumulation in HepG2 cells. Intracellular lipid accumulation
was measured by Oil Red O staining using an inverted microscope. The OD at 510 nm was measured. Data are shown as mean +
SEM. One-way ANOVA was performed to compare multiple groups, and differences (P < 0.05) have been labelled with different
letters; same letters indicate no significance (P > 0.05).

the liver, treatment with RA significantly reduced the  reversed the apparent fat cell changes caused by HFD
weight of different WATs and interscapular brown  (Figure 4i). In addition, on using the OP9 differentia-
adipose tissue (BAT) in NAFLD mice (Figure 4a-H). tion model, we found that RA significantly affected
Furthermore, as shown in H&E staining, RA treatment  adipose differentiation (Figure 4j). These data showed
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Figure 4. White adipose tissue plays an important role in non-alcoholic fatty liver disease mice treated with retinoic acid.
(a) Anterior-subcutaneous white adipose tissue (WAT)/body weight. (b) Dorsolumbar WAT/body weight. (c) Perigonadal WAT/body
weight. (d) Retroperitoneal WAT/body weight. (e) Gluteal WAT/body weight. (f) Inguinal WAT/body weight. (g) Mesenteric WAT/body
weight. (h)Interscapular BAT/body weight. (i) H&E staining of WAT. (j) The effects of RA on OA- and PA-induced lipid accumulation in
OP9 cells. Intracellular lipid accumulation was measured by Oil Red O staining using an inverted microscope. The OD at 510 nm was
measured. Data are shown as mean + SEM. One-way ANOVA was performed to compare multiple groups, and differences (P < 0.05)
have been labelled with different letters; same letters indicate no significance (P > 0.05).

that RA treatment had a direct effect on WAT, and
changes in WAT by RA could be the primary contri-
butor towards NAFLD amelioration.

RA upregulated fatty acid oxidation genes and
thermogenesis genes in WAT in NAFLD mice

In an attempt to unveil the mechanisms by which RA
affects adipose, we assessed the effect of RA on the
expression of genes that control energy expenditure and
thermogenic programing in different WATs and

interscapular BAT. Compared with mice in the HFD
group, those in the HFD-RA group showed increased
transcription levels of carnitine palmitoyltransferase 1b
(CPT1B) and acyl-CoA oxidase 1 (ACOXI), which are
essential genes for controlling fatty acid oxidation.
Moreover, the expression levels of thermogenesis genes
including uncoupling protein 1 (UCPI) and peroxisome
proliferator activated receptor gamma (PPARy); markers
of adipose tissue browning; and Peroxisome proliferator-
activated receptor gamma coactivator 1 (PGCI), a key
thermogenic transcriptional factor, were upregulated
(Figure 5a-D). Further study showed that the protein
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Figure 5. Retinoic acid enhances the transcription of thermogenic programming genes. quantitative reverse transcription
polymerase chain reaction (qRT-PCR) was performed to show the expression of genes associated with fatty acid oxidation and
thermogenesis in three WATs and BATs (a-d). Protein levels of UCP1 were detected by Western blot analysis (e). Data are presented
as mean + SEM. Unpaired two-tailed Student’s t-test was conducted to compare between two groups and significance has been

marked with

levels of UCP1 were significantly increased in both white
adipose and brown adipose tissues (Figure 5e). These
data suggest that RA promotes thermogenesis by enhan-
cing the transcription of thermogenic programming
genes and inducing WAT browning.

Discussion

The adipose tissue is a mediator of metabolism and has
been implicated in the development of NAFLD [11].

* (P < 0.05), ** (P < 0.01), *** (P < 0.001), and **** (P < 0.0001).

RA signalling acts as a central regulator in adipose
tissue remodelling [12] and is well known to induce
adipocyte differentiation. In previous research, brown-
ing of inguinal subcutaneous and perigonadal visceral
WATS was found to be associated with reduced obesity
[13]. Here, we detected the effect of RA on eight dif-
ferent adipose tissues including visceral and subcuta-
neous adipose tissues [14]. As expected, except for
inguinal WAT, the weight of other WATS significantly
decreased after RA treatment. Besides, lipid



accumulation in OP9 cells was decreased after RA
treatment. This finding is also in agreement with
other findings that RA upregulates the mRNA levels
of UCPI, transcription factors (PGC-1, PPARy), and
enzymes (CPTI) involved in fatty acid oxidation in
different WAT depots, and is consistent with the find-
ing of an increased capacity for oxidative metabolism/
thermogenesis in these depots [6]. Taken together,
these results indicate that RA may protect against HFD-
induced NAFLD by WAT browning.

The receptors of RA, i.e., RA receptors (RARs) and
retinoid X receptors (RXRs), are two transcription fac-
tors mediating RA’s ability to regulate gene expressions
[15]. A previous study showed that reduction in RXR
signalling appears to attenuate HFD-induced obesity
and diabetes mellitus type 2 [16], and overexpression
of RXR elevates glucose disposal. Additionally, several
studies suggest that RA activity is mediated primarily
by members of the RAR subfamily, namely RARa,
RARP, and RARYy, which belong to the nuclear receptor
superfamily of transcription factors [17]. RARa and
RARy are highly expressed in WAT depots [18],
whereas RARP is relatively more abundant in the liver
[19]. This characteristic expression pattern may indi-
cate specific functions for RAR isoforms in liver and
WAT biology. Lee et al. have shown that altered RAR
signalling in adipocytes resulted in a significant
decrease in all-trans-retinoic acid levels in visceral adi-
pose tissues as well as in the liver tissue [20]. In this
study, it is evident that RA protected mice from
NAFLD. It did not affect lipid metabolism in HepG2
cells, but did affect the metabolism in OP9 cells, which
may be because of the differences in RA receptor’s
expressions between adipose and liver tissues.

In conclusion, our work suggests that the liver may
not the main target of RA during NAFLD treatment.
WAT browning induced by RA may be the primary
contributor towards the amelioration of NAFLD in the
diet-induced obese mice. The receptors that played
a key role in RA-induced therapeutics in adipose tissue
need further study. Meanwhile, there is still a lot to
learn about RA in WATS in healthy and pathological
conditions, which hopefully will reveal novel therapeu-
tic targets for NAFLD treatment.

Materials and methods
Cell culture and differentiation

OP9 mouse stromal cell and HepG2 cell were obtained
from the American Type Culture Collection (ATCC,
USA). HepG2 cells were maintained in Dulbecco’s
modified Eagle’s medium (DMEM,; Life Technologies,
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Grand Island, NY, USA) supplemented with 10% foetal
bovine serum (FBS; Life Technologies). Palmitic acid
(PA) and oleic acid (OA) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). HepG2 cells were incu-
bated with 300 uM oleic acid (OA) plus 300 uM palmi-
tic acid (PA) for 48 h, as described previously.
Subsequently, the medium was replaced with
a normal fresh medium containing RA at final concen-
tration of 10 uM and incubation was continued for an
additional 48 h. OP9 cells were maintained in MEM-a
containing L-Glutamine, with 20% FBS (Secure foetal
bovine serum; Gibco, Australia), 100 U/mL penicillin,
and 100 pug/mL streptomycin [21]. For adipocyte differ-
entiation, 1 uM rosiglitazone was added to the culture
medium for differentiation at 37°C in 5% CO,. RA was
then added to the medium at 10 uM for 5 days. Three
wells of OP9 cells were used for each experiment. After
treatment for 5 days, the cells were washed twice with
PBS, fixed with 4% paraformaldehyde at room tem-
perature for 30 min, and then stained with oil red
O (Sigma, USA). The absorbance was measured at
510 nm.

Quantitative real-time PCR

Total RNA was extracted using Trizol (Ambion, USA).
cDNA was synthesized using a reverse transcription
reagent kit (RT Reagent Kit with gDNA Eraser
RR047A, Takara, Japan). Gene expression levels were
analysed by quantitative real-time PCR using the BIO-
RAD CFX Connect Real-Time System (CA, USA).

HFD feed and metabolic assays

The animal protocols followed in this study were
approved by the Animal Ethics Committee of
Jiangnan University, China. All experiments were per-
formed in accordance with Chinese regulations for the
administration of affairs concerning experimental ani-
mals 2017. Male C57BL/6 mice (6 weeks old) were
purchased from the Xi Nuo Sai BioScience, Inc.
(Suzhou, China) and randomly classified into two
groups: normal diet (ND; chow diet, 10% of calories
derived from fat) and high-fat diet (HFD, 60% of cal-
ories derived from fat, Research Diets, Beijing, China;
D12451). After 12 weeks of modelling, the HFD group
was further divided into two groups, fed with or with-
out RA (50 mg RA per 1 kg diet). Eight mice were
included in each group.

The respiratory exchange ratio (RER, the volume ratio
of CO, exhaled versus O, consumed), VO, (mL/kg/h),
and VCO, (mL/kg/h) were measured using metabolic
chambers (Columbus Instruments, Columbus, OH).
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GTTs and ITTs were conducted at the end of this experi-
ment as in previous reports [22,23]. For GTT, mice were
fasted overnight for 12 h, and glucose (2 g/kg body
weight) was injected intraperitoneally. For ITT, insulin
(0.75 U/kg body weight) was injected intraperitoneally
without fasting. Mice were sacrificed after RA treatment.
The blood samples were collected for the determination of
glucose values using an Accu-check glucometer (Roche
Diagnostics, Basel, Switzerland). Insulin levels in the
serum were measured using an ELISA kit (Mouse
Insulin ELISA, Mercodia, Sweden), according to the stan-
dard procedure [24]. The intra- and inter-assay coefficient
of variation for the insulin ELISA kit were <4% and <6%,
respectively. After 14 weeks of HFD feeding, the mice
were sacrificed, and the serum was collected. Serum
total cholesterol (TC), alanine aminotransferase (ALT),
and aspartate aminotransferase (AST) levels were mea-
sured using Roche Modular P800 Automatic Analyser
(Roche, Basel, Switzerland).

Histopathological examination

Haematoxylin and eosin (H&E) staining of adipose and
liver tissues was performed as previously reported
[25,26]. Intrahepatic triglyceride (TG) content was
measured by colorimetric methods (Triglyceride
Quantification Kit, BioVision, USA) [27].

Statistical analysis

Each experiment was repeated at least three times. All
data are presented as mean + SEM. One-way ANOVA
following the post-hoc tests by Tukey was used to com-
pare multiple groups, and differences (P < 0.05) have
been labelled with different letters; same letters mean
no significance(P > 0.05). The unpaired two-tailed
Student’s t-test was used for comparisons between two
groups and significances were marked with * (P < 0.05),
** (P < 0.01), *** (P < 0.001), and *** (P < 0.0001).
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