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Abstract

Objective. To observe the impact of quercetin and
isoquercitrin on gluconeogenesis in hepatocytes.

Methods. Mouse primary hepatocytes were
cultured with lactic acid and pyruvic acid. After treatment
with quercetin and isoquercitrin for 24 hours, the glucose
concentration in the culture supernatant was determined.
RT-PCR was used to detect the mRNAs of PEPCK, G6Pase,
LKB1, and AMPKa. Protein levels of LKB1, AMPKa, and
Thr172 phosphorylation were evaluated by Western blot.

Results. The glucose concentration in the
gluconeogenesis group (GN) was significantly higher than in
the control group (C), but the glucose concentrations in the
high level quercetin(group 80Q) and high level isoquercitrin
(group 80I) were significantly lower than in the group GN,
P<0.01. In the group 80Q, and group 801, the mRNA levels of
PEPCK and LKB 1were significantly lower than in the group
GN (P<0.01), and the G6Pase mRNA were significantly
lower than in the group GN (P<0.05). The protein levels of
LKBI1 and the phosphorylation of AMPKa Thrl172 in the
group 80Q, group 401, and group 80I were higher than in
the group GN. The effects of quercetin and isoquercitrin on
LKB1 and AMPKa were similar to those of metformin.

Conclusions. Quercetin and isoquercitrin inhibit
gluconeogenesis in hepatocytes, which may be related to the
LKBI1 upregulation and phosphorylation of AMPKa.
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gluconeogenesis, liver kinase B1 (LKB1), AMP-activated
protein kinase oo (AMPKa).

INTRODUCTION

According to the 2013 China Diabetes
Epidemiological Survey, 10.9% of Chinese adults
have diabetes, and the pre-diabetes prevalence rate
is 35.7% (1). Gluconeogenesis refers to the process
by which non-sugar precursors, such as lactic acid,
pyruvic acid, amino acids, or glycerol are converted to
glucose. Excessive gluconeogenesis in the liver leads
to an increase in hepatic glucose output, which is an

important mechanism of diabetes and early glucose
metabolism disorders. Reducing abnormally active
hepatic gluconeogenesis is an important target for the
prevention and treatment of diabetes. Recent studies
have found that Okra can improve blood glucose in
diabetic patients and prevent early glucose metabolism
disorders (2). Possible mechanisms include reducing
intestinal glucose absorption, inhibiting DPP-4, or
reducing islet B cell damage (3-5). Our previous studies
have found that Okra extract can reduce blood glucose
and inhibit hepatic gluconeogenesis in pre-diabetes
mice. However, the extract of Okra is complex and rich
in flavonoids and polysaccharides, which have been
confirmed to be able to regulate glucose metabolism (6).
Among them, flavonoids isoquercitrin and quercetin
are found to be able to regulate glucose and lipid
metabolism disorders in pre-diabetes rats and improve
hepatocyte morphology and functional damage (7-9),
suggesting that these two monomer components may
reduce blood glucose by regulating the hepatic glucose
metabolism. Therefore, it is necessary to further confirm
whether isoquercitrin and quercetin can regulate blood
sugar by affecting hepatic gluconeogenesis, thereby
providing more basis for studying the hypoglycemic
effect of Okra. This study investigated the impact of
quercetin and isoquercitrin on glucose production
in the hepatocytes cultured in vitro and explored the
effects and mechanisms of quercetin and isoquercitrin
on hepatic gluconeogenesis.

MATERIALS AND METHODS

Isolation of primary liver cells from mice

Male C57/BL mice, weighing 18-20 g, were
firstly intraperitoneally injected 1% pentobarbital for
anesthesia, as well as intramuscular injection of 0.01-
0.02 mL heparin sodium for anticoagulation; then, each
mouse had the skin disinfected using 75% alcohol,
inserted one vein indwelling needle into the hepatic
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portal vein, and fixed the needle using silk thread. The
liver was then isolated after in vivo infusion of 4°C pre-
cooled Ca-free Hanks buffer, in vitro infused 0.05%
type IV collagenase prepared by 37°C Ca-free Hanks,
and separated the liver cells to prepare the liver cell
suspension. One 100 um sieve was then used to filtrate
the suspension, followed by 5-min centrifugation at
4°C and 500 rpm. After discarding the supernatant,
the cells were washed with PBS, centrifuged again at
low temperature, transferred to the hepatocyte culture
medium, and seeded in 6-well plates with the density
as 5 x 10° ~ 1 x 10° cells/mL. After 24 h, the cells grew
wall-adhered and then cultured in sugar-free DMEM
medium containing a mixture of 10% FBS and 1%
mycillin. This study was carried out in strict accordance
with the recommendations in the Guide for the Care and
Use of Laboratory Animals of the National Institutes
of Health. The animal use protocol has been reviewed
and approved by the Institutional Animal Care and
Use Committee (IACUC) of Shanghai University of
Traditional Chinese Medicine.

Induction and detection of gluconeogenesis
in hepatocytes

After the primary hepatocytes grew wall-adhered
for 24 h, the cells were cultured in sugar-free DMEM for
24 h. The mixture of 10 mmol/L lactic acid +1 mmol/L
pyruvate was used as the gluconeogenesis substrate, and
100 nmol dexamethasone + 100 pmol/L. cAMP were
added as the gluconeogenesis inducer. According to the
concentrations of quercetin, isoquercitrin, and metformin
in the culture medium, the grouping was as follows: the
blank control group (group C), the gluconeogenesis
induction group (group GN), 40 umol/L quercetin
group (group 40Q), 80 umol/L quercetin group (group
80Q), 40 umol/L isoquercitrin group (group 40I), 80
umol/L isoquercitrin group (group 80I), and 500 umol/LL
metformin group (group Met). After 24-hr culture, 200
uL of cell culture supernatant was sampled from each
group for 10-min centrifugation at 4°C and 2000 rpm.
The supernatant was then added to the reaction solution
according to the glucose content test kit, water-bathed at
37°C for 20 min, and it was detected the absorbance at
550 nm wavelength (A) for calculating the production of
cellular glucose based on the absorbance values of the
standards and the measured samples.

RT-PCR

The mouse liver primary cells were firstly
seeded in 6-well plates, treated according to the above
experimental conditions, cultured for 24 hours, discarded
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the supernatant, washed twice with PBS, extracted the
total RNA by Trizol method, and measured the level of
total RNA using one 752 ultraviolet spectrophotometer
(Shanghai Third Analytical Instrument Factory,
Shanghai, China). The absorbance of A260/A280
within 1.8 to 2.0 was considered to be high purity of
RNA extraction. The reverse transcription reaction
was carried out according to the reagent instructions
with GADPH being used as the internal reference for
correction. Primer sequences: phosphoenolpyruvate
carboxykinase (PEPCK) upstream 5’-AGCATT
CAACGCCAGGTTC-3’, downstream 5’ -CGAGTC
TGTCAGTTCAATACCAA-3’; glucose-6-phosphate
dehydrogenase  (glucose-6-phosphatase, G6Pase),
upstream 5’-TACAGCAACACTTCCGTGCC-3’,
downstream 5-CGTAGTATACACCTGCTGTGCC-3’;
AMPKa, upstream 5’-TCTGAGGGGCACC
AAGAAAC-3’ downstream5-GTGGGTGTTGACGGA
GAAGAG-3’; liver kinase BI1(LKB1), upstream
5’-TCAAGGCAGCACACCATCATCATC-3",
downstream 5’ -GGTCATCGAGCAGCAGTTCATC
C-3’; and GADPH, upstream 5’-AGGTCGGTGTGAA
CGGATTTG-3’. PCR amplification conditions: pre-
denaturation at 94°C for 2 min, 94°C for 30 s, 57°C
for 30 s, and 72°C for 45 s, 30 cycles, 7-min 72°C for
extension. After the amplification, the Ct (amplification
cycle) value was read, and 2-AACT was calculated
based on the Ct values of the target gene and the internal
reference to indicate the relative expression level of the
target gene mRNA.

Western blot

The mouse liver primary cells were firstly
seeded in 6-well plates, treated according to the above
experimental conditions, cultured for 24 hours, discarded
the supernatant, washed twice with PBS, and added 200
uL of RIPA lysate as well as 100 ug of PMSF protease
inhibitor / PhosSTOP phosphatase inhibitor per well.
The plates were then kept on ice for 5 min and scraped
the cells, which were transferred into 1.5 ml centrifuge
tubes for 15-min centrifugation at 4°C and 12000 rpm.
The supernatant was then taken and tested the protein
concentration inside using the Coomassie Brilliant Blue
G250 Protein Quantitative Assay. 6% concentrated
gel and 12% separating gel were then prepared for
later use. The proteins were then wet-transferred onto
polyvinylidene fluoride (PVDF) membranes, incubated
with 5% skim milk powder in TBST solution for 30
min at 37°C, and then cultured overnight with mouse
anti-LKB1 antibody, mouse anti-T-AMPK/Thr172p-
AMPKa antibody as well as mouse anti-3-actin antibody
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(1:6000, Abcam, Cambridge, UK) at 4°C. Finally,
alkaline phosphatase-labeled goat anti-rabbit IgG and
horse anti-mouse IgG were added (1:2000) for 1-hr
incubation at 37°C, followed by 3-time TBST washing,
B-naphthol phosphate coloration, and image analysis
using one SH-EHE-368 automatic gel imager (Shanghai
Ehe Instrument Co., Ltd. Shanghai, China).

Statistical analysis

Statistical analysis was performed using SPSS
17.0 software. The measurement data were expressed
as =S, the inter-group mean comparison was analyzed
by ANOVA, and the LSD test was used for comparison
between groups, with P < 0.05 being considered as
statistical significance.

RESULTS

Impact of quercetin and isoquercitrin on
glucose production and mRNA expressions of PEPCK,
G6Pase, and LKB1.

This study detected the concentration of

glucose in the supernatant of culture medium to reflect
the gluconeogenesis level in the primary liver cells of
mice. After 24-hr culture, the concentration of glucose
in group C was 55.17+8.03 umol/L, and that in group
GN was significantly higher than in group C (P<0.01).
After quercetin and isoquercitrin intervention, the
glucose concentrations in the supernatant of group
80Q, group 80I, and group Met were significantly
lower than in group GN (P<0.01). After 24-hr culture,
the expressions of PEPCK and G6Pase in group GN
were significantly higher than in group C (P<0.01).
The expressions of PEPCK in group 80Q and group 801
were significantly lower than in group GN (P<0.01).
The expressions of G6Pase in group 80Q and group 801
were significantly lower than in group GN (P<0.05).
The expressions of PEPCK and G6Pase in group Met
were significantly lower than in group GN (P<0.01).
The expressions of LKB1 in group 80Q, group 801, and
group Met were significantly higher than in group GN
(P<0.01). There was no significant difference in the
mRNA expression of AMPKa among each quercetin
and isoquercitrin groups (Table 1).

Table 1. Comparison of glucose production and expressions of PEPCK and G6Pase (X £ § , n=8)

Glucose production PEPCK (/ AMPKa (/
(umol/L) GADPH) Go6Pase (/GADPH) GADPH) LKB1 (/GADPH)
C 55.17+8.03 15.66+3.91 17.44+3.40 23.25+0.40 30.63+0.73
GN 179.50+31.85 31.53+2.13 28.41+1.68 22.20+0.86 21.71x1.05
40Q 177.33+£20.07 30.27+2.17 28.09+£2.79 23.06+0.59 21.75+1.38
80Q 139.50+21.29° 28.21+3.21°% 26.58+3.31¢ 22.52+0.99 29.29+0.82°
401 170.75+27.29 29.34+1.37 27.87+2.24 22.85+0.65 22.58+2.33
801 124.62+24.33" 27.07+2.13° 24.94+2.23¢ 22.83+0.75 29.81+0.75°
Met 111.50+25.42° 21.00+2.30° 23.05+3.40° 23.58+0.68" 32.04+1.23°
Note: Compared with group GN, a, P <0.05; b, P <0.01.
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Impact of quercetin and isoquercitrin
on LKBI1 and phosphorylation of AMPKoa and
AMPKaThr172

The results of Western blot showed that LKB1,
AMPKa protein and pT172-AMPK were significantly
down-regulated in group GN. LKB1 levels in group
80Q, group 40I, group 80I, and group Met were
significantly higher than in GN. The phosphorylation
levels of AMPKaThr172 in group 80Q, group 40I,
group 80I, and group Met were significantly higher
than in group GN. AMPKa levels were significantly
higher in group 80I and group Met (Fig. 1).

DISCUSSION

In recent years, the development of medicinal
plants with hypoglycemic effects has attracted much
attention, and more and more people are working hard
to find safe and effective drugs to prevent diabetes
and its complications from natural plants. Current
research has confirmed that Okra extract can reduce
blood glucose (2), consistent with our previous
research results. However, since various flavonoids
and polysaccharides contained in Okra extract have
been confirmed to have hypoglycemic effects (10,
11), we propose that some major components of Okra
can be studied in vitro so as to further explore their
mechanism of reducing blood glucose. Isoquercitrin
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Figure 1. Comparison of AMPKa and pT172-AMPKa levels in each
group of hepatocytes.
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and quercetin are two major flavonoids of Okra (12).
This study has observed that these two main flavonoids
can in vitro inhibit gluconeogenesis in hepatocytes,
and the hypoglycemic effect, mechanism, and pathway
are similar to MET, which supports our hypothesis.
Although the two substrates are different flavonoids
extracted from Okra, isoquercitrin is a glycoside
derivative of quercetin by the link between 3-OH and
glucose and shares the same parent nucleus structure
of flavonoids (2-phenyl chromogenic ketone) with
quercetin. That structural homology of isoquercitrin
and quercetin might be related to the mechanism that
the two different extracted substrates showed similar
effects on hepatic gluconeogenesis.

We successfully induced the hepatocytic
gluconeogenesis model using lactic acid and pyruvic
acid. The results showed that both quercetin and
isoquercitrin can significantly reduce the glucose
production in hepatocytes, accompanied by a
significant decrease in the expressions of PEPCK
and Go6Pase, suggesting that these flavonoids can
reduce hepatic gluconeogenesis by inhibiting the
transcription of key enzyme genes. At present, it
has been found that quercetin and isoquercitrin have
hypoglycemic effects, and possible mechanisms
include antagonizing oxidative stress and insulin
resistance (13, 14), inhibiting intestinal a-glucosidase
(15, 16), increasing endogenous glucagon-like
peptide-1 (GLP-1) level (17), etc., suggesting that
quercetin and isoquercitrin have independent roles in
regulating glucose metabolism and improving insulin
secretion. Our results are consistent with those of other
scholars on the hypoglycemic effects of quercetin and
isoquercetin.

We further explored the molecular mechanism
of these two flavonoids. The results showed that
quercetin and isoquercetin up-regulated LKB1 gene
and protein expression in hepatocytes, and increased
Thr172 phosphorylated AMPKa significantly, which
was similar to the effect of metformin on hepatocytes.
The results showed that the mechanism of quercetin and
isoquercetin inhibiting hepatic gluconeogenesis was by
up-regulation of LKB1 to promote AMPKa Thr172
phosphorylation. There was no significant change in
total AMPKa gene level, suggesting that quercetin
and isoquercetin were mainly modified at protein level
through LKB1 regulation of AMPK.

PEPCK and Go6pase are key enzymes of
hepatic gluconeogenesis, and the regulation of their
transcriptional activity is dependent on upstream
AMPK. AMPK isrecognized as an “‘energy susceptor”,
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is activated by LKB1 through the phosphorylation
of o-subunit threonine residue (Thr172) (18), and
can prevent the entry of gluconeogenesis regulator,
transducer of regulated CREB (TORC2) into the
nucleus, so it can inhibit a variety of PEPCK and
G6Pase activating factors, such as peroxisome
proliferator activated receptor y coactivator-1a (PGC-
la), forehead transcription factor O1 (FOXO1), or
hepatic nuclear factor 40 (HNF4a), thus reducing
hepatic gluconeogenesis and lowering the blood
glucose concentration (19, 20). Recent studies have
found that the hypoglycemic effects of quercetin and
isoquercetin are related to the activation of AMPK.
Ahn et al. also have found that quercetin can up-
regulate the levels of phosphorylated AMPK and its
substrate acetyl-CoA carboxylase (ACC) (21). Eid
et al. have found that quercetin could up-regulate
glycogen synthase in hepatocytes, inhibit G6Pase
and improve glucose metabolism in skeletal muscle
cells and hepatocytes cultured in vitro (22). Zhou
et al. have found that isoquercitrin can enhance the
phosphorylation of AMPK (23). We observed that
quercetin and isoquercitrin can inhibit hepatocytic
gluconeogenesis in vitro, which is related to the
upregulation of LKB1 and AMPK phosphorylation,
and is consistent with other scholars.

The deacetylation of LKB1 and the formation
of complex are important to activate AMPKa. Although
the overall level of LKB1 has increased, more studies
are needed to investigate the role of acetylation/
deacetylation of LKB1 in the regulation of hepatic
gluconeogenesis by quercetin and isoquercitrin in the
future. In addition, this study could not explain how
quercetin and isoquercetin up-regulate LKB1. Further
studies are needed to determine whether quercetin and
isoquercetin, the two different substances, activate
the LKBI1-AMPKa pathway through the same
receptor or site, thus showing the co-action of hepatic
gluconeogenesis. We need to study the activity level and
activation mechanism of LKB1, and the downstream
signal molecular changes of PEPCK and G6Ppase
regulated by AMPKa, such as FOXO1, PGC-1a, HNF4
alpha, TORC2, etc. to fully explain the molecular
mechanism of quercetin and isoquercetin regulating
blood glucose, so as to provide more evidence for
the hypoglycemic function of Okra and explore more
potential hypoglycemic plant monomers.
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