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Background and aims: Type 2 diabetes mellitus remains a substantial medical problem with increasing
global prevalence. Pharmacological research is becoming increasingly focused on personalized treatment
strategies. Drug development based on glucokinase (GK) activation is an important strategy for lowering
blood glucose. This study aimed to investigate the effect of GK activation on glucose and lipid metabolism
in diet-induced obese mice.
Materials and methods: Mice were fed with a high-fat diet (HFD) for 16 weeks to induce obesity, followed
by a GK activator (GKA, AZD1656) or vehicle treatment by gavage for 4 weeks. The effect of GKA
treatment on glucose metabolism was evaluated using glucose and insulin tolerance tests. Hepatic lipid
accumulation was assessed by hematoxylin and eosin staining, Oil Red O staining, and transmission
electron microscopy. The underlying mechanism of GK activation in glucose and lipid metabolism in the
liver was studied using transcriptomic analysis, with a mechanistic study in mouse livers in vivo and
AML12 cells in vitro.
Results: GK activation by GKA treatment improved glucose tolerance in HFD-fed mice while increasing
hepatic lipid accumulation. Transcriptomic analysis of liver tissues indicated the lipogenesis and protein
kinase RNA-like endoplasmic reticulum kinase (PERK)-unfolded protein response (UPR) pathway acti-
vations in GKA-treated HFD-fed mice. Inhibition of the ACC activity, which is an important protein in
lipogenesis, attenuated GKA treatment-induced lipid accumulation and PERK-UPR activation in vitro.
Conclusions: GK activation improved glucose tolerance and insulin sensitivity while inducing hepatic
lipid accumulation by increasing the lipogenic gene expression, which subsequently activated the he-
patic PERK-UPR signaling pathway.
© 2023 The Third Affiliated Hospital of Sun Yat-sen University. Publishing services by Elsevier B. V. on
behalf of KeAi Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license

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

Approximately two-fifths of individuals globally are reported
to be overweight or obese,1 which is a major risk factor for
metabolic disorders such as non-alcoholic fatty liver disease
(NAFLD) and type 2 diabetes mellitus (T2DM). NAFLD has emerged
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as the leading chronic liver disease worldwide and is linked to
non-alcoholic steatohepatitis (NASH), fibrosis, cirrhosis, and he-
patocellular carcinoma,2e4 as well as T2DM.5,6 NAFLD has been
reported to double the risk of developing T2DM, independent of
obesity and other metabolic risk factors.7 A recent study revealed
that around 50% of the patients with NAFLD would suffer from
T2DM within 20 years.8 Moreover, the majority of patients
suffering from NASH die due to T2DM and/or cardiometabolic
disease complications.9 About one-fifth of the global population
suffered from NAFLD,3,10 of which 56% were diagnosed with
T2DM,11 and the number of patients with both T2DM and NAFLD is
estimated to continuously increase.
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Glucokinase (GK) is the first rate-limiting enzyme of glycolysis
and is abundantly expressed in the hepatocytes that control hepatic
glucose uptake and glycogen synthesis, while its activity is tightly
regulated by the GK regulatory protein depending on the metabolic
status.12 Genetic mutations causing gain or loss of function in GK
cause critical impacts, such as permanent neonatal diabetes mel-
litus (PNDM), maturity-onset diabetes of the young, or hyper-
insulinemia.13 GK activators (GKAs) are a class of chemicals that
bind to an allosteric site on GK and increase its enzymatic activity.
GKA treatment has been proposed as a potential therapeutic
strategy for T2DM,14,15 as it was reported to promote insulin release
and improve insulin sensitivity.13 However, challenges emerged
from phase 2 trials during the clinical development of GKAs for
T2DM, such as hypoglycemia-related side effects, unsustainable
efficacy, and other adverse reactions. AZD1656, which is a GKA
developed by AstraZeneca, was well-tolerated in patients with
T2DM and is effective in lowering blood glucose.13 AZD1656 also
reduced the mortality rate in patients with DM who were infected
with severe acute respiratory syndrome coronavirus 2.16 The liver is
responsible for lowering postprandial blood glucose after GKA
treatment.17,18 However, the effect of GKA treatment on hepatic
lipid metabolism is unclear.

The endoplasmic reticulum (ER) plays a vital role in lipid and
protein synthesis in mammalian cells, and ER homeostasis is crucial
forphysiological function.However, ERhomeostasis canbedisturbed
by factors such as hyperlipidemia, hyperglycemia-induced excess
reactive oxygen species generation, inflammation, viruses, drugs,
etc.19 The unfolded protein response (UPR) restores ER homeostasis
bydecreasingprotein translation, increasingprotein foldingcapacity,
degradingmisfolded proteins, etc.20 The threemajor branches of the
mammalian UPR pathways include protein kinase RNA-like ER ki-
nase (PERK), inositol-requiring enzyme 1alpha (IRE1a), and acti-
vating transcription factor 6 (ATF6) signaling pathways.21

Associations between ER stress and metabolic diseases, such as
NAFLDand T2DM,were observed in the livers of patientswithNAFLD
and obesity,22,23 and reports revealed that increased expression
levels of ER stress-related genes were significantly reduced in pa-
tients after weight loss.24,25 The PERK signaling pathway, as an
important component of the UPR pathways, restores ER homeostasis
mainly by inhibiting protein synthesis and is involved in NAFLD
progression.26,27 Chronic ER stress not only harms the function and
survival of pancreatic beta (b) cells in T2DM pathogenesis but also
causes hepatic insulin resistance.28 A recent studydemonstrated that
GK activation could alleviate ER stress-induced pancreatic b cell
death.29 However, the relationship between hepatic GK activation
and the ER stress response remains unclear.

This present study aimed to investigate the effect of GKA
treatment on glucose and lipid metabolism in high-fat diet (HFD)-
fed mice with obesity, as well as in regulating the hepatic ER stress
response.

2. Materials and methods

2.1. Ethical approval

This study complied with the Declaration of Helsinki and was
approved by the Institutional Animal Care and Use Committee of
Sun Yat-sen University (No. SYSU-IACUC-2021-000623). All animal
procedures were conducted following the Animal Care and Use
Guidelines of Sun Yat-sen University.

2.2. Animals and treatments

Male C57BL/6J mice (6-week-old) were purchased from Gem-
Pharmatech Company (Nanjing, China). This study only used male
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mice as female mice are resistant to diet-induced obesity and
metabolic syndrome.30,31 Body weight and random blood glucose
of mice were measured at 8 weeks of age. Then, mice were
randomly divided into two groups (n ¼ 10 for each group) and
were fed a standard chow diet (CD) or HFD (60% fat, 20% carbo-
hydrate, and 20% protein; Research Diets #D12492, New Bruns-
wick, NJ, USA) respectively for 16 weeks. Each group of mice was
then randomly divided into two groups (n ¼ 5 for each group)
based on their body weight, random glucose, and fasting glucose
for treatment with GKA (AZD1656, #919783-22-5, Ariel Chemical
Technology, Wuhan, China) or vehicle control, respectively. GKA
was resolved in 0.1% CMC-Na and 0.1% Tween-80 (#9004-32-4
and #9005-65-6, respectively, MedChemExpress, Monmouth
Junction, NJ, USA), and was orally given at 2 mg/kg daily.32 After 4
weeks of treatments, mice were sacrificed for further analysis
after overnight fasting. All mice were housed in a 12 h light and
12 h dark cycle, maintained at 25 �C, and free access to drinking
water and food.

2.3. Intraperitoneal glucose tolerance test (IPGTT), oral glucose
tolerance test (OGTT), and insulin tolerance test (ITT)

Food was withdrawn from each cage with clean beddings a day
before IPGTT or OGTT. The mice were fasted for 16 h, followed by
intraperitoneal injection or gavage with 20% (w/v) glucose in saline
solution at 2 g/kg body weight, and blood glucose levels were
measured via tail veins at the indicated time points. The mice were
given AZD1656 at 2 mg/kg 30 min before the test for OGTT,33 and
blood glucose levels were measured via tail veins at the indicated
time points (#84629341, Glucose Test Strips, Bayer, Leverkusen,
Germany). The mice were given 1.5 U/kg of recombinant human
insulin (Humulin, Eli Lilly and Company, Indianapolis, IN, USA) for
ITT after 6 h fasting, and blood glucose levels weremeasured via tail
veins at the indicated time points.

2.4. Histological analysis

Liver sections were embedded in paraffin and stained with he-
matoxylin and eosin (H&E) for morphological analysis. Oil Red O
staining was applied to analyze lipid droplet accumulation in
frozen liver sections. Images were acquired with a microscope
(Olympus, Tokyo, Japan), and Image J software was used to measure
the areas and diameters of lipid droplets.

2.5. Western blot

Total protein was isolated from tissues or cells in radio-
immunoprecipitation assay (RIPA) lysis buffer and protein con-
centrations were determined with a BCA Protein Assay Kit (Thermo
Fisher Scientific, Waltham, MA, USA). Each sample of 20 mg of
proteinwas subjected to 10% SDS-PAGE gel analysis, transferred to a
polyvinylidene difluoride membrane, and incubated with corre-
sponding primary antibodies overnight at 4 �C. The bands were
visualizedwith a ChemiDocMP Imaging System (Bio-Rad, Hercules,
CA, USA) after incubation with secondary antibodies (Jackson
ImmunoResearch, Philadelphia, PA, USA). Protein expression levels
were quantified with Image Lab software and normalized to the
heat shock protein 90 (HSP90). AKT (#9272), phosphorylated (p)-
AKT (#4060), HSP90 (#4874), acetyl-CoA carboxylase (ACC, #3662),
PERK (#3192), p-eIF2a (#3597), eIF2a (#5324), ATF4 (#11815), and
CCAAT/enhancer binding protein (C/EBP) homologous protein
(CHOP, #5554) were purchased from Cell Signaling Technology
(Danvers, MA, USA). Glycogen synthase kinase 3beta (GSK3b,
#AF5026) and p-GSK3b (#AF2016) were purchased from Affinity
Biosciences (Changzhou, China).
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2.6. Transcriptomic analysis and quantitative real-time polymerase
chain reaction (q-PCR)

Total RNAwas extracted from liver tissues with an RNeasy Micro
Kit (Qiagen, Hilden, Germany) and quantified by the NanoDrop
2000 (Thermo Fisher Scientific, Waltham, MA, USA). RNA integrity
and genomic DNA contamination were tested by denaturing
agarose gel electrophoresis. RNA sequencing (RNA-seq) was per-
formed by the MustSeq 30mRNA DEG Kit (Sequmed Biotech,
Guangzhou, China) and sequenced on HiSeq 2500 sequencing
system (Illumina, CA, USA). Data quality was demonstrated using
FastQC V 0.22.8, and the reads of sorted bam files were counted
using FeatureCounts. Fragments per kilobase of transcript per
million mapped reads (FPKM) for MustSeq were calculated to
normalize the results and build an expression matrix for statistical
and functional analysis. For q-PCR, total RNA was isolated using
TRIzol reagent (#T9424, Sigma-Aldrich, Saint Louis, MO, USA), and
cDNA was synthesized with a PrimeScript RT Reagent Kit with
gDNA Eraser (#RR047,TAKARA), q-PCR was performed using the
SYBR Green Premix Pro Taq qPCR kit (#AG11718, Accurate Biology)
following the manufacturer's instruction. The primer sequences
used are listed as follows: Perk forward, 50-TCAAGTTTCCTC-
TACTGTTCACTCA-30, reverse, 50-CGGGAAACTCCAAGTTCTCA-30; b-
actin forward, 50-GTCCACCCCGGGGAAGGTGA-30, reverse, 50-
AGGCCTCAGACCTGGGCCATT-30; Atf4 forward, 50-GGGTTCTGTCT
TCCACTCCA-30, reverse, 50-AAGCAGCAGAGTCAGGCTTTC-30.

2.7. Generation of the heatmap, correlation heatmap, and graphical
abstract

The heatmap was generated from the ImageGP platform (http://
www.ehbio.com/ImageGP/index.php/Home/Index/index.html) af-
ter uploading the raw data following the manufacturers’ in-
structions. The correlation heatmap was generated by the
Genescloud platform (https://www.genescloud.cn/home). All ele-
ments of the graphical abstract were from Biorender (https://
biorender.com/). The Pearson correlation coefficient of ER stress-
related genes, UPR-related genes, and lipogenesis-related genes
was analyzed based on the gene expression data (FPKM) using
Pearson correlation analysis. P-values of <0.05 were considered
significant.

2.8. Metabolic and liver function assays

Plasma triglyceride (TG), total cholesterol, alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST), as well as liver
TG, were measured using corresponding commercial kits (Nanjing
Jiancheng Bioengineering Institute, Nanjing, China) with liver tis-
sue or serum samples according to the manufacturer's instructions.
Homeostatic model assessment for insulin resistance (HOMA-IR)
and HOMA-b were calculated as described.34 The mice were fasted
overnight and were intraperitoneally injected with poloxamer P-
407 (#IP9010, Beijing Solarbio Science & Technology Co., Ltd., Bei-
jing, China) at 1 g/kg in saline to inhibit very low-density lipopro-
tein (VLDL) catabolism for VLDL-TG secretion assay. Fifty
microliters of blood were collected from the retro-orbital plexus in
heparinized tubes at the indicated time points and assayed for
plasma TG (#A110-1-1, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) following the manufacturer's instructions.

2.9. Cell culture

The mouse hepatocyte cell line AML12 was kindly donated by
Dr. Wei Luo (Jinan University, Guangzhou, China). The cells were
cultured in a standard medium comprising F12K, 10% fetal bovine
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serum, 1% penicillinestreptomycin, and 1% insulin-transferrin-
selenium (ITS, #I3146, Sigma-Aldrich, Saint Louis, MO, USA) and
were maintained in a humidified 5% CO2 atmosphere at 37 �C.
Palmitic acid (PA) powder (#P9767-5g, Sigma-Aldrich, Saint Louis,
MO, USA) or control (BSA, #A1933-5g, Sigma-Aldrich, Saint Louis,
MO, USA) was dissolved in 0.01 mol/L of NaOH to make a stock
solution. AML12 cells were treated with BSA/PA, with or without
AZD1656 (5 mmol/L) and ACC inhibitor (ACCi, #PF-05175157, Selleck
Chemicals, Houston, TX, USA). A commercially available colori-
metric assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) has been utilized tomeasure intracellular TG levels.

2.10. Total TG quantification

Briefly, TG was extracted from AML12 cells. The cells were
vortexed with 500 mL of chloroform/methanol (3:2; v:v) solution
after suspending in 100 mL of lysis buffer. The lower phase was
dissolved in isopropanol after centrifugation for approximately
10 min. TG was performed according to the manufacturer's in-
structions (TG colorimetric assay kit, #A110-1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China).

2.11. Statistical analysis

Statistical analysis was performed using GraphPad Prism 6.0
software (San Diego, CA, USA). Statistical parameters, including the
value of n, are noted in figure legends. All data are presented as
mean ± standard deviation (SD) unless specially stated. Statistical
analysis between the two groups was analyzed by unpaired stu-
dents’ t-test. The correlation heatmap used the Pearson correlation
analysis, and P-values of <0.05 were considered statistically
significant.

3. Results

3.1. GK activation improves glucose tolerance in HFD-fed mice

A mouse model with HFD-induced obesity was established to
study the effect of GKA treatment on glucose and lipid metabolism
in obese mice. Based on the animal experimental design (Fig. 1A),
body weight was measured twice aweek. The bodyweight of obese
mice was significantly higher than those of CD mice after 16 weeks
of feeding (Fig. 1B). Impaired glucose tolerance (Fig. 1C) and insulin
sensitivity (Fig. 1D and Supplementary Table 1) were observed in
HFD-fed mice, which confirmed the successful diet-induced obese
model establishment. CD and HFD-fed mice were divided into four
groups (CD þ vehicle, CD þ GKA, HFD þ vehicle, and HFD þ GKA)
after 16 weeks of feeding. GKA (AZD1656) or vehicle was orally
administered for 4 weeks. Glucose tolerance was significantly
improved after 4 weeks of GKA treatment following previous re-
ports (Fig. 1E and F).33 Moreover, improved ITT results were also
observed (Fig. 1GeI). Interestingly, after normalization to initial
glucose level, GKA treatment showed different trends of insulin
sensitivity at 30 min and 90 min post insulin injection (Fig. 1I),
suggesting that GKA might not significantly improve insulin resis-
tance under HFD, beyond its glucose-lowering effect. Next, fasting
insulin and glucose levels were measured (Fig. 1J and K). Expect-
edly, fasting glucose levels were significantly reduced by GKA
treatment in HFD-fed mice. Although significant improvement in
the HOMA-b index (Fig. 1L) was observed in the GKA-treated group
under either CD or HFD feeding conditions, no difference was
observed in fasting insulin levels and insulin resistance index
(HOMA-IR, Fig. 1M) in GKA-treated mice, indicating that GK acti-
vation improved islet b cell function in HFD-fed mice.
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Fig. 1. GKA treatment improved glucose tolerance in diet-induced obese mice. (A) Cartoon of the experimental design. (B) The body weight of the chow diet (CD) and high-fat
diet (HFD) fed mice (n ¼ 10 for each group). (C, D) IPGTT and ITT of mice fed an HFD or CD for 16 weeks (n ¼ 4e5 for each group). (E, F) OGTT analysis of mice with different
treatments for 4 weeks, indicated as CD þ Vehicle, CD þ GKA, HFD þ Vehicle, and HFD þ GKA. AUC was shown in (F) (n ¼ 5 for each group). (G) ITT and (H) AUC as well as (I)
normalized ITT analysis after 30 days of glucokinase activator (GKA, AZD1656) treatment (n ¼ 5 for each group). (J) The fasting plasma insulin and (K) fasting blood glucose levels
were analyzed as indicated (n ¼ 5 for each group). (L) HOMA-b and (M) HOMA-IR were calculated accordingly as described in the “materials and methods” section (n ¼ 5 for each
group). The heatmaps of (N) glucose metabolism and (O) insulin signaling pathway related genes from indicated groups of mice were demonstrated from transcriptomic analysis
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We proposed the important role of the liver in the improved
glucose tolerance observed following GKA treatment because GKA
treatment reduced fasting blood glucose without affecting insulin
secretion. RNA-Seq analysis was performed with liver samples to
understand the mechanistic role of GKA in regulating glucose
metabolism in the liver. The results revealed that GKA treatment
significantly changed hepatic genes-related to glucose metabolism
and insulin signaling (Fig. 1N and O). The protein levels-related to
glycogen synthesis and insulin signaling were analyzed in mouse
liver tissues (Fig. 1P and Q), confirming that insulin signaling and
glycogen synthesis were activated by GKA treatment under HFD
feeding. These results showed that GKA treatment improved
glucose tolerance possibly through increasing hepatic insulin
signaling and glycogen synthesis.

3.2. GK activation aggravated hepatic lipid accumulation in mice
with diet-induced obesity

Plasma TG and liver weight were analyzed to understand the
effect of GKA treatment on general liver physiology. GKA treatment
significantly reduced plasma TG in mice under HFD (Fig. 2A);
however, the liver weight and liver/body weight ratio were
significantly increased (Fig. 2B and C), indicating more lipid accu-
mulation after GKA treatment under HFD feeding. Thus, hepatic TG
levels were measured, and the data confirmed the increased he-
patic TG after GKA treatment in HFD-fed mice (Fig. 2D). Further,
pathological changes in liver sections were examined (Fig. 2EeH).
Both H&E staining and Oil Red O staining confirmed the increased
lipid area (Fig. 2E and F), and transmission electron microscopy
(TEM) technique observed larger lipid droplet diameters (Fig. 2E
and H) after GKA treatment in HFD-fedmice. Increased ALT and AST
levels also indicated an exacerbation of lipid accumulation induced
hepatocyte injury after GKA treatment in HFD-fed mice (Fig. 3A).

Beyond the increased lipid area, the increased ballooning area
was also observed in GKA-treated mice fed with HFD compared
with vehicle control (Fig. 3B), accompanied by increased mRNA
expression levels related to liver inflammation and fibrosis (Fig. 3C
and D). NAFLD activity score (NAS), including ballooning, inflam-
mation, and steatosis, was used to evaluate morphological changes
in the liver to understand the pathological changes induced by GKA
treatment in addition to lipid analysis (Fig. 3E). The ballooning and
steatosis scores in the GKA-treated group were significantly higher
than those in the obese vehicle control group. Interestingly,
increased lipid accumulation after GKA treatment was not observed
in mice fed on CD. These data indicated that GKA treatment
induced hepatic lipid accumulation and hepatocyte injury in mice
with HFD-induced obesity.

3.3. GK activation increased lipogenesis in diet-induced obese mice

Hepatic TG metabolism includes fatty acid uptake, de novo
lipogenesis, fatty acid oxidation, and lipid transport. Lipid accu-
mulation in the liver could be attributed to increased fatty acid
uptake and de novo lipogenesis, or decreased fatty acid oxidation
and VLDL secretion.We performed a transcriptomic analysis of liver
samples to investigate the mechanistic role of GKA treatment in
lipid accumulation under HFD conditions. The differentially
expressed genes were analyzed by Gene Ontology (GO)
(n ¼ 3 for each group). (P, Q) Protein expressions of the insulin signaling pathway were dete
are presented as the mean ± standard deviation (SD), *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
curve; GSK3b, glycogen synthase kinase 3beta; HOMA-IR, homeostatic model assessment
binding protein; Igf2r, insulin-like growth factor 2 receptor; IPGTT, intraperitoneal glucose to
kinase 2; Mtor, mechanistic target of rapamycin; OGTT, oral glucose tolerance test; Pck1, ph
Pklr, pyruvate kinase; Pkm, pyruvate kinase M; Prkacb, protein kinase cAMP-activated cata
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enrichment, which confirmed the involvement of altered lipid
metabolism profiles after GKA treatment under HFD conditions
(Fig. 4A). “Regulation of the lipid biosynthetic process”, “fatty acid
metabolic process”, “carboxylic acid biosynthetic process”, etc.,
were ranked among the top enriched pathways. Thus, differentially
expressed genes related to lipogenesis with GKA treatment from
both CD and HFD conditions, including sterol regulatory element-
binding transcription factor 1 (Srebf1), fatty acid synthase (Fasn),
stearoyl-CoA desaturase 1 (Scd1), and acetyl-CoA carboxylase alpha
(Acaca),35 are illustrated in a heatmap (Fig. 4B). Furthermore, the
heatmap displays the genes related to fatty acid metabolism,
including genes involved in regulating mitochondrial function
(Fig. 4C). Key genes involved in fatty acid uptake, VLDL secretion,
and VLDL assembling were also demonstrated (Fig. 4DeF).36

Interestingly, with GKA treatment, no significant changes were
observed in VLDL assembly-related genes and fatty acid uptake-
related genes exept for solute carrier family 27 member 5
(Slc27a5) (Fig. 4D),37 while VLDL secretion-related genes were
significantly upregulated (Fig. 4E). The capability of VLDL-TG
secretion was confirmed by the VLDL-TG secretion assay (Fig. 4G).
A rising trend in TG content was found at 180 min, indicating that
VLDL-TG secretion was not significantly inhibited and was not the
main underlying contributor. Hence, increased de novo lipogenesis
was the main source of hepatic TG content. To further clarify the
relationship between these factors, we analyzed the correlation
between hepatic AcacamRNA levels and hepatic TG levels (Fig. 4H),
which confirmed that increased de novo lipogenesis was the main
source of hepatic TG. Additionally, the increases in the NAS and
hepatic enzymes ALT and AST were related to the increase in he-
patic Acaca mRNA levels (Fig. 4IeK), which demonstrated that TG
accumulation impaired hepatic function. The increase of ACC pro-
tein expression in the livers of obese mice and in AML12 cells
demonstrated that GK increased de novo lipogenesis (Fig. 4L and
M). These results demonstrated that lipid accumulation by GKA
treatment could be mediated via lipogenesis.
3.4. GK activation induced lipogenesis and triggered the PERK-UPR
pathway in obese mice and PA-treated AML12 cells

Lipid accumulation induced a series of changes in hepatocytes,
such as hepatic steatosis, inflammation, and ER stress. The ER is
important for hepatic lipid metabolism regulation as the major
organelle for lipid synthesis, while perturbed ER homeostasis (ER
stress) mediates hepatic steatosis.19 The GO enrichment analysis of
the hepatic transcriptomic data under GKA treatment with HFD
feeding indicated ER proteins among the top cellular components
in mediating the GKA effect (Fig. 5A). Relative mRNA expression
levels of ER-associated genes were shown in detail in a heatmap
(Fig. 5B). Besides, correlation heatmap analysis demonstrated that
increased mRNA levels of lipogenic genes were significantly
correlated with the expression levels of ER-related genes (Fig. 5C).
Considering the critical role of ER stress and UPR signaling
pathway in hepatic lipid accumulation, UPR signaling pathways
may be involved in GKA-induced lipid accumulation under HFD
feeding. Indeed, the correlation heatmap indicated a significant
association between lipogenic genes and UPR signaling, particu-
larly the PERK pathway-associated genes (Fig. 5D). Further, a
significant correlation was observed between hepatic TG levels or
rmined by Western blot, with quantification shown in (Q) (n ¼ 3 for each group). Data
0.0001. Abbreviations: Acadl, acyl-CoA dehydrogenase long chain; AUC, area under the

for insulin resistance; HSP90, heat shock protein 90; Igfbp, insulin-like growth factor
lerance test; ITT, insulin tolerance test; Mknk2, MAP kinase interacting serine/threonine
osphoenolpyruvate carboxykinase 1; Pfkl, liver-type subunit of phosphofructokinase;
lytic subunit beta; Pygl, glycogen phosphorylase L.



Fig. 2. GKA treatment aggravated hepatic lipid accumulation in diet-induced obese mice. (A) Plasma TG, (B) liver weight and (C) liver/body weight ratio, and (D) hepatic TG
content were measured from mice of each group as indicated. (E) H&E staining (scale bar ¼ 100 mm), Oil Red O staining (scale bar ¼ 100 mm), and TEM (scale bar ¼ 20 mm) of liver
samples from mice of each group as indicated. The lipid area of liver tissues was examined by (F) H&E and (G) Oil Red O staining. (H) TEM technique was applied to understanding
the size of lipid droplet. Data are presented as the mean ± standard deviation (SD), *P < 0.05, **P < 0.01, ***P < 0.001. n ¼ 3e5 for each group. Abbreviations: CD, chow diet; GKA,
glucokinase activator; H&E, hematoxylin and eosin; HFD, high-fat diet; TEM, transmission electron microscopy; TG, triglyceride.
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NAS and the mRNA expression levels of the PERK pathway-
associated genes, Eif2ak3 (Perk) and Atf4 (Fig. 5EeG). The PERK
signaling pathway activation was also confirmed in the liver by
Western blot analysis in GKA-treated obese mice, as well as GKA-
treated AML12 hepatocytes under PA treatment (Fig. 5H and I).
These results indicated the PERK signaling pathway activation by
GK activation under HFD feeding in vivo or hyperlipidemia con-
ditions in vitro.

3.5. Inhibition of lipogenesis reduced intracellular TG content and
alleviated PERK-UPR pathway in PA-treated AML12 cells in vitro

Excessive cellular lipid accumulation could induce ER stress, and
GKA treatment neither activated ER stress signaling in the basal
conditions in AML12 cells, or CD-fed mice. GKA treatment
129
increased the mRNA and protein levels of Acaca (ACC) in HFD-fed
mice, which initiates lipogenesis, thus it was hypothesized that
Acaca upregulation might be involved in GKA treatment-induced
lipid accumulation. GKA pretreatment increased intracellular TG
levels under PA incubation in AML12 cells (Fig. 6A), and ACCi co-
pretreatment reversed GKA-induced TG accumulation under PA
or vehicle incubation. GKA treatment increased the protein level of
ACC as well as the downstream target of PERK-UPR signaling, ATF4
(Fig. 6BeD). ACC inhibition alleviated the PERK-UPR pathway
activation induced by GKA under PA treatment or basal conditions
(Fig. 6D). Overall, our data suggest that GKA treatment induced
hepatic lipid accumulation under hyperlipidemia conditions, and
excessive lipid in hepatocytes might be responsible for triggering
the PERK signaling pathway, which is illustrated by our hypothetic
model (Fig. 6E).



Fig. 3. GKA treatment induced hepatic pathological changes in mice with diet-induced obesity. (A) Plasma ALT and AST activities were analyzed from mice in each group as
indicated. (B) The representative pathological changes in livers from mice of each group as indicated. Ballooning and steatosis were indicated by red and yellow arrows in H&E
staining, respectively. The heatmaps of (C) liver inflammation and (D) fibrosis related genes from transcriptomic analysis of the indicated groups of mice (n ¼ 3 for each group). (E)
Quantitative analysis of liver pathology from mice of the indicated groups, including ballooning, inflammation, steatosis, and NAS. Data are presented as the mean ± standard
deviation (SD), *P < 0.05, **P < 0.01. n ¼ 5 for each group unless specifically mentioned. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; CD, chow
diet; Col, collagen; GKA, glucokinase activator; H&E, hematoxylin and eosin; HFD, high-fat diet; Il6st, interleukin 6 cytokine family signal transducer; Irak2, interleukin-1 receptor-
associated kinase 2; Mapkap1, mitogen-activated protein kinase associated protein 1; Mapk1ip1l, mitogen-activated protein kinase 1 interacting protein 1 like; Mmp2, matrix
metalloproteinase 2; NAS, non-alcoholic fatty liver disease (NAFLD) activity score; Stat, signal transducer and activator of transcription; Taok1, thousand and one amino acid kinase
1; Timp2, tissue inhibitor of metalloproteinase 2; Traf7, tumor necrosis factor receptor-associated factor 7.
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4. Discussion

Our findings demonstrated that GK activation improved glucose
tolerance in mice with diet-induced obesity while inducing hepatic
lipid accumulation that triggers the PERK-UPR pathway. Improve-
ments in both islet b cell function and insulin signaling were
observed with GKA treatment, which might contribute to the
improved glucose tolerance. We proposed that hepatic de novo
lipogenesis might contribute to GKA treatment-induced lipid
accumulation as lipid accumulation was observed only in HFD-fed
mice in response to the GKA treatment but not in CD, whereas
hepatic lipid uptake and export pathways were not among the top
enriched pathways from transcriptomic analysis of GKA-treated
mice. Liver tissue and AML12 cell analysis confirmed that the
130
lipogenic pathway was activated under GKA treatment in HFD-fed
mice. Additionally, the transcriptomic analysis suggested that UPR
signaling pathways, particularly the PERK-eIF2a-ATF4 signaling,
were activated due to excessive lipid accumulation. Finally, we
noted that the lipogenesis inhibitor (ACCi) reduced TG levels in PA-
and GKA-treated AML12 cells and alleviated the PERK-UPR
signaling pathway.

The UPR signaling pathway was reported to be triggered by
drugs, inflammation, viruses, etc.19 Our study suggested that lipid
accumulation through the ACC pathway under GKA treatment
stimulated UPR signaling, consistent with a previous study that
revealed excess lipids in the liver-activated UPR signaling.38 Addi-
tionally, the significant correlation between the mRNA expression
of lipogenesis-associated genes and the PERK signaling pathway in



Fig. 4. GKA treatment increased hepatic lipogenesis in diet-induced obese mice and PA-treated AML12 cells. (A) Gene Ontology (GO) analysis of transcriptomic data from the
livers of mice as indicated (n ¼ 3 for each group). The heatmaps of (B) de novo lipogenesis and (C) mitochondrion function related genes from transcriptomic analysis of the
indicated groups of mice (n ¼ 3 for each group). The relative hepatic mRNA expressions of genes related to (D) fatty acid uptake, (E) VLDL secretion, and (F) VLDL assembling based
on the FPKM value of transcriptomic analysis as indicated by each group (n ¼ 3 for each group). (G) In vivo VLDL-TG secretion test was performed in HFD-Vehicle and HFD-GKA
groups (n ¼ 3 for each group). (HeK) The correlation analysis between relative hepatic Acaca mRNA expression levels and (H) hepatic TG content, (I) NAS, (J) plasma ALT activity, and
(K) plasma AST activity (n ¼ 4 for each group). (L) The protein level of ACC in mice with diet-induced obesity with GKA or vehicle treatment (n ¼ 5 for each group). (M) The protein
level of lipogenesis-related protein ACC in AML12 cells under treatments as indicated. Data are representative of three repeats. Data are presented as the mean ± standard deviation
(SD), *P < 0.05, **P < 0.01. Abbreviations: ABC, ATP-binding cassette transporter; Acaca, acetyl-CoA carboxylase alpha; ACC, acetyl-CoA carboxylase; Acss3, acyl-CoA synthetase short
chain family member 3; Agpat4, acylglycerophosphate acyltransferase 4; ALT, alanine aminotransferase; APO, apolipoprotein; AST, aspartate aminotransferase; BP, biological
progress; CC, cellular component; CD, chow diet; CD36, cluster of differentiation 36; CIDEB, cell death-inducing DNA fragmentation factor 45 (DFF45)-like effector B; Elovl6,
elongation of long chain fatty acid family member 6; Fabp4, fatty acid binding protein 4; Fasn, fatty acid synthase; FPKM, fragments per kilobase of transcript per million mapped
reads; GKA, glucokinase activator; Hadh, 3-hydroxy acyl-CoA dehydrogenase; HFD, high-fat diet; HSP90, heat shock protein 90; MF, molecular function; Mgat1, monoacylglycerol O-
acyltransferase 1; MHC, major histocompatibility complex; Mogat1, monoacylglycerol acyltransferase 1; MTTP, microsomal triglyceride transfer protein; NAS, non-alcoholic fatty
liver disease (NAFLD) activity score; Ndufs1, NADH-ubiquinone oxidoreductase core subunit s1; PA, palmitic acid; Scd1, stearoyl-CoA desaturase 1; SLC27A, solute carrier 27A;
Srebf1, sterol regulatory element-binding transcription factor 1; TG, triglyceride; VLDL, very low-density lipoprotein.
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Fig. 5. Hepatic PERK-UPR pathway was activated in GKA-treated mice with diet-induced obesity and PA-treated AML12 cells. (A) GO analysis of top 10 activated and top 10
suppressed cellular components from liver transcriptomic analysis of GKA-treated mice with diet-induced obesity compared with the vehicle control. (B) The heatmap displayed the
ER-related genes (n ¼ 3 for each group). (C, D) The correlation heatmap between de novo lipogenesis-related genes and (C) ER-related genes or (D) UPR-related genes. (E) The
correlation analysis between hepatic Perk mRNA expression (FPKM, from RNA-Seq analysis) and NAS in HFD-fed mice under GKA or vehicle treatment. (F) The correlation analysis
between hepatic Atf4 mRNA expression (q-PCR) and hepatic TG content in obese mice. (G) The correlation analysis between hepatic Perk mRNA expression (q-PCR) and hepatic TG
content in obese mice under GKA or vehicle treatment. (H) The hepatic protein levels of the PERK-UPR pathway in obese mice as indicated (n ¼ 3 for each group). (I) The protein
levels of PERK-UPR pathway in AML12 cells under treatment by PA and/or GKA; Data are representative of three repeats. *P < 0.05, **P < 0.01. Abbreviations: Acaca, acetyl-CoA
carboxylase alpha; Acss3, acyl-CoA synthetase short chain family member 3; Agpat4, acylglycerophosphate acyltransferase 4; App, amyloid precursor protein; ATF, activating
transcription factor; Capn, calpain; Casp12, caspase 12; CC, cellular component; CD, chow diet; CHOP, CCAAT/enhancer binding protein (C/EBP) homologous protein; Ddit, DNA
damage-induced transcript; Eif2ak3, eukaryotic translation initiation factor 2 alpha kinase 3; Elovl6, elongation of long chain fatty acid family member 6; ER, endoplasmic re-
ticulum; Fabp4, fatty acid binding protein 4; Fasn, fatty acid synthase; FPKM, fragments per kilobase of transcript per million mapped reads; GKA, glucokinase activator; GO, Gene
Ontology; Hadh, 3-hydroxy acyl-CoA dehydrogenase; HFD, high-fat diet; HSF, heat shock factor; HSP90, heat shock protein 90; Il6st, interleukin 6 cytokine family signal transducer;
IRE1a, inositol-requiring enzyme 1alpha; Mapk1, mitogen-activated protein kinase 1; Mgat1, monoacylglycerol O-acyltransferase 1; MHC, major histocompatibility complex;
Mogat1, monoacylglycerol acyltransferase 1; Mtor, mechanistic target of rapamycin; NAS, non-alcoholic fatty liver disease (NAFLD) activity score; Nfkb1, nuclear factor kappa B
subunit 1; PA, palmitic acid; Pdia4, protein disulfide isomerase family A member 4; PERK, protein kinase RNA-like ER kinase; q-PCR, quantitative real-time polymerase chain
reaction; Scd1, stearoyl-CoA desaturase 1; Sod3, superoxide dismutase 3; Srebf1, sterol regulatory element-binding transcription factor 1; Ssr4, signal sequence receptor 4; Stat3,
signal transducer and activator of transcription 3; TG, triglyceride; Tlr2, Toll-like receptor 2; Traf2, tumor necrosis factor receptor-associated factor 2; Txndc5, thioredoxin domain
containing 5; Uggt1, UDP-glucose:glycoprotein glucosyltransferase; UPR, unfolded protein response; Xbp1, X-box binding protein 1.
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Fig. 6. Inhibition of lipogenesis-alleviated GKA treatment-induced lipid accumulation and inhibited the PERK-UPR pathway in AML12 cells. (A) Intracellular TG content and
(B) protein expression levels of ACC and PERK-UPR pathway in AML12 cells under the treatment with PA, GKA, and ACCi as indicated. Quantification of (C) ACC and (D) ATF4 protein
levels are shown. Data are representative of three repeats. Data are presented as the mean ± standard deviation (SD), *P < 0.05, **P < 0.01, ***P < 0.001. (E) Model illustrating the
potential role of GKA in glucose and lipid metabolism. Abbreviations: ACCi, acetyl-CoA carboxylase inhibitor; ATF4, activating transcription factor 4; CHOP, CCAAT/enhancer binding
protein (C/EBP) homologous protein; ER, endoplasmic reticulum; GKA, glucokinase activator; HSP90, heat shock protein 90; NAFLD, non-alcoholic fatty liver disease; PA, palmitic
acid; PERK, protein kinase RNA-like ER kinase; TG, triglyceride; UPR, unfolded protein response.
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GKA-treated HFD-fed mice, together with tissue protein analysis,
indicated the activation of PERK-UPR signaling. Furthermore, the
ACCi alleviated lipid accumulation and PERK signaling, suggesting
that GKA-induced lipid accumulation was responsible for PERK
signaling activation. However, the detailed signaling mechanism
underlying GKA treatment-induced ACC expression requires
further study, and a detailed signaling mechanism linking GKA
treatment and PERK-UPR pathway activation remains to be un-
covered. Reports showed that the PERK pathway played differential
roles during NAFLD progression. Hepatic deletion of ATF4, which is
downstream of the PERK pathway, attenuated NAFLD progression
by attenuating de novo lipogenesis,27 or by reducing cell death.39

Another report demonstrated that C/EBP homologous protein in-
duction through PERK signaling in macrophages prevented NAFLD
progression.40 Thus, the involvement of PERK pathway activation in
mediating GKA treatment-induced hepatic lipid accumulation is an
issue for further study.

Clinical trials have demonstrated that GKAs were effective in
lowering blood glucose levels in patients with T2DM,41e43

including the most recent clinical studies on a newly developed
GKA, dorzagliatin.13e15 The number of adverse events was similar
between the treatment and placebo groups. However, a clear trend
of increased plasma TG, as well as ALT/AST activity after 24weeks of
GKA treatment,13 suggests its potential risk on liver function, and
liver function status should be considered for GKA prescription. Our
study revealed hepatic lipid accumulation with GKA treatment in
HFD-fed but not CD-fed mice. Another study showed that GKA
treatment only induced TG accumulation in db/db mice but not in
lean mice.44 Additionally, genetic studies have demonstrated that
endogenous GK activation significantly increased the risk of
NAFLD.6,45,46 More studies on the role of GK activation in human
subjects are required to pave the way for the clinical use of GKAs as
GKA has been demonstrated as a potentially effective treatment for
T2DM, and NAFLD progression is attributed to many factors,
including genetic background, nutrition status, lifestyle, etc.47

5. Conclusions

In summary, the present study demonstrated that GK activation
was effective in lowering blood glucose in mice with HFD-induced
obesity, while it potentially raised the risk of increasing hepatic
lipid accumulation that triggered the PERK-UPR pathway. Thus,
liver function should be considered for patients if GKAs are
considered for prescription. Combined with the recent progress on
the effectiveness of GKAs in treating patients with T2DM and
coronavirus disease 2019, more clinical studies or observationsmay
be needed before GKAs may be used most advantageously in
treating patients for personalized therapy.
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