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Coronarin A modulated hepatic glycogen synthesis and
gluconeogenesis via inhibiting mTORC1/S6K1 signaling
and ameliorated glucose homeostasis of diabetic mice
Su-ling Huang1, Wei Xie1,2, Yang-liang Ye1, Jia Liu3, Hui Qu1, Yu Shen1, Ti-fei Xu1, Zhuo-hui Zhao1,2, Yu Shi1,2, Jian-hua Shen1 and
Ying Leng1,2

Promotion of hepatic glycogen synthesis and inhibition of hepatic glucose production are effective strategies for controlling
hyperglycemia in type 2 diabetes mellitus (T2DM), but agents with both properties were limited. Herein we report coronarin A, a
natural compound isolated from rhizomes of Hedychium gardnerianum, which simultaneously stimulates glycogen synthesis and
suppresses gluconeogenesis in rat primary hepatocytes. We showed that coronarin A (3, 10 μM) dose-dependently stimulated
glycogen synthesis accompanied by increased Akt and GSK3β phosphorylation in rat primary hepatocytes. Pretreatment with Akt
inhibitor MK-2206 (2 μM) or PI3K inhibitor LY294002 (10 μM) blocked coronarin A-induced glycogen synthesis. Meanwhile,
coronarin A (10 μM) significantly suppressed gluconeogenesis accompanied by increased phosphorylation of MEK, ERK1/2,
β-catenin and increased the gene expression of TCF7L2 in rat primary hepatocytes. Pretreatment with β-catenin inhibitor
IWR-1-endo (10 μM) or ERK inhibitor SCH772984 (1 μM) abolished the coronarin A-suppressed gluconeogenesis. More importantly,
we revealed that coronarin A activated PI3K/Akt/GSK3β and ERK/Wnt/β-catenin signaling via regulation of a key upstream molecule
IRS1. Coronarin A (10, 30 μM) decreased the phosphorylation of mTOR and S6K1, the downstream target of mTORC1, which further
inhibited the serine phosphorylation of IRS1, and subsequently increased the tyrosine phosphorylation of IRS1. In type 2 diabetic
ob/ob mice, chronic administration of coronarin A significantly reduced the non-fasting and fasting blood glucose levels and
improved glucose tolerance, accompanied by the inhibited hepatic mTOR/S6K1 signaling and activated IRS1 along with enhanced
PI3K/Akt/GSK3β and ERK/Wnt/β-catenin pathways. These results demonstrate the anti-hyperglycemic effect of coronarin A with a
novel mechanism by inhibiting mTORC1/S6K1 to increase IRS1 activity, and highlighted coronarin A as a valuable lead compound
for the treatment of T2DM.
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INTRODUCTION
Type 2 diabetes mellitus (T2DM) is characterized with hypergly-
cemia due to insulin resistance and impaired insulin secretion. The
liver plays crucial role in maintaining blood glucose homeostasis
by coordinating the glucose storage, utilization and production
[1, 2]. In diabetic subjects, the ability of liver to store glycogen was
typically diminished, and the hepatic gluconeogenesis was
aberrantly activated, which jointly broke the whole body glucose
homeostasis and enhanced both of postprandial and fasting
blood glucose [3, 4]. Thus, targeting on promotion of hepatic
glycogen synthesis and inhibition of hepatic gluconeogenesis
could be more effective in suppression of diabetic symptoms [5].
Nevertheless, the agents which could stimulate glycogen synth-
esis and simultaneously inhibit gluconeogenesis were limited.
Insulin activates phosphoinositide 3-kinase (PI3K)/Akt signaling

cascade and subsequently stimulates the phosphorylation and
inactivation of GSK3β [6, 7], leads to the activation of glycogen

synthase (GS) [8, 9], and ultimately triggers glycogen synthesis
[10]. Hepatic glycogen synthesis is upregulated in response to the
elevated blood glucose and insulin upon feeding [5, 9], whereas
gluconeogenesis becomes the predominant source of fuel under
prolonged fasting [11]. Under the fasting state in vivo, glucagon is
the dominant hormone stimulating hepatic gluconeogenesis.
Glucagon accumulates cAMP and induces PKA, which in turn
phosphorylates cAMP response element binding (CREB) protein to
stimulate transcription of gluconeogenic genes glucose-6-
phosphatase (G6pc) and phosphoenolpyruvate carboxykinase
(Pck1) [12]. In addition, kinds of transcriptional regulators and
kinases, such as hepatic nuclear factor 4α, forkhead box O1, AMP-
activated protein kinase (AMPK) and salt inducible kinase 1 (SIK1)
were also reported to control hepatic gluconeogenesis via
regulating the Pck1 and G6pc expression, and thus modulated
the hyperglycemia of diabetic mice [13]. Recently, more transcrip-
tional regulators and coactivators such as heat shock transcription
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factor-1 (HSF1) [14] and the Wnt/β-catenin/transcription factor
7-like 2 (TCF7L2) signaling pathway were proved to be vital in
controlling Pck1 and G6pc expression [15, 16].
As T2DM develops, insulin resistance shifts the major form of

energy storage from glycogen to triglycerides (TGs) in the liver
[17, 18], which further impede the hepatic insulin resistance
[9, 19]. Meanwhile, excessive gluconeogenic substrates such as
glycerol, lactates and pyruvates are released into the circulation,
and accelerated the rate of gluconeogenesis. Moreover, insulin
resistance caused an inability of insulin to appropriately
stimulate glycogen synthesis and suppress gluconeogenesis
[20]. Insulin receptor (IR) responses to insulin and processes
metabolic and mitogenic effects through IR substrate (IRS)
proteins and key mediators, such as PI3K and Akt, MEK and ERK.
The pathogenesis of insulin resistance is complex and has not
been fully understood. mTORC1 is hyperactivated under insulin
resistant states and obesity, which could further impair
insulin signaling and aggravate insulin resistance via phosphor-
ylating IRS1 at serine residues [21]. Thus, antagonizing mTORC1
might ameliorate insulin resistance and normalize the impaired
hepatic glycogen synthesis and the excessive gluconeogenesis
in T2DM.
Considering that glycogen synthesis and gluconeogenesis are

two essential physiological processes for the liver to maintain
glucose homeostasis, we screened our natural products library to
identify active molecules which could simultaneously promote
glycogen synthesis and inhibit gluconeogenesis in primary
cultured rat hepatocytes, and discovered the active compound
coronarin A. As a natural product isolated from rhizomes of
Hedychium gardnerianum, coronarin A has been reported to
possess anti-inflammatory activity in bone marrow-derived
dendritic cells [22] and cytotoxic effects in human small cell lung
cancer (NCI-H187) cells [23, 24]. However, its beneficial effect on
hepatic glucose modulation has never been reported. In the
present study, we discovered that coronarin A stimulated the
glycogen synthesis by activating PI3K/Akt/GSK3β and suppressed
the gluconeogenesis by enhancing ERK/Wnt/β-catenin pathway.
Moreover, we elucidated the novel molecular mechanisms
that coronarin A concurrently modulates glycogen synthesis
and gluconeogenesis by activating tyrosine phosphorylation of
IRS1 through inhibiting mTORC1/S6K1 signaling, and identified
the unrecognized anti-hyperglycemic efficacy of coronarin A in
ob/ob mice.

MATERIALS AND METHODS
Chemicals and materials
Coronarin A was purchased from BioBioPha Co., Ltd (Kunming,
China). Forskolin, metformin, insulin, dexamethasone, amyloglu-
cosidase, pyruvate sodium and lactate sodium were purchased
from Sigma-Aldrich (St Louis, MO, USA). MK-2206, LY294002, IWR-
1-endo and SCH772984 were purchased from Selleckchem
(Houston, TX, USA). Trichloroacetaldehyde hydrate was purchased
from Sinopharma Chemical Reagent (Shanghai, China). Collagen
and horseradish peroxidase-conjugated secondary antibody were
purchased from Dingguo (Beijing, China). Minimum Essential
Medium (MEM), glucose-free Dulbecco’s modified Eagle’s medium
(DMEM), fetal bovine serum, TRIzol reagent and collagenase IV
were purchased from Life Technologies (Carlsbad, CA, USA).
PrimerScriptTM RT reagent kit and SYBR Premix Ex Taq were
purchased from TaKaRa Biotechnology (Dalian, China). The
glucose assay kit was purchased from Rongsheng Biotech
(Shanghai, China). The non-fat dry milk was purchased from
Meilunbio (Dalian, China). Percoll and ECL plus Western Blotting
Detection Reagent were purchased from GE Healthcare (Buck-
inghamshire, UK). ACCU-CHEK Advantage II Glucose Monitor was
purchased from Roche (Indianapolis, IN, USA). The TG kit was
purchased from Dongou Diagnostics (Wenzhou, China). The

glycogen kit was purchased from Comin Biotechnology (Suzhou,
China). The ultra-sensitive mouse insulin kit was purchased from
Crystal Chem (Downers Grove, IL, USA). All primary antibodies
were purchased from Cell Signaling Technology (Danvers, MA,
USA), including p-mTOR Ser2448 (#2976), mTOR (#2983), p-S6K1
Thr389 (#9234), S6K1 (#2708), p-S6 Ser235/236 (#2215), S6 (#2217),
p-IRS1 Ser1101 (#2385), p-IRS1 Tyr1222 (#3066), IRS1 (#2390), p-IR
Tyr1135/1136 (#3024), IR (#3025), IRS1 (#2390), p-ERK Thr202/
Tyr204 (#4370), ERK (#4695), p-β-catenin Ser675 (#4176), p-Akt
Ser473 (#9271), p-Akt Thr308 (#9275), Akt (#9272), p-GSK3β Ser9
(#9323), GSK3β (#9315), GAPDH (#2118). All other chemicals and
reagents were purchased of the highest grade available
commercially.

Animals
Male Sprague-Dawley rats were purchased from SLAC Laboratory
Animals (Shanghai, China). B6.V-Lepob/Lepob mice (Jackson Labora-
tory, Bar Harbor, ME, USA) were bred and maintained at the
Shanghai Institute of Materia Medica (SIMM), Chinese Academy of
Sciences (CAS) (Shanghai, China). All animals were housed in a
temperature- and humidity-controlled environment with a 12 h
light/dark cycle, free access to water and the ob/ob mice were fed
with a high-fat diet (Cat. P1400F, Puluteng, Shanghai, China). The
animal experiments were approved and conducted in accordance
with the guidelines of the Institutional Animal Care and Utilization
Committee, SIMM, CAS.

Primary hepatocytes culture
Hepatocytes were isolated from male SD rats using the two-step
collagenase manner as previously reported with minor modifica-
tions [25]. Briefly, SD rat was anesthetized and then the liver was
perfused with collagenase IV digestion medium through the portal
vein. The isolated primary hepatocytes were collected after
100 μm mesh filtration and Percoll centrifugation. Hepatocytes
were plated in 6- or 48-well plates (1 or 0.125 × 106 cells per well)
pre-coated with collagen in MEM containing 10% FBS, 100 nM
insulin, 10 nM dexamethasone, and were incubated in a humidi-
fied incubator at 37 °C and 5% CO2.

Cell viability measurement
Cell viability was measured by MTT assay. Primary rat hepatocytes
were seeded in 96-well plates for overnight and then incubated
with different doses of coronarin A for 5.5 h or 12 h. After that, the
medium was removed and 100mL DMSO was added to dissolve
the formazan. The light absorption was measured at 570 nm and
the cell viability was calculated and normalized to control group.

Glycogen synthesis measurement
Cultured primary hepatocytes were treated with coronarin A or
insulin for the indicated time and then harvested with distilled
water using the cell scraper. After sonification and centrifugation
at 12,000 × g, 4 °C for 10 min, the supernatant was collected and
incubated with 1 mg/mL amyloglucosidase in 0.2 M sodium
acetate buffer (pH 4.8) for 2.5 h with shaking in 40 °C. The reaction
was stopped by 0.05% trichloroacetic acid and the glucose
content in the supernatant was detected by the glucose assay kit.
The result was normalized to cellular protein concentration.

Gluconeogenesis measurement
After seeded for 4 h, rat primary hepatocytes were treated with
compounds in serum-free, glucose-free DMEM medium for 1.5 h,
with or without 20 μM forskolin stimulation. After this, gluconeo-
genic substrates (2 mM pyruvate sodium plus 20 mM lactate
sodium) were added into the medium for another incubation of
4 h. For inhibitor studies, hepatocytes were pre-treated with
pharmacological inhibitors for 0.5 h before coronarin A treatment.
Medium was collected to determine glucose production and
normalized to cellular protein concentration.
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Real-time PCR
Total RNA was extracted from rat primary hepatocytes or mouse
liver by TRIzol reagent. cDNA synthesis was conducted using
PrimerScriptTM RT reagent kit. The indicated gene mRNA levels
were qualified using SYBR Premix Ex Taq. 18 S (hepatocytes) or β-
actin (liver samples) were applied as normalizing controls using
the 2−ΔΔCT method. All oligonucleotide primers were synthesized
by Invitrogen and the sequences were listed in Table 1.

Western blot
Protein preparation and Western blot analysis were performed as
described previously [26]. All the primary antibodies used in this
study were diluted by 1:1000 except the antibody anti-GAPDH was
diluted by 1:4000. The blots were blocked in 7.5% milk for 2 h and
were then incubated with the primary antibody overnight at 4 °C;
this was followed by an incubation with the goat anti-rabbit
antibody (dilution 1:10,000). The blot bands were detected by ECL
plus chemiluminescence and were quantified via densitometry
using Quantity One (Bio-Rad, Hercules, California, USA).

RNA interference
Primary rat hepatocytes were transfected with 100 nM selective
siRNA of IRS1 or non-target siRNA using LipofectamineTM 2000
(Thermo Fisher Scientific, Waltham, MA, USA) for 48 h for follow-up
glycogen synthesis and gluconeogenesis test. The siRNAs of IRS1
and non-target siRNA were obtained from Genomeditech
(Shanghai, China).

Pharmacokinetic study of coronarin A in ob/ob mice
Female ob/ob mice (10–11 weeks) were fasted overnight and fed
2 h post dose with free access to water. Coronarin A was dissolved
in 0.5% Tween 80 or 0.25% CMC-Na and intraperitoneally or orally
administered to ob/ob mice with a volume of 10 mL/kg of body
weight at a dose of 30mg/kg. The blood was obtained at 1, 2, 4, 8,
and 12 h after dosing. Serum was harvested by centrifugation and
concentrations of coronarin A in serum were determined by LC-
MS/MS.

Chronic treatment of coronarin A in ob/ob mice
Male ob/ob mice (7–8 weeks) were assigned into four groups
based on body weight and blood glucose (n= 8), and subjected
to intraperitoneally treatment with 30 mg/kg coronarin A or the
vehicle (0.1% Tween 80) or gavage with 100 mg/kg coronarin A or
the vehicle (0.25% CMC-Na) once daily for 22 days. The non-
fasting and fasting blood glucose of all mice were monitored on

day 4, 8, 12, 16, and 22. The food intake and body weight of mice
were measured once daily. Oral glucose tolerance tests (OGTT,
1.5 g/kg) were performed at 6 h fasting ob/ob mice on day 19 and
the blood samples were collected to determine the serum glucose
and insulin concentrations. On the last day, all mice were
anaesthetized (trichloroacetaldehyde hydrate, 500mg/kg) after
6 h fasting. The HOMA index of insulin resistance (HOMA-IR) was
calculated as fast serum insulin (pM) × fast plasma glucose (mM)/
156, which reflects the whole-body insulin sensitivity. The livers of
gavage mice were collected and stored at −80 °C for Western blot
analysis, gene expression measurement and the hepatic glycogen
detection. Hepatic glycogen content was determined using the
anthrone colorimetry method by the corresponding commercial
kit following the manufacturer’s protocol.

Statistical analysis
The results were expressed as the mean ± SEM and analyzed with
GraphPad Prism software. All statistical analyses were evaluated
using a two-tailed unpaired Student’s t test. P < 0.05 was
considered statistically significant.

RESULTS
Coronarin A stimulated glycogen synthesis and inhibited
gluconeogenesis in rat primary hepatocytes
The structure of coronarin A is shown in Fig. 1a. Since the
hepatocytes were treated with coronarin A for a total 5.5 h in the
gluconeogenesis assay and for 4 or 12 h in the glycogen synthesis
experiment, we detected the effect of coronarin A on cell viability
of rat primary hepatocytes after 5.5 h or 12 h-incubation,
respectively. As shown, coronarin A (1–30 μM) showed no toxicity
on cell viability of rat primary hepatocytes after 5.5 h (Fig. 1b) or
12 h (Fig. 1c) incubation, whereas 100 μM coronarin A decreased
cell viability after 12 h incubation (Fig. 1c). Thus, the maximum
concentration used to study the effects of coronarin A on glucose
metabolism in primary hepatocytes was 30 μM. Significant
enhancement of glycogen synthesis was observed within 4 h of
coronarin A treatment (10 μM) and was strengthened for up to
12 h, with 1.38- and 1.90-fold increase respectively (Fig. 1d). The
glycogen synthesis was stimulated in a dose-dependent manner
after 4 h (Fig. 1e) or 12 h (Fig. 1f) treatment with 1, 3 or 10 μM
coronarin A. Coronarin A also exerted a dose-dependent inhibition
on gluconeogenesis in rat primary hepatocytes under basal state,
with 10 μM coronarin A leading to comparative inhibitory effect
with 500 μM metformin (Fig. 1g). Forskolin, a potent activator of

Table 1. The sequences of primers for real-time PCR.

Species Genes Forward sequences (5′–3′) Reverse sequences (5′–3′)

Rat Pck1 TGACATTGCCTGGATGAAGT GTCTTAATGGCGTTCGGATT

G6pc GACTCCCAGGACTGGTTTGT GATGCCCACAGTCTCTTGAA

TCF7L2 TTCGCCTCCTGTAAGCAGTG GGCAACCCTGAACGTTTTCTC

c-Myc TGAGGAGACACCGCCCAC CAACATCGATTTCTTCCTCATCTTC

Ccnd CAAGTGTGACCCGGACTGC GCTCCCTACTCTCAGGGTGA

Axin2 GCGCTTTGATAAGGTCCTGG GTCACTAACACGGCGCTACT

18S CACGGGTGACGGGGAATCAG CGGGTCGGGAGTGGGTAATTTG

Mouse Pck1 CATATGCTGATCCTGGGCATAAC CAAACTTCATCCAGGCAATGTC

G6pc ACACCGACTACTACAGCAACAG CCTCGAAAGATAGCAAGAGTAG

TCF7L2 GATGTCCAAGCAGGAAGCCT GCGACAGCGGGTAATATGGA

c-Myc AGTCAGGGTCATCCCCATCA AAAGCTACGCTTCAGCTCGT

Ccnd TCAAGTGTGACCCGGACTGC GCTCCTTTCTCTTCGCGGAT

Axin2 ACTATGGGGCTTGGACTTGC GCACCTTGCCAAAACGGAAT

Actin TGACAGGATGCAGAAGGAGA GCTGGAAGGTGGACAGTGAG
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Fig. 1 Coronarin A stimulated glycogen synthesis and inhibited gluconeogenesis in rat primary hepatocytes. a Chemical structure of
coronarin A. b and c Cell viability was measured in rat primary hepatocytes after treatment with different doses of coronarin A for 5.5 h (b) or 12 h
(c). d Effect of 10 μM coronarin A on glycogen synthesis for the indicated time points. e and f Glycogen synthesis was measured in primary
hepatocytes after treatment with different doses of coronarin A for 4 h (e) or 12 h (f). 100 nM insulin was set as a positive control. g Dose-
dependent inhibition on gluconeogenesis by coronarin A in rat primary hepatocytes. 500 μMmetformin was used as a positive control. Forskolin
(20 μM) was applied to stimulate gluconeogenesis in primary hepatocytes, and the effects of coronarin A on gluconeogenesis (h), the expression
levels of gluconeogenic genes Pck1 (i) and G6pc (j) were determined. All results were presented as mean ± SEM (n= 4). *P < 0.05, **P < 0.01 versus
control under basal condition; #P < 0.05, ##P < 0.01 versus control under forskolin-induced condition.

Coronarin A ameliorates hepatic glucose metabolism via mTORC1/S6K1
SL Huang et al.

599

Acta Pharmacologica Sinica (2023) 44:596 – 609



adenylate cyclase, is widely used to mimic the effect of glucagon
for stimulating gluconeogenesis in the in vitro experiments [27].
Here, the forskolin-stimulated gluconeogenesis was significantly
suppressed, with 3 and 10 μM coronarin A causing a reduction of
28.2% and 43.3%, respectively (Fig. 1h). The mRNA expressions of
gluconeogenic genes Pck1 and G6pc were decreased by coronarin
A under both basal and forskolin-stimulated state (Fig. 1i, j).

Coronarin A stimulated glycogen synthesis through activating
PI3K/Akt/GSK3β signaling in primary hepatocytes
As glycogen synthesis is mainly regulated by insulin signaling, we first
investigated the effects of coronarin A on key mediators of insulin
signaling, Akt and GSK3β, and insulin was set as a positive control. As
shown here, coronarin A dose-dependently increased the Akt (Ser473
and Thr308) and GSK3β (Ser9) phosphorylation in rat primary
hepatocytes (Fig. 2a–c). Treatment with 10 μΜ coronarin A for 4 h
significantly increased the Akt phosphorylation at Ser473 and Thr308
to 1.9- and 1.5-fold of control, respectively. The phosphorylation of
GSK3β at Ser9 was significantly increased to 2.4-fold at the same
concentration. The effects of the Akt inhibitor MK-2206 and the PI3K
inhibitor LY294002 on coronarin A stimulated Akt signaling and
glycogen synthesis were investigated in rat primary hepatocytes. As
shown in Fig. 2d, both MK-2206 and LY294002 pretreatment
abolished the 10 μΜ coronarin A-stimulated Akt and GSK3β
phosphorylation. Correspondingly, the glycogen synthesis stimula-
tion caused by 10 μΜ coronarin A was completely blocked by MK-
2206 and LY294002 pretreatment (Fig. 2e). These data indicated that
coronarin A promoted glycogen synthesis in cultured primary
hepatocytes dependent on PI3K/Akt signaling.

Coronarin A inhibited gluconeogenesis by activating ERK-
dependent Wnt/β-catenin/TCF7L2 pathway in primary
hepatocytes
Though activating the Akt signaling might also affect the hepatic
gluconeogenesis, the coronarin A-suppressed gluconeogenesis was
not influenced by the PI3K and Akt inhibitors (Fig. 3a, b), suggesting
the PI3K/Akt signaling was dispensable here. The RNA-seq analysis
of coronarin A showed that the gene expression of TCF7L2 was
stimulated. Coronarin A (10 μM) increased the mRNA level of
TCF7L2 to a 1.66-fold of control in rat primary hepatocytes (Fig. 3c),
and themRNA levels of TCF target genes including Axin2, c-Myc and
Ccnd1 were also significantly upregulated (Fig. 3d). The Wnt
signaling has been reported to regulate gluconeogenesis, and
TCF7L2 and β-catenin are key components of Wnt pathway.
Here, coronarin A dose-dependently increased the phosphorylation
of β-catenin at Ser675, with significant increase by 84.0% after
10 μM treatment (Fig. 3e). In previous reports, ERK was proved to be
involved in the activation of β-catenin by insulin in Hepa1-6 cells
[28]. The phosphorylation of both ERK1 and ERK2 were
dose-dependently stimulated by coronarin A, with increase to 1.8-
fold of control after 10 μM of coronarin A treatment (Fig. 3f). The
phosphorylation of mitogen-activated protein kinase kinase (MEK)
was also dose-dependently stimulated by coronarin A, with increase
to 1.6-fold of control after 10 μM of coronarin A treatment (Fig. 3g).
Pretreatment with ERK inhibitor SCH772984 abolished the effects of
coronarin A on ERK1/2 and β-catenin phosphorylation (Fig. 3h), and
the inhibition of coronarin A on gluconeogenesis was also blocked
(Fig. 3i). The Wnt inhibitor IWR-1-endo blocked the effect of
coronarin A on β-catenin phosphorylation and the inhibition on
gluconeogenesis, but did not affect the coronarin A-stimulated
phosphorylation ERK1/2 (Fig. 3h, i). These data suggested coronarin
A inhibited gluconeogenesis through activating the ERK-dependent
Wnt/β-catenin/TCF7L2 pathway.

Coronarin A increased tyrosine phosphorylation of IRS1 through
inhibiting mTOR/S6K1 signaling
As coronarin A showed stimulation on both the PI3K/Akt and
MEK/ERK signaling, we wonder whether coronarin A affected the

same upstream regulation of these two signaling. IRS proteins
regulate metabolic and mitogenic functions mainly through the
PI3K/Akt and Ras/MEK/ERK signaling cascades [29]. As expected, the
tyrosine phosphorylation of IRS1 at Tyr1222 was dose-dependently
enhanced by coronarin A, with a significant increase to 1.8-fold of
control after 10 μM of coronarin A (Fig. 4a), whereas the serine
phosphorylation of IRS1 was dose-dependently inhibited (Fig. 4b),
indicating the activity of IRS1 was strengthened. The tyrosine
phosphorylation of insulin receptor (IR) at Tyr1135/1136 was
unchanged after coronarin A treatment (Fig. 4c). Since the mTOR/
S6K1 signaling was reported to negatively regulate IRS activity [30],
we evaluated the activity of this signaling in rat primary hepatocytes
here. As shown in Fig. 4d and e, coronarin A dose-dependently
reduced the phosphorylation of mTOR, S6K1 and S6, suggesting
that the mTOR/S6K1 signaling was inhibited. These data indicated
that coronarin A increased the tyrosine phosphorylation of IRS1 by
downregulating mTOR/S6K1 pathway and inhibiting the IRS1 serine
phosphorylation. To further verify the role of IRS1 in the regulation
of glycogen synthesis and gluconeogenesis by coronarin A, we
knocked down the expression of IRS1 in primary rat hepatocytes by
using IRS1 siRNA. Figure 4g showed that the IRS1 expression was
effectively knocked down. The stimulation of glycogen synthesis in
response to coronarin A and insulin was all abolished by knockdown
of IRS1 (Fig. 4h), and the inhibitory effect of coronarin A on forskolin-
induced gluconeogenesis was also blocked (Fig. 4i). These results
suggested that IRS1 is indispensable in the coronarin A regulated
glycogen synthesis and gluconeogenesis.

Intraperitoneal injection of coronarin A ameliorated
hyperglycemia and insulin resistance in ob/ob mice
The ob/ob mice were intraperitoneally administered coronarin A
(30 mg/kg, qd) for 22 days to investigate its effects on metabolic
abnormalities. Coronarin A significantly decreased the non-fasting
and fasting blood glucose levels with an average reduction rate of
37.1% and 37.0%, respectively (Fig. 5a, b). After 19 days of
treatment, coronarin A remarkably improved the oral glucose
tolerance of ob/ob mice (Fig. 5c). This was accompanied by a
reduction in serum insulin concentrations at 0 and 60min after
glucose loading in the coronarin A-treated mice, with a 36.4% and
41.0% reduction, respectively (Fig. 5d). The whole body insulin
sensitivity indicator, HOMA of insulin resistance (HOMA-IR) was
significantly reduced by coronarin A, with a 68.3% reduction
(Fig. 5e). During the whole treatment, the food intakes and the
body weight were unaffected (Fig. 5f, g). After administration of
coronarin A, the liver glycogen content was increased by 1.6-fold
compared to the vehicle mice (Fig. 5h), and the expression of
gluconeogenic gene Pck1 and G6pc was significantly decreased
(Fig. 5i).

Oral administration of coronarin A ameliorated hyperglycemia in
ob/ob mice
We wonder whether oral administration of coronarin A can also
improve glucose homeostasis of ob/ob mice. A pharmacokinetic
study of coronarin A by intraperitoneal injection and oral gavage
respectively was conducted in ob/ob mice before chronic oral
treatment. As shown in Table 2, intraperitoneal injection of
coronarin A exhibited higher plasma exposure than oral gavage
at the same dose of 30 mg/kg, with Cmax value of 1073 and
388 ng/mL, respectively. According to the Cmax data, we decided
to gavage the ob/ob mice with a dose of 100 mg/kg for chronic
treatment.
As expected, the results showed that oral treatment with

100mg/kg coronarin A exerted similar effects to intraperitoneal
injection with 30 mg/kg coronarin A in ob/ob mice. Gavage with
100mg/kg coronarin A once daily significantly decreased the non-
fasting and fasting blood glucose with an average reduction rate
of 30.3% and 34.0% (Fig. 6a and b), respectively. After 19 days
of treatment, oral administration of coronarin A significantly
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Fig. 2 Coronarin A stimulated glycogen synthesis through activating PI3K/Akt/GSK3β signaling in primary hepatocytes. a–c Coronarin A
increased the Akt and GSK3β phosphorylation dose-dependently. d and e Cultured hepatocytes were pre-treated with the Akt inhibitor MK-
2206 (2 μM) or PI3K inhibitor LY294002 (10 μM) and then co-treated with coronarin A. The phosphorylation levels of Akt and GSK3β (d) and
glycogen synthesis (e) were detected. 100 nM insulin was set as a positive control. All results were presented as mean ± SEM (n= 3). *P < 0.05,
**P < 0.01 versus the corresponding control.
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Fig. 3 Coronarin A inhibited gluconeogenesis by activating ERK/-dependent Wnt/β-catenin/TCF7L2 pathway in primary hepatocytes.
a and b The inhibition on gluconeogenesis by coronarin A could not be attenuated by PI3K inhibitor LY294002 (a) and the Akt inhibitor
MK2206 (b) in rat primary hepatocytes. c and d The mRNA expression level of TCF7L2 and β-catenin/TCF targeted genes Axin2, c-Myc and
Ccnd1 were measured in primary hepatocytes after coronarin A treatment. e–g Effects of coronarin A on β-catenin, ERK and MEK
phosphorylation were detected using Western blot analysis and quantitated. h and i Cultured hepatocytes were pre-treated with β-catenin
inhibitor IWR-1-endo (10 μM) or ERK inhibitor SCH772984 (1 μM) and then co-treated with coronarin A. The ERK/β-catenin pathway (h) and
gluconeogenesis (i) were detected. All results were presented as mean ± SEM (n= 3). *P < 0.05, **P < 0.01 versus control.
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improved the oral glucose tolerance of ob/ob mice (Fig. 6c) and
significantly reduced the serum insulin concentration at 15 min
after glucose loading (Fig. 6d). The HOMA-IR showed a 51.7%

reduction (Fig. 6e). During the whole treatment, oral administra-
tion of coronarin A resulted in a 23.1% reduction of the average
daily food intake (Fig. 6f), while the body weight was unaffected

Fig. 4 Coronarin A increased tyrosine phosphorylation of IRS1 through inhibiting mTOR/S6K1 signaling. a and b Coronarin A dose-
dependently enhanced the phosphorylation of IRS1 at Tyr1222 in rat primary hepatocytes, and decreased the serine phosphorylation of IRS1
at Ser1101. c Coronarin A showed no influence on the tyrosine phosphorylation of IR in rat primary hepatocytes. d–f Coronarin A dose-
dependently decreased the phosphorylation of mTOR, S6K1 and S6 in rat primary hepatocytes. g–i Primary rat hepatocytes were pre-treated
with IRS1 siRNA or non-target siRNA (NC) for 48 h and the IRS1 protein (g) was detected; or the hepatocytes were followed with or without
coronarin A treatment for further 4 h for glycogen synthesis (h) or 5.5 h for gluconeogenesis (i) measurement. Results were presented as
mean ± SEM (n= 3–4). *P < 0.05, **P < 0.01 versus control.

Coronarin A ameliorates hepatic glucose metabolism via mTORC1/S6K1
SL Huang et al.

603

Acta Pharmacologica Sinica (2023) 44:596 – 609



Fig. 5 Intraperitoneal injection of coronarin A ameliorated hyperglycemia and insulin resistance in ob/obmice. Intraperitoneal injection of
coronarin A (30mg/kg) improved both non-fasting blood glucose (a) and fasting blood glucose (b) during the 22 days’ treatment. Oral
glucose tolerance test (OGTT, 1.5 g/kg) was determined on day 19. The blood glucose (c) and serum insulin (d) were detected at the indicated
time points. e HOMA-IR was calculated. Food intake accumulation (f) and body weight (g) were monitored during treatment. h Liver glycogen
content was detected. i The expression levels of hepatic gluconeogenic genes Pck1 and G6pc were detected by real-time PCR. All results were
presented as mean ± SEM (n= 8). *P < 0.05, **P < 0.01 versus vehicle mice.
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(Fig. 6g). After 22 days’ oral administration of coronarin A, the
hepatic glycogen content was increased (Fig. 6h) and the
expression levels of gluconeogenic gene Pck1 and G6pc were
significantly decreased (Fig. 6i), consistently to the effects by
intraperitoneal injection of coronarin A.

Coronarin A inhibited the mTOR/S6K1 pathway to activate PI3K/
Akt and ERK/β-catenin signaling in livers of ob/ob mice
After chronic gavage treatment with coronarin A, the livers of ob/ob
mice were used for further investigation. As shown in Fig. 7a, the
chronic coronarin A treatment caused a 65.3% decrease in the
phosphorylation of mTOR in the liver, and the phosphorylation of
S6K1 and S6 was also significantly inhibited. More importantly,
coronarin A decreased the serine phosphorylation of IRS1 at
Ser1101 by 49.0% (Fig. 7b), whereas the tyrosine phosphorylation of
IRS1 in livers was increased to 1.57-fold of the vehicle group in the
liver of ob/ob mice (Fig. 7c). The phosphorylation of Akt at Ser473
and Thr308 was significantly increased by 79.2% and 80.6%,
respectively (Fig. 7d). Correspondingly, the phosphorylation of
GSK3β at Ser9 was also elevated by 116.4% (Fig. 7d). Meanwhile,
coronarin A caused a 69.5% and 98.9% increase in the phosphor-
ylation of ERK1 and ERK2, respectively, and phosphorylation of
β-catenin was increased by 40.6% (Fig. 7e). The mRNA expression of
TCF7L2 (Fig. 7f) and the β-catenin/TCF target genes Axin2, c-Myc
and Ccnd1 (Fig. 7g) were also significantly increased.

DISCUSSION
Hepatic glucose homeostasis is essential in keeping up the whole
body blood glucose level [31]. The disruption of glucose metabolism
in diabetic patients is manifested as the impaired postprandial
glucose tolerance and high fasting blood glucose [32]. Therapeutic
approaches modulating hepatic glycogen synthesis and gluconeo-
genesis would bring beneficial effects in normalizing hyperglycemia
[12, 33]. In this study, we discovered a natural product, coronarin A
could increase glycogen synthesis by activating the PI3K /Akt/GSK3β
signaling and suppress gluconeogenesis by activating the ERK/Wnt/
β-catenin signaling, and thus significantly decreased the non-fasting
and fasting blood glucose and ameliorated glucose tolerance in
diabetic mice. Moreover, we identified that IRS1 might be the
upstream regulator of these two signaling activated by coronarin A,
and the inhibition on mTORC1/S6K1 signaling was involved.
Hepatic glycogen synthesis is stimulated by feeding and

contributes to postprandial blood glucose maintenance [34].
Glycogen synthesis is mainly controlled by insulin signaling, which
is impaired in diabetic patients due to insulin resistance [6]. In our
research, coronarin A effectively promoted glycogen synthesis in the
primary hepatocytes, and increased the Akt and GSK3β phosphor-
ylation, implying that activation of Akt pathway might contribute to
coronarin A-induced glycogen synthesis. Though Akt phosphoryla-
tion was dose-dependently enhanced by coronarin A, the same
doses of coronarin A did not affect the cell viability of primary rat
hepatocytes, this might be due to multiple signaling cascade
besides Akt are involved in cell proliferation and survival [35]. Both
the Akt inhibitor MK2206 and PI3K inhibitor LY294002 abrogated the
activation of Akt pathway and coronarin A-stimulated glycogen
synthesis, which evidenced that PI3K and Akt was indispensable.

In addition to promoting the hepatic glycogen synthesis,
coronarin A could also inhibit gluconeogenesis, which might further
ameliorate the persistent hyperglycemia in T2DM [36–38]. Although
coronarin A activated Akt and thus might inhibit gluconeogenesis
via phosphorylating Foxo1, the Akt and PI3K inhibitors can not block
the coronarin A-suppressed gluconeogenesis. With the help of RNA-
seq analysis, we found the gene expression of TCF7L2 was
stimulated by coronarin A. During the last decade, several
researches suggested that the Wnt signaling pathway modulated
hepatic gluconeogenesis through its key effector β-catenin and
TCF7L2 [16]. Here, we verified that coronarin A increased the
phosphorylation of β-catenin, and did also elevate the mRNA levels
of other Wnt target genes including Axin2, c-Myc and Ccnd1.
Moreover, the coronarin A-inhibited gluconeogenesis could be
blocked by β-catenin inhibitor IWR-1-endo, suggesting that the
β-catenin/TCF7L2 pathway was involved. A few reports showed that
ERK could regulate Wnt activity by interaction with β-catenin
[28, 39]. Hence, we wondered whether ERK pathway was involved
here. As expected, the phosphorylation of ERK1/2 and its upstream
kinase MEK were dose-dependently stimulated by coronarin A in
primary rat hepatocytes. Meanwhile, the coronarin A-induced
β-catenin phosphorylation and inhibition on gluconeogenesis could
be blocked by the ERK inhibitor SCH772984. These results
suggested that coronarin A suppressed hepatic gluconeogenesis
via ERK/β-catenin/TCF7L2 pathway.
Since coronarin A stimulated glycogen synthesis by activating

PI3K/Akt/GSK3β signaling and suppressed gluconeogenesis via
ERK/Wnt/β-catenin signaling, we suspected that coronarin A
might regulate common upstream modulators of these two
signaling pathways. In the classic insulin signaling, IR and its
substrates IRS proteins regulate metabolic and mitogenic func-
tions mainly through the PI3K/Akt and Ras/MEK/ERK signaling
cascades [29], and the IR and IRS proteins are generally activated
by tyrosine phosphorylation and IRS proteins are inactivated by
serine/threonine phosphorylation [23, 31]. Hepatocytes-specific
knockout of IRS proteins showed IRS1 is more valuable in
regulating hepatic glucose metabolism [40, 41]. Hence, IRS1 was
firstly taken into consideration. Here, our data showed that
coronarin A had no effect on tyrosine phosphorylation of IR, but
increased tyrosine phosphorylation and reduced serine phosphor-
ylation of IRS1 in primary hepatocytes, leading to the reasonable
proposal that IRS1 might be the key upstream modulator in the
regulation of coronarin A on hepatic glucose metabolism. It is
well-studied that mTORC1 and S6K1 could phosphorylate multiple
serine/threonine residues to attenuate IRS1 signaling transduction
[23, 30, 42, 43], while inhibition of mTORC1 and S6K1 would
activate IRS1 and rescue the PI3K/Akt signaling [30]. Here,
coronarin A decreased phosphorylation of mTOR, S6K1, and the
phosphorylation of S6, a substrate of S6K1 was also reduced.
Accordingly, the phosphorylation of IRS1 at Ser1101 [7], a site
which could be phosphorylated by S6K1 was suppressed by
coronarin A, further convincing that the enhanced tyrosine
phosphorylation of IRS1 was caused by inhibition on mTORC1/
S6K1. Moreover, the coronarin A-induced stimulation on glycogen
synthesis and inhibition on gluconeogenesis was fully blocked by
downregulation of IRS1, indicating the dependence on IRS1. In
addition, although AMPK, the central regulator of energy

Table 2. Pharmacokinetic properties of coronarin A after single administrationa in ob/ob mice.

Coronarin A t1/2 (h) Tmax (h) Cmax (ng/mL) AUC0−t (ng·h/mL) AUC0−∞ (ng·h/mL) MRT (h)

i.p. 14.8 1.0 1073 4571 11045 21.7

p.o. 3.01 1.0 388 1694 1856 4.88

Data are presented as the mean of three mice.
aCoronarin A was intraperitoneally or orally administered at 30mg/kg to ob/ob mice.
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Fig. 6 Effects of coronarin A on hyperglycemic, hepatic glycogen content and gluconeogenic genes expression by gavage to ob/ob mice.
Oral administration of coronarin A (100mg/kg) also improved both non-fasting blood glucose (a) and fasting blood glucose (b) during the
22 days’ treatment. Oral glucose tolerance test was determined on day 19. The blood glucose (c) and serum insulin (d) were detected at the
indicated time points. e HOMA-IR was calculated. Food intake (f) and body weight (g) were monitored during treatment. h Liver glycogen
content was detected. i The expression of hepatic gluconeogenic genes Pck1 and G6pc were detected by real-time PCR. All results were
presented as mean ± SEM (n= 8). *P < 0.05, **P < 0.01 versus vehicle mice.
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Fig. 7 Effects of coronarin A on mTOR/S6K1/IRS1 signaling and the downstream Akt/GSK3β and ERK/β-catenin/TCFL2 pathways in livers
of ob/ob mice. a After coronarin A (100mg/kg, once daily, p.o.) treated for 22 days, livers of ob/ob mice were collected and phosphorylations
of mTOR at Ser2448, S6K1 at Thr389 and S6 at Ser235/236 were detected by Western blot analysis. Phosphorylation of IRS1 at Ser1101 (b) and
Tyr895 (c) were determined. d Phosphorylation of Akt at Ser473 and Thr308, and GSK3β at Ser9 were increased by coronarin A treatment.
e Phosphorylations of ERK1/2 at Thr202/Tyr204 and β-catenin at Ser675 were also significantly increased. The gene expression of TCF7L2 (f)
and Wnt target genes Axin2, c-Myc and Ccnd1 (g) were stimulated by coronarin A treatment. All results were presented as mean ± SEM (n= 8).
*P < 0.05, **P < 0.01 versus vehicle mice.
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homeostasis, is known to enhance insulin signaling and suppress
mTORC1 activity [44], we found that coronarin A did not affect the
phosphorylation level of AMPK and ACC (data not shown), which
suggested the AMPK signaling was not involved in the suppressed
mTORC1 by coronarin A. Taken together, coronarin A activated
IRS1 through inhibition of mTORC1/S6K1, and then enhanced the
downstream PI3K/Akt/GSK3β and ERK/Wnt/β-catenin signaling
pathway, led to stimulation of glycogen synthesis and inhibition
on gluconeogenesis.
Although coronarin A modulates hepatic glucose metabolism

via inhibiting mTORC1/S6K1 signaling, the mTORC1 inhibitor
rapamycin did not exert similar effects [23]. Rapamycin failed to
suppress the expression of PEPCK in hepatocytes in previous
report [45] and did not affect gluconeogenesis in rat primary
hepatocytes in our lab (data not shown). The possible reason
might be that rapamycin suppressed not only mTORC1 but also
mTORC2 [46], an important enzyme which could activate Akt by
phosphorylating the site of Ser473. Rapamycin treatment would
suppress mTORC2 and inhibit phosphorylation of Akt at the
Ser473 residue, leading to insulin resistance and severe glucose
intolerance [47]. Our data showed that coronarin A increased the
phosphorylation of Akt at both Thr308 and Ser473 residue,
indicating that coronarin A might exert different effects on
mTORC2 compared with rapamycin.
Further in vivo studies were performed to evaluate the effect of

coronarin A on the whole-body glucose homeostasis in ob/ob
mice. As expected, both intraperitoneal injection and oral
administration of coronarin A remarkably reduced the non-
fasting and fasting blood glucose. The oral glucose tolerance
was significantly improved and the corresponding insulin levels
were decreased by coronarin A treatment, indicating the
improved whole-body insulin sensitivity, which was further
convinced by the reduced HOMA-IR, a fundamental indicator of
overall insulin sensitivity [48]. Consistent with the results in
primary rat hepatocytes, chronic coronarin A treatment increased

liver glycogen content, decreased gluconeogenic gene expression,
suppressed the mTOR/S6K1 pathway and the serine phosphoryla-
tion of IRS1, whereas enhanced tyrosine phosphorylation of IRS1
and activated the PI3K/Akt/GSK3β and ERK/Wnt/β-catenin signal-
ing pathway. These findings supported that coronarin A improved
the overall glucose homeostasis and insulin sensitivity by
modulating hepatic glycogen synthesis and gluconeogenesis
through inhibiting mTOR/S6K1 pathway in ob/ob mice.

CONCLUSION
In conclusion, we identified that coronarin A could increase the
tyrosine phosphorylation of IRS1 by inhibiting mTORC1/S6K1,
thereby activate PI3K/Akt/GSK3β signaling to stimulate hepatic
glycogen synthesis and enhance ERK-dependent Wnt/β-catenin/
TCF7L2 pathway to suppress gluconeogenesis both in vitro and
in vivo (Fig. 8). Chronic administration of coronarin A significantly
reduced blood glucose, improved glucose tolerance and insulin
sensitivity in ob/ob mice. These findings discovered an unrecog-
nized anti-hyperglycemic effect of coronarin A with a novel
mechanism by stimulating glycogen synthesis and suppressing
gluconeogenesis simultaneously, and highlighted coronarin A as a
valuable lead compound for the development of new T2DM
therapeutics.
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subsequently activated the PI3K/Akt/GSK3β and ERK/Wnt/β-catenin pathway to stimulate hepatic glycogen synthesis and suppress
gluconeogenesis, respectively.
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