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Abstract Type 2 diabetes (T2D) is often accompanied with an induction of retinaldehyde dehydroge-

nase 1 (RALDH1 or ALDH1A1) expression and a consequent decrease in hepatic retinaldehyde (Rald)

levels. However, the role of hepatic Rald deficiency in T2D progression remains unclear. In this study, we

demonstrated that reversing T2D-mediated hepatic Rald deficiency by Rald or citral treatments, or liver-

specific Raldh1 silencing substantially lowered fasting glycemia levels, inhibited hepatic glucogenesis,

and downregulated phosphoenolpyruvate carboxykinase 1 (PCK1) and glucose-6-phosphatase (G6PC)

expression in diabetic db/db mice. Fasting glycemia and Pck1/G6pc mRNA expression levels were

strongly negatively correlated with hepatic Rald levels, indicating the involvement of hepatic Rald deple-

tion in T2D deterioration. A similar result that liver-specific Raldh1 silencing improved glucose meta-

bolism was also observed in high-fat diet-fed mice. In primary human hepatocytes and oleic acid-

treated HepG2 cells, Rald or Rald þ RALDH1 silencing resulted in decreased glucose production and

downregulated PCK1/G6PC mRNA and protein expression. Mechanistically, Rald downregulated direct

repeat 1-mediated PCK1 and G6PC expression by antagonizing retinoid X receptor a, as confirmed by
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luciferase reporter assays and molecular docking. These results highlight the link between hepatic Rald

deficiency, glucose dyshomeostasis, and the progression of T2D, whilst also suggesting RALDH1 as a

potential therapeutic target for T2D.

ª 2023 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical

Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Retinoids, including retinol, retinaldehyde (Rald), and retinoic
acid (RA), are micronutrients essential for the maintenance of
normal physiological processes1. The effects of retinoids on
regulating glucose and lipid metabolism have also been demon-
strated2e4. These functions of retinoids were considered to be
mainly mediated by RA via the regulation of two major nuclear
receptor families: retinoic acid receptors (RARs) and retinoid X
receptors (RXRs)4,5. However, accumulating evidence has
demonstrated that Rald, in addition to its role in visual regulation,
also possesses several other important biological activities6e8.

Retinoids are primarily stored in the liver, where approxi-
mately 80% of retinoids are stored in stellate cells, with the
remainder being stored in parenchymal cells9. However, the large
and abundant parenchymal cells account for over 70% of the
enzymes and intracellular binding proteins involved in retinol
metabolism10,11. In hepatocytes, retinol is oxidized to Rald by
alcohol dehydrogenases or retinol dehydrogenases12. Rald is
further irreversibly oxidized to RA by retinaldehyde de-
hydrogenases (RALDHs, also known as ALDH1As), which con-
trol the homeostasis of hepatic Rald13.

Given this regulation mechanism, alcohol dehydrogenase 1
silenced mice have significantly lower levels of Rald14. Conse-
quently, retinol dehydrogenase 1-null mice12 and retinol dehy-
drogenase 10 knockout mice15 have both been found to exhibit
higher plasma exposure to glucose during glucose and insulin
tolerance tests. In contrast, Raldh1�/� mice show increased Rald
levels14, alongside lower fasting blood glucose (FBG)16 and lower
plasma glucose during the glucose and insulin tolerance test8. We
have previously reported that feeding a high-fat diet (HFD)
significantly decreased the levels of Rald in the livers of rats,
which was attributed to increases in the function and expression of
hepatic RALDH117. Furthermore, both RALDH1 inhibitors (such
as citral and WIN 18,446) and Rald itself have been shown to
improve glucose metabolism in ob/ob mice8 and HFD-fed
mice18,19. Based on these results, we deduced that hepatic Rald
deficiency might contribute to hepatic glucose dyshomeostasis and
the deterioration of T2D. To test this hypothesis, in the present
study, we evaluated the influence of Rald, Rald þ the RALDH1
inhibitor citral, or silencing of hepatic Raldh1 in diabetic db/db
mice in vivo and the impact of Rald on hepatic glucose meta-
bolism in oleic acid (OA)-treated HepG2 cells and primary human
hepatocytes as in vitro models.

The liver plays an essential role in systemic glucose homeo-
stasis by regulating glucose uptake, utilization, gluconeogenesis,
glycogenesis, and glycogenolysis, which are mainly controlled by
enzymes such as glucokinase (GCK), phosphoenolpyruvate car-
boxykinase 1 (PCK1), and glucose-6-phosphatase (G6PC)20,21.
Hepatic gluconeogenesis was reported to contribute to 75% of the
hepatic glucose output in T2D22. Retinoids, especially RA,
regulate the metabolism of hepatic glucose and lipids by affecting
the RXR- and RAR-mediated expression of their target genes,
such as PCK1, G6PC, GCK, and sterol regulatory element binding
transcription factor 1 (SREBF1)23. In general, RXR must form
homodimers or heterodimers with other nuclear receptors to
regulate the transcription of their target genes5 by binding
response elements composed of two AGGTCA sites arranged in a
direct repeat (DR) configuration with a characteristic inter-half-
site spacing of 1e5 bp (known as DR1eDR5) of different
genes24. The chemical structure of Rald is analogous to that of
RA, indicating that Rald may also affect glucose metabolism by
affecting retinoid receptors or by disturbing the affinity of reti-
noids to these receptors. Therefore, the final aim of this study was
to investigate the associations between Rald, the PCK1/G6PC
expression levels and the activation of these nuclear receptors.
Collectively, these results highlight the link between hepatic Rald
deficiency and hepatic glucose dyshomeostasis, thus providing a
new mechanism for the progressive deterioration of T2D.

2. Materials and methods

2.1. Reagents

The retinoids were all-trans isomers unless otherwise indicated.
All materials, antibodies, and primers used in this study are
commercially available and are listed in Supporting Information
Tables S1, S2, and S3, respectively.

2.2. Animals

Six-week-old male db/db mice (approximately 35 g), db/m mice
(approximately 20 g), and C57BL/6J mice (approximately 20 g)
were purchased from CAVENS Lab Animal Ltd. (Changzhou,
China) and maintained under controlled environmental condi-
tions (temperature, 24 � 2 �C; humidity, 50 � 5%, 12 h light/
dark cycle) with free access to water and food. The experimental
protocols were performed according to the Guide for the Care
and Use of Laboratory Animals (National Institutes of Health,
USA). Animal experiments were approved by the China Phar-
maceutical University Animal Ethics Committee (protocol code
No. 2019-06-016).

2.3. Rald and Raldþcitral treatment in db/db mice

Following 1-week acclimation, 18 db/db mice (8 weeks old), were
randomly assigned to the diabetic control (DM) group, the dia-
betic group treated with Rald (DM-R), or the diabetic group
treated with Raldþcitral (DM-RC). Six age-matched db/m mice
were used as normal controls (CON). Rald (25 mg/kg) and citral
(50 mg/kg) were administered to the mice via intraperitoneal
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injection once daily for five weeks. Mice in the DM and CON
groups received injection of vehicle only. The doses of the tested
drugs were obtained from a previous report8.

Physiological parameters such as body weight and water and
food consumption were recorded daily during the treatments. FBG
levels after 6 h of fasting were measured using a glucometer
(Accu-Check; Roche, Mannheim, Germany) once a week. The
intraperitoneal insulin tolerance test, intraperitoneal pyruvate
tolerance test (ipPTT), and intraperitoneal glucose tolerance test
(ipGTT) were performed on Days 24, 28, and 33, respectively. On
the designated day, the experimental mice, after fasting for 6 h,
received insulin (0.75 IU/kg), sodium pyruvate (1 g/kg), or glucose
(0.75 g/kg). The blood glucose levels at 0 (baseline), 15, 30, 60,
and 120 min post-injection were measured using a glucometer.

On Day 35, 6 h after the last dose, experimental mice were
sacrificed under a yellow-light environment following isoflurane
anesthesia. Tissues and blood samples were then immediately
collected to measure Rald concentrations, biochemical parame-
ters, and the levels of target genes and proteins. The concentra-
tions of free fatty acids25, Rald and RA17 were all determined
using high-performance liquid chromatography. Biochemical pa-
rameters were measured using the corresponding kits (Table S1).

2.4. Liver-specific Raldh1 silencing in db/db mice

The Raldh1 gene in the livers of db/db mice was silenced using
adeno-associated virus serotype 9 (AAV9)-Raldh1-shRNA (Han-
heng, Shanghai, China). For AAV9-Raldh1-shRNA construction,
two sequences of short hairpin RNA for Raldh1 were designed,
and the silencing efficiencies were determined in primary mouse
hepatocytes (Supporting Information Fig. S1AeS1D). Sequence 2
(GGGTTAACTGCTATATGAT), which showed higher silencing
efficiency, was selected for cloning into the vector.

Twelve db/db mice were randomly assigned to two groups,
DM-ShCON mice and DM-ShRaldh1 mice, which were injected
with the AAV9-Empty or AAV9-Raldh1-shRNA (2 � 1011 viral
particles), respectively, via the tail vein. Body weight, water and
food consumption, and FBG levels were monitored, as described
above. Three weeks after transfection, in vivo imaging was per-
formed using a Tanon ABL small animal imaging system (Tanon
Science & Technology Co., Ltd., Shanghai, China) to confirm the
specificity of virus infection. On Days 28 and 33 after transfection,
the ipPTT and ipGTT were performed as described above. The
experimental mice were sacrificed on Day 35 following trans-
fection, with the corresponding parameters being measured as
described above.

2.5. HFD treatment to liver-specific Raldh1-silenced C57BL/6J
mice

Six-week-old male C57BL/6J mice (n Z 18) were acclimated to
the laboratory environment for 1 week. Twelve mice were injected
with AAV9-Empty via the tail vein as control (ShCON) mice,
whilst the six remaining mice were injected with AAV9-Raldh1-
shRNA (2 � 1011 viral particles) to develop liver-specific
Raldh1-silenced (ShRaldh1) mice. All mice were fed with a
standard chow diet for 1 week, with six ShCON mice and six
ShRaldh1 mice being switched to a HFD containing w60% cal-
ories from fat (TP23300, TROPHIC Animal Feed High-Tech Co.,
Ltd., China) for 4 weeks to form the HFD-ShCON and HFD-
shRaldh1 groups, respectively. The six remaining ShCON mice
continued to be fed the standard chow diet to form the SCD-
ShCON group. Details regarding the HFD feeding methods have
been described in our previous report17. Food and water con-
sumption, body weight, and FBG levels were monitored as
described above. The ipPTT and ipGTT were performed 3 and 4
weeks after HFD initiation, respectively. On Day 37 following
transfection, the experimental mice were sacrificed, with the cor-
responding parameters being measured as previously described.

2.6. Cell culture and drug treatment

HepG2 cells were purchased from the Chinese Academy of
Medical Sciences (Shanghai, China) and cultured in Dulbecco’s
modified Eagle’s medium containing 10% fetal bovine serum. To
mimic the conditions of T2D, OA-treated HepG2 cells were
established according to a previously described method26,27. In
brief, once the cells reached approximately 40% confluence, they
were cultured in medium containing 0.4 mmol/L OA for a further
72 h. Cellular levels of fatty acids and corresponding genes were
then determined to confirm the successful development of the
model. Subsequently, OA-treated HepG2 cells, with or without
RALDH1 silencing, were incubated in a culture medium con-
taining Rald (2 mmol/L), or/and an agonist/antagonist of nuclear
receptors [RXR, RAR, or peroxisome proliferator-activated re-
ceptor-gamma (PPARg)] for 72 h, and the levels of glucose pro-
duction, glucose utilization, and corresponding target gene and
protein expression were measured.

Cryopreserved human hepatocytes (Cat. No. BQH1000.H15þ)
from four donors were purchased from Shanghai QuanYang Co.,
Ltd. (Shanghai, China). Following thawing, the hepatocytes were
seeded in 48-well plates at a density of 1.5 � 105 cells/well.
Twelve hours after seeding, the hepatocytes, with or without
RALDH1 silencing, were cultured in OptiCulture hepatocyte
media (XenoTech, KS, USA) containing Rald (2 mmol/L) for
another 72 h. The levels of glucose production and the expression
of target genes and proteins were measured.

2.7. RALDH1 knockdown with RNA interference

Human primary hepatocytes and HepG2 cells were transfected
with 100 nmol/L RALDH1 small interfering RNA (siRALDH1) or
scrambled negative control (siNC) (Gene-Pharma, Shanghai,
China) and Lipofectamine 3000 (Invitrogen, CA, USA), according
to the manufacturer’s instructions. Twenty-four hours after trans-
fection, the cells were subjected to the corresponding experiments
described previously. The small interfering RNA sequence (50-
GGACAAUGCUGUUGAAUUUTT-30) for human RALDH1 was
designed according to a previous report28.

2.8. Glucose production and utilization

Glucose production and utilization assays were performed ac-
cording to a previously described method29. Briefly, for glucose
consumption, drug-treated cells were incubated with a fresh me-
dium containing the tested agents and insulin (10 nmol/L) for 6 h.
Glucose levels in the medium were then measured using a glucose
assay kit (Jiancheng Bioengineering Institution, Nanjing, China).
For glucose production assays, drug-treated cells were washed
three times with phosphate-buffered saline and were incubated
with glucose- and phenol red-free Dulbecco’s modified Eagle’s
medium containing gluconeogenic substrates (20 mmol/L sodium
lactate, 2 mmol/L sodium pyruvate, and 15 mmol/L HEPES) and
the test agents for 3 h. Glucose formation in the medium was
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determined by high-performance liquid chromatography, as pre-
viously reported30.

2.9. Reverse transcription-quantitative polymerase chain
reaction (qPCR)

Total mRNA was extracted from cells or tissues using RNAiso
Plus Reagent (Takara, Japan) and reverse-transcribed into cDNA
using HiScript III RT SuperMix for qPCR (Vazyme, Nanjing,
China). The cDNA was then used as a template for qPCR
amplification using qPCR SYBR Green Master Mix (Yeasen,
Shanghai, China) and the corresponding primers (Table S3) on a
LightCycler 96 real-time PCR system (Roche Applied Science,
IN, USA) according to the manufacturer’s instructions. Relative
mRNA levels were normalized to ACTB using the comparative
cycle threshold method.

2.10. Western blotting

Total protein was extracted from the liver and cells as previously
described29. Proteins were separated using 8%e12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane. After blocking for 2 h at
room temperature with 5% nonfat dry milk, the blots were incu-
bated overnight at 4 �C with the corresponding primary antibodies
(Table S2). After washing with Tris-buffered saline with Tween,
the blots were incubated with horseradish peroxidase-conjugated
secondary antibodies for 1.5 h at room temperature. Protein
levels were visualized using a highly-sensitive ECL Western
Blotting substrate (Vazyme, Nanjing, China) and a gel imaging
system (Tanon Science & Technology Co., Ltd., Shanghai, China).

2.11. Luciferase reporter assay

All plasmids were constructed by XinJia Medical Technology
(Nanjing, China). The gene sequences for the ligand-binding
domain (LBD) of RARa and RXRa were inserted into the
pBIND plasmid to construct the pBIND-based Gal4-RARa LBD
(RARa-LBD) and Gal4-RXRa LBD (RXRa-LBD) vectors.
These plasmids, along with pGL4.35[luc2P/9XGAL4UAS/
Hygro], were co-transfected into HEK293T cells for cell-based
binding activity assays. pGL4.35-based luc2P-4XDR1 and
luc2P-4XDR5, along with pBIND-based RXRa or RARa
expression plasmids, were co-transfected into HEK293T cells for
the transactivation assay of DR1-or DR5-triggered reporter gene
expression.

HEK293T cells were seeded in 6-well plates for 12 h and then
transfected with 2 mg of the above plasmids (Equimass) using
Lipofectamine 3000 and P3000 according to the manufacturer’s
instructions. After 12 h of transfection, the cells were digested and
divided into 96-well plates. Transfected cells were then incubated
for an additional 12 h before treatment with the test agent. After
24 h of drug treatment, the cells were lysed and assayed for
luciferase activity according to the instructions of the dual lucif-
erase assay kit (Yeasen, Shanghai, China). The transfection effi-
ciency was normalized to Renilla luciferase activity.

2.12. Molecular docking

The 3D crystal structure of RXRa (id:1FBY) was retrieved from
the Protein Data Bank and prepared using Schrödinger Maestro
11.5. The ligand 3D structures were retrieved from the ZINC
database and prepared using the Ligprep tool. Proteins and ligands
were prepared using an OPLS3 force field. The scoring grid was
defined based on the co-crystallized ligand (9-cis-RA) and then
docked using the ligand docking tool. The grid box was the
centroid of individual ligands, and the van der Waals scaling of
receptors and ligands was 0.5. Other options were retained as the
default parameters. After induced-fit docking, high-scoring
induced-fit docking models were superimposed on the complex
crystal structure to detect changes in the side chains.

2.13. Statistical analysis

Data were analyzed using GraphPad Prism version 8.0.2. A P
value <0.05 indicates statistical significance. Unpaired two-tailed
Student’s t tests were used to compare two groups. One- or two-
way analysis of variance, followed by Fisher’s LSD multiple
comparison tests, were used for comparisons among multiple
groups.

3. Results

3.1. Hepatic Rald deficiency is involved in T2D deterioration

To confirm whether hepatic Rald deficiency contributes to the
deterioration of T2D, db/db mice were treated with Rald (DM-R)
or Raldþcitral (DM-RC) for 5 weeks (Fig. 1A). The body weight
change is shown in Fig. 1B. Rald or Raldþcitral treatment sub-
stantially alleviated diabetic symptoms in db/db mice based on a
decrease in food and water consumption and FBG levels
(Fig. 1CeE, Supporting Information Table S4). Furthermore,
Raldþcitral showed potent therapeutic effects (Fig. 1CeE, Table
S4). In diabetic control (DM) mice, FBG levels increased over
time, from 17.0 � 5.1 mmol/L at the beginning to
28.8 � 3.2 mmol/L at the end of the five-week treatment, whereas
FBG levels in DM-R mice only slightly increased, from
15.6 � 3.7 mmol/L to 18.7 � 6.7 mmol/L in the same period. In
contrast, FBG levels in DM-RC mice decreased from
16.3 � 6.0 mmol/L initially, to 13.9 � 4.0 mmol/L after the
treatment, although this difference was not statistically significant.
Consequently, FBG levels in both DM-R and DM-RC mice at the
end of the five-week treatment were significantly lower than those
of DM mice (Fig. 1E and Table S4). Based on the ipPTT and
ipGTT analysis results, compared with normal db/m (CON) mice,
DM mice showed higher blood glucose exposure following so-
dium pyruvate or glucose loading, indicating an enhancement of
gluconeogenesis and impairment of glucose utilization (Fig. 1F
and G). Treatment with Rald or Raldþcitral significantly
decreased plasma glucose exposure following pyruvate or glucose
administration in db/db mice (Fig. 1F and G). Insulin sensitivity
tended to improve, although no significant difference was
observed (Fig. 1H).

Compared with CON mice, DM mice showed significantly
lower hepatic Rald concentrations (Fig. 1J), whereas diabetes
tended to increase hepatic RA levels (Fig. 1K), which was in line
with the upregulated expression of hepatic RALDH1 protein
(Fig. 1I). Treatment with Rald or Raldþcitral significantly
increased hepatic Rald levels (Fig. 1J), but did not influence he-
patic RA levels in db/db mice (Fig. 1K), which may be because
the mRNA expression of cytochrome P450 family 26 subfamily A
(Cyp26a), which encodes a RA metabolism enzyme, was sharply
induced (Fig. 1L). Strong negative correlations of FBG levels



Figure 1 Effects of retinaldehyde (Rald) or Raldþcitral treatment on type 2 diabetes (T2D) progression in db/db mice. Schematic diagram of

the experiment (A). Changes in body weight (B), food intake (C), water consumption (D), and fasting blood glucose (FBG) levels (E) of db/m

(CON) mice, db/db (DM) mice, Rald-treated db/db (DM-R) mice, and Raldþcitral-treated db/db (DM-RC) mice. Blood glucose levels and their

area under the curve (AUC) following intraperitoneal 1 g/kg sodium pyruvate (F), 0.75 g/kg glucose (G), or 1 IU/kg insulin (H) injection in CON,

DM, DM-R, and DM-RC mice. The expression of RALDH1 protein (I), levels of Rald (J) and RA (K), and mRNA levels of Cyp26a (L) in the

livers of CON, DM, DM-R, and DM-RC mice. Correlation analysis of hepatic Rald levels with FBG (M) and the AUC of the intraperitoneal

pyruvate (N) or glucose tolerance test (O) in CON, DM, DM-R, and DM-RC mice. Data are mean � SD, n Z 6. *P < 0.05, **P < 0.01 vs. DM

mice; ##P < 0.01 vs. DM-R mice; &&P < 0.01 vs. Week 0.
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(Fig. 1M, P Z 0.002) and the area under the curve (AUC) of the
ipPTT (Fig. 1N, P Z 0.003) and ipGTT (Fig. 1O, P Z 0.047)
with hepatic Rald concentrations were observed, which demon-
strated that hepatic Rald deficiency is involved in the impairment
of glucose metabolism in T2D.
3.2. Liver-specific Raldh1 silencing improves hepatic glucose
metabolism by increasing hepatic Rald levels in db/db mice

In vivo imaging analysis showed that the livers of db/db mice were
specifically infected with AAV9-Raldh1-shRNA to generate DM-



Figure 2 Liver-specific Raldh1 silencing increases hepatic Rald levels to attenuate T2D deterioration. (A) In vivo imaging of CON mice (db/m

mice receiving saline injection), DM-ShCON mice (db/db mice infected with AAV9-shEmpty), and DM-ShRaldh1 mice (db/db mice infected

with AAV9-shRaldh1) at 3 weeks after AAV9 injection. Levels of hepatic RALDH1 mRNA and protein (B), hepatic Rald (C), and FBG (D)

in CON, DM-ShCON, and DM-ShRaldh1 mice. Blood glucose levels and their AUC in each group of mice following intraperitoneal injection of

1 g/kg sodium pyruvate (E) or 0.75 g/kg glucose (F). Data are mean � SD, n Z 6. *P < 0.05, **P < 0.01 vs. DM-ShCON mice; &&P < 0.01 vs.

Day 0.

Retinaldehyde deficiency deteriorates type 2 diabetes 3733
ShRaldh1 mice (Fig. 2A). Compared to DM-ShCON mice, DM-
ShRaldh1 mice showed a significantly lower expression of he-
patic RALDH1 at the protein and mRNA levels (Fig. 2B).
Consequently, the hepatic Rald levels substantially increased from
17.1 � 5.2 ng/g liver in DM-ShCON mice to 60.1 � 12.5 ng/g
liver in DM-ShRaldh1 mice (Fig. 2C).

Similar to the findings observed in Rald- and Raldþcitral-
treated db/db mice, liver-specific Raldh1 silencing also
improved diabetes symptoms in db/db mice (Fig. 2DeF and
Supporting Information Table S5). DM-ShRaldh1 mice showed a
similar body weight to that of DM-ShCON mice, although the
consumption of food and water in DM-ShRaldh1 mice was lower
than that in DM-ShCON mice (Fig. S1EeS1G). In contrast to
DM-ShCON mice, FBG levels in DM-ShRaldh1 mice no longer
increased over time (Fig. 2D). Significantly lower levels of blood
glucose exposure during the ipPTT (Fig. 2E) and ipGTT (Fig. 2F)
were also observed in the DM-ShRaldh1 mice.

3.3. Decreases in hepatic Rald levels impair glucose
metabolism by upregulating hepatic PCK1 and G6PC expression

Compared with those of CON mice, DM mice showed signifi-
cantly higher levels of PCK1 and G6PC proteins (Fig. 3A and B)
and mRNA (Fig. 3C). The levels of GCK protein and mRNA also
showed an increasing trend in DM mice, but this difference was
not statistically significant. Treatment with Rald or Raldþcitral
substantially decreased the expression of PCK1 and G6PC at the
protein and mRNA levels in the livers of db/db mice (Fig. 3AeC).
The protein and mRNA expression levels of GCK were only
significantly induced in the livers of DM-RC mice (Fig. 3AeC).
Correlation analysis showed that hepatic Rald concentrations were
negatively correlated with the mRNA levels of Pck1 (Fig. 3D,
P Z 0.0002) and G6pc (Fig. 3E, P Z 0.013) but not with those of
Gck (Fig. 3F, P Z 0.90), suggesting that hepatic Rald deficiency
impairs hepatic glucose metabolism owing to upregulation of
PCK1- and G6PC-mediated gluconeogenesis. The observation of
a strong correlation between the AUC during the ipPTT and he-
patic Rald concentration (Fig. 1N, P Z 0.003) also supported the
above deduction. These results were further confirmed by liver-
specific Raldh1 silencing, which significantly decreased the pro-
tein and mRNA expression levels of PCK1 and G6PC (Fig. 3GeI)
in db/db mice, likely contributing to the observed increase in the
levels of hepatic Rald (Fig. 2C). However, GCK protein levels
were not significantly affected by liver-specific Raldh1 silencing
(Fig. 3GeI).

3.4. Liver-specific Raldh1 silencing attenuates the impairment
of glucose metabolism in HFD-fed mice

The role of hepatic Rald deficiency in the impairment of glucose
metabolism was further observed in HFD-fed liver-specific
Raldh1-silenced C57BL/6J (HFD-ShRaldh1) mice (Fig. 4A). HFD
feeding significantly decreased hepatic Rald levels (Fig. 4B),
whilst also increasing body weight (Fig. 4C), FBG levels
(Fig. 4D), and serum glucose exposure after intraperitoneal
administration of glucose or pyruvate in ShCON mice (Fig. 4F and
G). Under the same HFD feeding conditions, ShRaldh1 mice had
significantly higher liver Rald levels, as a result of the effective
silencing of liver RALDH1 (Fig. 4B and Fig. S1H). Corre-
spondingly, ShRaldh1 mice showed resistance to HFD-induced
body weight gain (Fig. 4C) and the elevation of PCK1 and
G6PC proteins (Fig. 4H) and FBG levels (Fig. 4D), without
changing food consumption (Fig. 4E). The results of the ipGTT
and ipPTT also demonstrated that ShRaldh1 mice showed reduced



Figure 3 Decreases in hepatic Rald upregulates PCK1 and G6PC expression in db/db mice. GCK, PCK1, and G6PC protein levels (A, B) in the

livers of CON, DM, DM-R, and DM-RC mice (nZ 6). (C) Gck, Pck1, and G6pc mRNA levels in the livers of CON (nZ 5), DM (nZ 6), DM-R

(n Z 6), and DM-RC (n Z 6) mice. Correlation analysis of hepatic Rald concentrations with the mRNA levels of Pck1 (D), G6pc (E), and Gck

(F). GCK, PCK1, and G6PC protein (G, H) and mRNA (I) levels in the livers of CON, DM-ShCON, and DM-ShRaldh1 mice (n Z 6). Data are

mean � SD. *P < 0.05, **P < 0.01 vs. DM or DM-ShCON mice.
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glucose exposure after glucose or pyruvate injections (Fig. 4F and
G). Overall, these results suggest that the elevated levels of hepatic
Rald improve glucose metabolism in HFD-fed mice.

3.5. Rald downregulates gluconeogenesis by inhibiting PCK1
and G6PC expression in OA-treated HepG2 cells and primary
human hepatocytes

T2D is often associated with hepatic steatosis31. Therefore, OA-
treated HepG2 cells were utilized to investigate the role of Rald
in hepatic glucose metabolism. The OA-treated HepG2 cells
were characterized by hepatic steatosis, as evidenced by the
cellular accumulation of triglycerides (Fig. 5A), OA (Fig. 5B),
and palmitic acid (Fig. 5C); impaired glucose utilization
(Fig. 5D); and increased glucose production (Fig. 5E). OA-
treated HepG2 cells also exhibited significantly higher mRNA
levels of G6PC and PCK1 than those of untreated control cells
(Fig. 5F). OA treatment had no influence on RALDH1 activity
and protein expression in HepG2 cells (Supporting Information
Fig. S2A and S2B). Importantly, Rald decreased PCK1 and
G6PC mRNA expression in OA-treated HepG2 cells in a
concentration-dependent manner (Fig. S2C and S2D). To prevent
the transformation of Rald to RA, the expression of RALDH1 in
the OA-treated HepG2 cells was knocked down using small
interfering RNA of RALDH1 (siRALDH1) (Fig. S2E and S2F).
Both Rald and Rald þ SiRALDH1 significantly inhibited
glucose production (Fig. 5G) and downregulated the expression
of PCK1 mRNA (Fig. 5H) and protein (Fig. 5K).
Rald þ SiRALDH1 showed more potent inhibitory effects on
PCK1 expression and significantly downregulated G6PC mRNA
and protein expression (Fig. 5H and K). Rald and
Rald þ SiRALDH1 had little influence on glucose utilization
(Fig. 5I) and the expression of GCK mRNA and protein (Fig. 5J
and K).

The results observed in the OA-treated HepG2 cells were also
replicated in human primary hepatocytes from four donors. The
expression of RALDH1 in human primary hepatocytes was also
silenced (Fig. 5L) using SiRALDH1. Rald or Rald þ siRALDH1
significantly decreased glucose production (Fig. 5M) and down-
regulated the mRNA levels of PCK1 and G6PC (Fig. 5N). In
addition, significantly lower PCK1 and G6PC protein levels were
also observed in human primary hepatocytes (from donors 2 and
3) that had been treated with Rald or Rald þ SiRALDH1
(Fig. 5O).



Figure 4 Liver-specific Raldh1 silencing increases hepatic Rald to inhibit high-fat diet (HFD)-induced glucose dyshomeostasis. Schematic

diagram of the experiment (A). Changes in the hepatic Rald levels (B), body weight (C), FBG levels (D), and food consumption (E) of SCD-

ShCON mice (standard chow diet-fed AAV9-shEmpty-infected C57BL/6J mice), HFD-ShCON mice (HFD-fed AAV9-shEmpty-infected

C57BL/6J mice), and HFD-ShRaldh1 mice (HFD-fed AAV9-shRaldh1-infected C57BL/6J mice). Blood glucose levels and their AUC in the SCD-

ShCON, HFD-ShCON, and HFD-ShRaldh1 mice following intraperitoneal injection of 2 g/kg sodium pyruvate (F) or glucose (G). PCK1 and

G6PC protein levels (H) in SCD-ShCON, HFD-ShCON, and HFD-ShRaldh1 mice. Data are mean � SD, nZ 6. *P < 0.05, **P < 0.01 vs. HFD-

ShCON mice.

Retinaldehyde deficiency deteriorates type 2 diabetes 3735



Figure 5 Effects of Rald and RALDH1 silencing (Si) on the expression of enzymes related to glucose metabolism in oleic acid (OA)-treated

HepG2 cells and primary human hepatocytes. Effects of OA treatment on the cellular levels of triglyceride (A), OA (B), palmitic acid (C), glucose

utilization (D), glucose production (E), and mRNA levels of PCK1, G6PC, and GCK (F) (n Z 4) in HepG2 cells. Effects of Rald, Si, and

Rald þ Si on glucose production (G), the mRNA expression of PCK1 and G6PC (H), glucose utilization (I), and the mRNA expression of GCK (J)

in OA-treated HepG2 cells (n Z 4). Effects of Rald, Si, and Rald þ Si on the expression of PCK1, G6PC, and GCK (K) proteins in OA-treated

HepG2 cells (n Z 6). Changes in the mRNA levels of RALDH1 under Si treatment (L), changes in the levels of glucose production (M), and

PCK1, G6PC, and GCK mRNA expression (N) under treatment with Si, Rald, or their combination in primary hepatocytes from four human

donors (n Z 3 for each donor). PCK1 and G6PC protein levels in primary hepatocytes from donors 2 and 3 (n Z 3 for each donor) under Rald or

Rald þ Si treatment (O). Data are mean � SD. *P < 0.05, **P < 0.01 vs. CON group; #P < 0.05, ##P < 0.01 vs. OA group.
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3.6. Rald suppresses PCK1 and G6PC expression by
antagonizing RXR

In OA-treated HepG2 cells, Rald did not influence hepatocyte
nuclear factor 4-alpha (HNF4a), peroxisome proliferator-activated
receptor gamma coactivator 1 alpha (PGC1a), forkhead box O1
(FOXO1), and cAMP responsive element binding protein (CERB)
protein expression or the phosphorylation levels of FOXO1 and
CERB (Supporting Information Fig. S3), which excluded the
involvement of these transcription factors known to participate in
the regulation of PCK1 and G6PC expression32 in the Rald-
mediated regulation of these genes.

The chemical structure of Rald is analogous to that of RA,
suggesting that Rald may downregulate the expression of PCK1
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and G6PC by affecting nuclear receptors. We found that both the
RXR agonist LG100268 and the RAR agonist TTNPB induced
PCK1 expression in OA-treated HepG2 cells, which was
significantly reversed by the RXR antagonist HX531 and RAR
antagonist Ro 41e5253, respectively (Fig. 6A and B). LG100268
also significantly induced G6PC expression, whereas TTNPB
only slightly increased the expression level of G6PC. The in-
duction of G6PC expression was also attenuated by treatment
with HX531 and Ro 41e5253 (Fig. 6A and B). Neither the
PPARg agonist rosiglitazone nor antagonist GW9662 affected
the expression of PCK1 and G6PC (Fig. 6C). These results
overall indicate that RXR and RAR, but not PPARg, might
mediate PCK1 and G6PC transcriptional regulation in OA-
treated HepG2 cells.

RXRs can act as homodimers or obligatory heterodimerization
partners for other nuclear receptors, including RAR.
Figure 6 Rald inhibits PCK1 and G6PC expression by antagonizing

LG100268) (A), RAR (Ro 41e5253 or TTNPB) (B), and PPARg (GW966

treated HepG2 cells. The effects of HX531, Ro 41e5253, and Rald on L

mRNA expression. The effects of Rald on LG100268- (F and G) or TTNPB

expression under TTNPB, Ro 41e5253, and Rald treatment (J). In the ab

GW9662, and rosiglitazone were 1 mmol/L; the concentration of Ro 41e5

are mean � SD, n Z 4. **P＜0.01 vs. CON group; $P＜0.05, $$P＜0.01

Rald group. RAR, retinoid acid receptor; RXR, retinoid X receptor; PPAR
LG100268þTTNPB significantly upregulated the expression of
PCK1 and G6PC mRNA, which could be reversed by HX531 and
Rald (Fig. 6D and E). The RAR antagonist Ro 41e5253 only
inhibited G6PC expression induced by LG100268þTTNPB
(Fig. 6E). Similar to the RXR antagonist HX531, Rald also reversed
the upregulation of PCK1 and G6PC expression induced by
LG100268 but not by TTNPB (Fig. 6FeI). Both Rald and TTNPB
significantly induced the expression of CYP26A, a known target
gene of RAR33, whilst Ro 41e5253 completely abolished the Rald-
mediated induction of CYP26A (Fig. 6J). Moreover, Rald further
enhanced the upregulation of CYP26A mRNA induced by
LG100268þTTNPB, which was substantially reversed by Ro
41e5253 but not by HX531 (Fig. 6K). These results demonstrated
that Rald is an agonist of RAR and an antagonist of RXR, thus
indicating that Rald suppressed RXR-mediated PCK1 and G6PC
mRNA expression.
RXR. The effects of antagonists or agonists of RXR (HX531 or

2 or rosiglitazone) (C) on PCK1 and G6PC mRNA expression in OA-

G100268þTTNPB-induced PCK1 (D), G6PC (E), and CYP26A (K)

- (H and I) induced PCK1 and G6PC mRNA expression. CYP26A gene

ove experiments, the concentrations of HX531, LG100268, TTNPB,

253 was 5 mmol/L; and the concentration of Rald was 2 mmol/L. Data

vs. LG100268, TTNPB, or LG100268þTTNPB group; ##P＜0.01 vs.

g, peroxisome proliferator-activated receptor-gamma.
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3.7. Rald antagonizes RXRa but activates RARa

Luciferase reporter assays showed that Rald and RA stimulated
RARa in a concentration-dependent manner, with EC50 values of
0.53 mmol/L and 16 nmol/L, respectively (Fig. 7A). Importantly,
Rald antagonized RA-induced RARa activation (Fig. 7B and C),
suggesting that Rald may act as a partial RARa agonist. RA,
9-cis-RA (9C-RA), and OA activated RXRa in a concentration-
dependent manner, and the estimated EC50 values were
1.44 mmol/L, 47 nmol/L, and 58 mmol/L, respectively (Fig. 7D).
Rald did not activate RXRa; in contrast, it significantly antago-
nized the RXRa activation mediated by RA (Fig. 7E and H) or OA
(Fig. 7F and G). Furthermore, Rald inhibited OA-mediated RXRa
activation in a concentration-dependent manner with an estimated
IC50 of 0.18 mmol/L (Fig. 7G).

Molecular docking was performed to investigate the antago-
nistic effects of Rald on RXRa. The results show that Rald, RA,
9C-RA, and OA snugly fit into the RXRa ligand-binding pocket
with different affinities (Rald > 9C-RA > RA > OA) (Fig. 7I and
J). In contrast to 9C-RA, RA, and OA, Rald lacks a hydrogen bond
with ALA-327, showing a unique molecular configuration in the
LBD of RXRa (Fig. 7K). The RXRa structure is flexible upon
binding different ligands and differs from RA, 9C-RA, and OA in
that Rald abducts helix 11 in RXRa (Fig. 7K and L). The
abduction of helices 11 and 12 inhibits conformational
coactivator-binding surface formation in the LBD of nuclear re-
ceptors34,35, which confirmed the antagonizing effect of Rald on
RXRa.

3.8. Rald downregulates the expression of PCK1 and G6PC by
antagonizing RXR/DR1 activation

RXR, as a homodimer or heterodimer with other nuclear re-
ceptors, plays an essential role in transcription regulation by
binding different DR regions of genes24. In human primary he-
patocytes, we found that Rald affected the expression of SREBF1,
cytochrome P450 family 4 subfamily F member 2 (CYP4F2), and
RARB2, which have been reported to be regulated by different
DRs. SREBF1 and CYP4F2 are mainly regulated by DR136,37,
whilst GCK and cellular retinoic acid binding protein 2 (CRABP2)
are mainly regulated by DR238,39, and the expression of RARB2
and CYP26A is primarily regulated by DR540,41. Our results show
that the regulatory model of Rald on PCK1 and G6PC expression
was more similar and correlated to that of SREBF1 and CYP4F2,
which are DR1-regulated genes (P < 0.0001) (Fig. 8A and Sup-
porting Information Fig. S4).

The RAR:RXR heterodimer binds to both the DR1 and DR5
regions of genes, whereas the RXR:RXR homodimer binds only to
the DR1 region42. To further confirm our findings, fluorescent
expression plasmids containing the DR1 or DR5 motif and the
full-length RXRa or RARa gene were simultaneously transfected
into HEK293T cells to construct three luciferase reporter systems
(RXR:RXR-DR1, RAR:RXR-DR1, and RAR:RXR-DR5); 9C-RA
was used to activate the luciferase reporter system (Fig. 8BeD).
These results show the different effects of Rald on the relative
luciferase activity induced by 9C-RA. In the RXR:RXR-DR1
system, both Rald and the RXR antagonist HX531 decreased
the relative luciferase activity induced by 9C-RA in a
concentration-dependent manner (Fig. 8B). In the RAR:RXR-DR1
system, low-concentration Rald decreased, whereas high-
concentration Rald (5 mmol/L) increased the relative luciferase
activity induced by 9C-RA; however, HX531 only showed
inhibitory effects (Fig. 8C). In the RAR:RXR-DR5 system, Rald
enhanced the relative luciferase activity induced by 9C-RA
(Fig. 8D). These results demonstrate that Rald inhibits RXR/DR1-
mediated gene expression but increases RAR/DR5-mediated gene
expression, which explains the observed inhibitory effect of Rald
on PCK1 and G6PC expression and the inducing effect of Rald on
CYP26A expression.

4. Discussion

T2D is a progressive disease and chronically elevated FBG can
worsen diabetes over time. Our findings demonstrate that
increasing hepatic Rald levels through Rald or citral treatments or
liver-specific Raldh1 silencing, lowered FBG levels, improved
glucose metabolism, and attenuated T2D deterioration in db/db
mice. We also observed strong negative associations between
hepatic Rald levels and FBG and blood glucose exposure during
the ipPTT. These results demonstrate that hepatic Rald deficiency
is involved in glucose dyshomeostasis and T2D deterioration. To
our knowledge, this is the first report to reveal the contributions of
hepatic Rald deficiency in the progression of T2D.

The liver is responsible for the disposal of approximately
60%e65% of the oral glucose load43 and approximately 90% of
endogenous glucose production44. Under T2D conditions, 75% of
the hepatic glucose output is attributed to hepatic gluconeogen-
esis22. Increased hepatic glucose production contributes to hy-
perglycemia in T2D45,46. Our findings demonstrated that in db/db
mice, Rald, Raldþcitral, and liver-specific Raldh1 silencing sub-
stantially reversed the induction of hepatic PCK1 and G6PC,
which was in line with the lower FBG and plasma glucose levels
observed during the ipPTT. PCK1 and G6PC are the key enzymes
involved in hepatic gluconeogenesis. Therefore, these results
indicate that a decrease in hepatic Rald levels drives a systemic
change in hepatic glucose metabolism, particularly in the
enhancement of glucogenesis via the induction of PCK1 and
G6PC expression, thus elevating FBG levels, and aggravating
T2D. The negative relationship between hepatic Rald concentra-
tions and Pck1 and G6pc mRNA expression also supports this
deduction. Our previous study showed that HFD-induced obesity
upregulated hepatic RALDH1 expression to decrease Rald
levels17. The role of hepatic Rald deficiency in the impairment in
glucose metabolism was further verified in HFD-fed mice. These
findings were consistent with those in db/db mice that liver-
specific Raldh1 silencing elevated hepatic Rald levels to repress
the HFD-induced elevation in hepatic gluconeogenesis and PCK1/
G6PC expression. Similar results were observed in Raldh1�/�

mice, with increased Rald levels14, which also show significantly
lower levels of hepatic glucose production and decreased PCK1
and G6PC protein and mRNA expression, independent of body
mass and insulin sensitivity16.

The role of Rald in the induction of PCK1 and G6PC
expression was investigated using OA-treated HepG2 cells. Rald
and Rald þ siRALDH1 treatment inhibited glucose production
and downregulated the mRNA and protein levels of PCK1 and
G6PC, but had little effect on glucose utilization and the expres-
sion of GCK mRNA and protein. The results from OA-treated
HepG2 cells were almost identical to those in primary hepato-
cytes from four human donors. Many transcription factors (such as
HNF4a, PGC1a, FOXO1, and CERB) regulate PCK1 and G6PC
expression32; however, our study demonstrate that Rald did not
influence the expression or activation of these transcription fac-
tors. RA exerts its biological effects mainly by activating RXR,



Figure 7 Effects of Rald on RXRa and RARa activation. The effects of Rald or RA on RARa-ligand-binding domain (LBD) activation (A).

The effects of concentration-elevated Rald with 0.5 mmol/L RA (B) and concentration-elevated RA with or without 0.2 mmol/L Rald (C) on

RARa-LBD activation. The effects of Rald, RA, OA, or 9-cis-RA (9C-RA) on RXRa-LBD activation (D). The effects of concentration-elevated

RA (E) or OA (F) with or without 5 mmol/L Rald on RXRa-LBD activation. The effects of concentration-elevated Rald with 0.4 mmol/L OA (G)

or 1 mmol/L RA (H) on RXRa-LBD activation. (I) The docking score of Rald, RA, OA, or 9C-RA calculated by the glide function of Schrödinger

Maestro 11.5. Close-up view of the above ligands (J) and their binding modes (K) in the RXRa binding pocket. (L) Superimposition of the RXRa

crystal structures with different ligands bound. Data are mean � SD, n Z 3. *P < 0.05, **P < 0.01 vs. concentration 0.
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RAR, or PPARg47e49. The chemical structure of Rald is analo-
gous to that of RA, indicating that Rald may also regulate PCK1
and G6PC mRNA levels by affecting these three receptors.
Consistent with previous reports16,50, we found that the activation
of RAR and RXR induced PCK1 and G6PC mRNA expression.
Several reports have demonstrated that PPARg is involved in the
expression of G6PC and PCK1 in adipose cells51,52. However, in
line with the findings observed in HepG2 cells53, the activation of



Figure 8 Rald downregulates PCK1 and G6PC expression by inhibiting RXR/DR1 activation. (A) Heatmap showing the changes in the levels

of different genes in human primary hepatocytes under Rald treatment, RALDH1 silencing (Si), and combination of them (n Z 3 per donor). The

relative luciferase activation (R.L.A) under the treatment of 0.2 mmol/L 9C-RA with concentration-elevated Rald or HX531 in HEK293T cells

transfected with the RXR:RXR-DR1 (B), RAR:RXR-DR1 (C) and RAR:RXR-DR5 systems (D) (n Z 3). Data are mean � SD. **P＜0.01 vs.

CON group; #P＜0.05, ##P＜0.01 vs. 9C-RA group.
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PPARg did not affect G6PC or PCK1 expression, indicating that
the regulation of PCK1 and G6PC by PPARg is cell-specific.
More importantly, Rald attenuated the expression of PCK1 and
G6PC mRNA induced by LG100268 but not by TTNPB,
demonstrating that Rald may act as an RXR antagonist to down-
regulate PCK1 and G6PC expression. In contrast, Rald induced
CYP26A mRNA expression, and this effect was entirely abolished
by treatment with the RAR antagonist Ro 41-5253. CYP26A is a
target gene of RAR33, and these results further demonstrate that
Rald is also an agonist of RAR.

Both RARa and RXRa are abundantly expressed and play
essential roles in regulating the expression of their target genes54.
The luciferase reporter assays results confirmed that Rald is a
weak agonist of RARa, with an EC50 of 0.53 mmol/L. Both RA
and 9C-RA are agonists of RXRa, whose EC50 values were
1.44 mmol/L and 47 nmol/L, respectively. These EC50 values were
significantly higher than the concentrations of RA and 9C-RA
reported in human plasma (3.1 nmol/L for RA and 0.1 nmol/L for
9C-RA)55 and human liver slices (0.1 nmol/g tissue for RA)56,
indicating that RA and 9C-RA have only minor contributions to
RXR activation in vivo57. This is consistent with the results of a
previous report58 showing that OA is an agonist of RXRa, whose
EC50 (58 mmol/L) value was significantly lower than its concen-
tration in serum (Table S4). Other fatty acids, such as linolenic
acid, docosahexaenoic acid, palmitic acid, and stearic acid57,59,
can also bind to and activate RXRa as specific ligands, although
with low affinities. These results indicated that RXRa is mainly
activated by fatty acids in vivo. In contrast, Rald exhibited notable
antagonizing effects on RA- or OA-activated RXRa. Molecular
docking demonstrated that Rald fit snugly into the RXRa binding
pocket but lacked hydrogen bonding with ALA-327, leading to the
abduction of helices 11 and 12. The estimated IC50 of Rald on the
activation of RXRa by OA was 0.18 mmol/L, which was close to
the hepatic Rald levels in normal mice and diabetic mice treated
with Rald (approximately 0.2e0.3 mmol/L). These results suggest
that hepatic Rald deficiency contributes to T2D deterioration by
attenuating the inhibitory effects on RXR-mediated PCK1 and
G6PC expression, thereby enhancing gluconeogenesis.

RXR recruits other nuclear receptors, such as RAR, PPARg,
farnesoid X-activated receptor, pregnane X receptor, and RXR, for
heterodimer or homodimer formation to regulate transcription5 by
binding to different DR regions of target genes24. In addition to
RXR, PPARg, and RAR, the importance of farnesoid X-activated
receptor and pregnane X receptor in glucose homeostasis has also
been gradually discovered, yet no associations with retinoids have
been found to date60e62. Three binding sites (two DR1 regions and
one DR5 region) of RA-related receptors have been identified in
the promoter regions of the PCK1 gene63, whilst G6PC also has
two DR1 regions in its promoter64,65. Luciferase reporter analysis
further confirmed that Rald, serving as an antagonist of RXR,
downregulated the expression of PCK1 and G6PC by inhibiting
RXR:RXR-DR1 activation, further proving that hepatic Rald
deficiency is involved in the deterioration of T2D. Related pre-
vious studies have also demonstrated that the RXR antagonist
HX531 decreases PCK1 and G6PC expression levels16, reduces
glycemia, and alleviates diabetes66,67.
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Additionally, we found that Rald plus citral treatment increased
insulin levels in db/db mice (Table S4). Data from INS-1 cells
showed that Rald increased cellular insulin synthesis (Supporting
Information Fig. S5AeS5D), which may partly explain the
increased fasting plasma insulin levels observed in db/db mice
treated with Rald. However, several reports have demonstrated that
fasting serum insulin levels in db/db mice are approximately 4e10
times those in normal db/m mice68,69. In vivo experiments showed
that even a high dose of insulin could not decrease blood glucose
levels in db/db mice70. Furthermore, we demonstrated that the
suppressive effects of insulin on PCK1 and G6PC expression were
almost completely abolished in OA-treated HepG2 cells and pri-
mary hepatocytes from db/dbmice (Fig. S5EeS5H). Notably, liver-
specific Raldh1 silencing did not affect fasting plasma insulin levels
in db/db mice (Table S5) but significantly decreased hepatic PCK1
and G6PC expression and blocked the deterioration of T2D. These
results indicate that althoughRald increased plasma insulin levels in
db/db mice, the role of increased insulin levels by Rald in hepatic
PCK1 and G6PC expression under T2D conditions were minor and
still require further investigation.

5. Conclusions

T2D induces the expression of hepatic RALDH1, leading to a
deficiency in hepatic Rald. Rald, serving as an antagonist of RXR,
improves glucose homeostasis primarily by inhibiting the RXR/
DR1-mediated expression of PCK1 and G6PC. Hepatic Rald
deficiency enhances hepatic gluconeogenesis by attenuating the
inhibitory effect on the induction of PCK1 and G6PC by RXR
activation, which in turn exacerbates the progression of T2D.
These results demonstrate the contribution of Rald to T2D pro-
gression and highlight the possibility of developing RALDH1
inhibitors or Rald as therapeutic drugs for modulating T2D.
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