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Type 2 diabetes mellitus (T2DM) is a major global health concern. Psidium guajava L.
(guava) is widely used for food as well as a folk medicine. Previous studies have shown its
anti-diabetic and anti-inflammatory properties. However, the underlying mechanisms
remains to be elusive. In this study, we assessed the potential therapeutic effects of
aqueous extract of guava leaves (GvAEx) on T2DM and explored their potential
mechanisms in vivo and in vitro. GvAEx was gavage administered for 12 weeks in
diabetic db/db mice. Our results have demonstrated that GvAEx significantly lowered
fasting plasma glucose levels (p < 0.01) and improved glucose tolerance and insulin
sensitivity (p < 0.01, p < 0.05, respectively). Additionally, GvAEx increased hepatic
glycogen accumulation, glucose uptake and decreased the mRNA expression levels of
gluconeogenic genes. Furthermore, GvAEx-treatment caused higher glucose transporter
2 (GLUT2) expression in the membrane in hepatocytes. Notably, for the first time, we have
elaborated the possible mechanism of the hypoglycemic effect of GvAEx from the
perspective of intestinal microbiota. GvAEx has significantly changed the composition
of microbiota and increased short chain fatty acid (SCFA) -producing Lachnospiraceae
family and Akkermansia genus in the gut. Taken together, GvAEx could alleviate
hyperglycemia and insulin resistance of T2DM by regulating glucose metabolism in the
liver and restoring the gut microbiota. Thus, GvAEx has the potential for drug development
against T2DM.
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INTRODUCTION

Diabetes mellitus (DM) is one of the most prevalent metabolic diseases in the world. As of 2019, an
estimated 463 million people worldwide have DM (8.8% of the adult population), with T2DM
accounting for approximately 90% of cases (Cho et al., 2018). That number is expected to reach 643
million by 2030 and 783 million by 2045. Direct medical expenditures related to diabetes are already
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approaching one trillion dollars and will exceed that figure by
2030 (IDF, 2019). DM is caused by either the pancreas not
producing enough insulin, or the body’s cells not responding
appropriately to the effects of insulin (DeFronzo et al., 2015).

Insulin resistance is recognized as an essential risk factor for
the development of T2DM. There is an impaired biological
response to insulin stimulation in target tissues, mainly liver,
muscle and adipose tissue (Wild et al., 2004). The liver plays a key
role in glucose homeostasis by regulating different pathways of
glucose metabolism, including glycolysis, gluconeogenesis,
glycogenolysis sand glycogenesis (Han et al., 2016). Due to
insulin resistant, hepatic glycogen synthesis is reduced while
gluconeogenesis is increased, which eventually leads to the
increased rate of hepatic glucose output and causes
hyperglycemia (Petersen et al., 2017). Accordingly, it is
important to identify new approaches to improve hepatic
insulin sensitivity against T2DM. The therapeutic properties of
some plants have long been recognized for hundreds and
thousands of years. However, these herb medicines are used as
mixtures or concentrated extracts without isolation of active
compounds. Recent years, the development of advanced
technologies have made it possible to extract the active
compounds from these plants, which can be used in the
pharmaceutical, food and chemical industries (Guo et al.,
2021; Tan et al., 2022).

Psidium guajava L., also known as guava, is a member of the
myrtle family (Myrtaceae), which is cultivated in many tropical
and subtropical regions as fruit (Morton, 1987). Not only is guava
widely used for food, but is also a folk medicine. Guava leaves are
the most important part for medicinal purposes. Traditionally,
the guava leaves are used as herbal medicine for the prevention
and treatment of diseases. Nowadays, people also use extracts
from its fruit, bark or roots for their anti-microbial,
hepatoprotective, anti-diabetic and anti-inflammatory
properties (Dakappa et al., 2013; Morais-Braga et al., 2016;
Díaz-de-Cerio et al., 2017). The profile of secondary plant
metabolites of guava includes several phytoconstituents such
as various terpenoids, flavonoids, carotenoid and phenolic
(Rojas-Garbanzo et al., 2017). Significantly, guava leaf has
been reported to protect against T2DM. Guava-leaf aqueous
extract (GvAEx) treatment for 6 weeks attenuated the
progression of hyperglycemia and hyperlipidemia in diabetic
mice (Jayachandran et al., 2020). Besides, GvAEx significantly
reduced postprandial glucose level in human subject while had no
hypoglycemia side effect (Deguchi and Miyazaki, 2010). It is
reported that polysaccharides and flavonoid compounds purified
from guava leaves synergistically inhibited α-glucosidase and α-
amylase,which would delay the absorption of glucose in the small
intestine to lower blood glucose levels (Zhang et al., 2016;
Beidokhti et al., 2020). Other studies have found that guava
leaf extract may exert its anti-diabetic effects by activating the
PI3K/AKT signaling pathway in the liver and muscle of diabetic
mice (Vinayagam et al., 2018; Jayachandran et al., 2020).
Recently, many studies have implied that hypoglycemic drugs
can work through the regulation of intestinal flora, and that
changes in intestinal flora can, in turn, affect the efficacy of
hypoglycemic drugs (Wu et al., 2017; Balaich et al., 2021).

However, it remains to be determined on whether GvAEx
exerts its anti-diabetic action by regulation of the intestinal flora.

In the present study, we investigated the hypoglycemic effects
of GvAEx and explored its underlying mechanism in vivo and
in vitro. This study provides new evidence about the anti-diabetic
action of GvAEx. More importantly, for the first time, we
elaborated the potential mechanism of the hypoglycemic effect
of GvAEx from the perspective of intestinal microbiota.

RESEARCH DESIGN AND METHODS

Reagents
Guava leaf aqueous extracts were obtained from our previously
reported methods (Bai et al., 2019). The primary antibodies for
mouse β-actin, ATP1A1, phospho-AKT (Ser473), AKT,
phospho-GSK3β (Ser9), GSK3β were obtained from Cell
Signaling Technology Inc. (Beverly, MA, United States). Anti-
GLUT2 antibody was purchased from Proteintech (Chicago,
United States).

Animal Studies
Six-week-old male db/db mice were purchased from the National
Resource Center for Mutant Mice (Nanjing, Jiangsu, China) and
housed in a temperature-controlled environment with a 12:12 h
light/dark cycle. The mice had free access to food and water ad
libitum. After a 1-week adaptive period, the mice were randomly
divided into two weight-matched groups (n = 8/group) and fed
with chow diet (10% kcal; #12540B; Research Diets, Inc., New
Brunswick, United States). The body weight and fasting plasma
glucose level were monitored weekly. After 12 weeks of gavage
administration with GvAEx (7.0 g/kg) or water, animals were
sacrificed and their tissues were rapidly isolated, then
immediately frozen in liquid nitrogen and stored at −80°C
prior for further experiments. All animal experiments were
conducted in accordance with the guidelines issued by the
Institutional Animal Care and Use Committee (IACUC) of the
Second Xiangya Hospital of Central South University, Changsha,
Hunan, P. R. China (Approval #202022).

Glucose tolerance test (GTT) and insulin tolerance test (ITT)
were performed according to previous reported methods (Kong
et al., 2015). For GTT, mice were fasted overnight for about 16 h
and glucose was injected intraperitoneally (i.p.) at a dose of
2 g/kg. For ITT, food was removed from mice 4 h prior to
experiment and insulin was administered i.p. at 0.4 IU/kg. The
caudal vein blood glucose levels were measured at 0, 30, 60, 90,
and 120 min after the administration of glucose or insulin.
Homeostatic model assessment for insulin resistance (HOMA-
IR) index was calculated using the following equation [fasting
blood glucose (mmol/L) × fasting insulin (μU/mL)]/22.5.

Metabolic and Biochemical Analyses
The content of glycogen in liver and muscle was measured
according to manufacturer’s protocols (Solarbio Science and
Technology Co., Ltd. Beijing, China). Briefly, precipitates of
liver and muscle were added 0.2% anthrone diluted with 98%
concentrated sulfuric acid (H2SO4) and followed by boiling
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water-bath heating for 20 min. After cooling on the ice, the OD
values were measured at 620 nm by an ELISA reader. The serum
insulin and c-peptide levels were determined using mouse insulin
enzyme-linked immunosorbent assay (ELISA) kits (CUSABIO,
Wuhan, China) according to manufacturer’s instructions.

Serum lipids (total cholesterol, triglyceride) and functional
parameters of liver [alanine aminotransferase (ALT), aspartate
transaminase (AST)] and renal (creatinine, urea) were measured
using a Modular Analytics analyzer (Roche Diagnostics GmbH,
Mannheim, Germany) according to manufacturer’s instructions.

Cell Culture and Treatment
HepIR mouse liver cells were cultured in MEMα (Gibco)
culture medium supplemented with 4% fetal bovine serum
(FBS; Gibco) 100 U/ml penicillin and 100 U/ml streptomycin
(Gibco) at 37°C. Cells were pre-incubated in serum-free
medium for 4 h and then treated with 200 uM PA to induce
insulin resistance.

The glucose uptake of HepIR cells was evaluated using the
fluorescent glucose 2-[N-(7-nitrobenz-2-oxa-1,3diazol-4-yl)
amino]-2-deoxyglucose (2-NBDG) (Cayman Chemical, Ann
Arbor, MI, United States). The effect of GvAEx on glucose
uptake was assessed in PA induced insulin-resistant HepIR
cells. Briefly, PA induced insulin-resistant HepIR cells were
treated with GvAEx (0.1–2 mg/ml) or vehicle in glucose-free
DMEM for 1 h. After aspirating the supernatant, the cells were
incubated with insulin (10 nM) (Solarbio, Beijing, China) or
saline for 10 min. The cells were then gently rinsed with HBSS
and incubated with 100 ug/mL 2-NBDG at 37°C for 50 min.
The cells were washed with HBSS and collected for further
analysis. The fluorescence intensity of the cells was detected by
a microplate reader (excitation/emission = 465/540 nm).
Relative 2-NBDG (%) uptake was calculated using the
following equation (intensity of treatment/intensity of
normal control) × 100%.

Membrane and Cytosolic Protein Extraction
Proteins from the membrane and cytoplasm fractions of HepIR
cells were isolated using the Membrane and Cytosol Protein
Extraction Kit (P0033, Beyotime Biotechnology, China)
according to the manufacturer’s instructions. Briefly, about 5 ×
106 cells in the culture medium were scrapped off the surface of
the plate with a cell scraper. Cell suspension was centrifuged at
600 × g at 4°C for 5 min to precipitate cells. Membrane Protein
Extraction Reagent A with Phenylmethanesulfonyl fluoride
(PMSF) (ST506, Beyotime) was added in cells. The cells were
gently and fully suspended and set in an ice bath for 10–15 min.
The homogenate was placed on ice for 15 min, centrifuged at
700 × g for 10 min, then further centrifuged at 14,000 × g for
30 min. The supernatant (cell cytosol) was carefully collected, and
the pellet was then re-suspended inMembrane Protein Extraction
Reagent B and centrifuged at 14,000 × g for 5 min. Finally, the
supernatant containing the cell membrane proteins was collected.
Western blotting was performed for membrane and cell
membrane proteins, and Na+/K + ATPase α1 and β-actin
were used as internal controls for membrane and cytosolic
proteins, respectively.

Cell Viability Analysis
The cytotoxicity of GvAEx on HepIR cells was assessed with Cell
Counting Kit-8 (CCK-8, CK04, DOJINDO) according to the
manufacturer’s protocol. After cells were co-cultured with
GvAEx (0.1–3 mg/ml) at 37°C for 24-h, CCK-8 reagent was
added to the culture medium at a ratio of 1:10 for another
1 h. The absorbance value of each well was measured at
450 nm using a microplate reader to determine cell viability.
Cell viability (%) = (absorbance of treatment - absorbance of
blank well)/(absorbance of control-absorbance of blank
well) × 100%.

Western Blotting
For protein extraction, HepIR cells were homogenized in 100 µL
RIPA buffer (P0013B, Beyotime). Proteins were transferred to
polyvinylidene difluoride membrane and incubated with a
blocking buffer (5% BSA in 20 mM Tris-HCl, pH 7.5, 137 mM
NaCl, and 0.1% Tween 20) for 1 h at room temperature.
Membranes were incubated with primary antibodies for 16 h
at 4°C, washed three times for 10 min each and then incubated
with second antibodies for 1 h at room temperature. Signals were
detected using the ChemiDoc™ XRS+ and the Image Lab™
system (BIO-RAD, United States).

Quantitative RT-PCR
Total RNAs were isolated from tissues or cells with the Trizol
reagent (Invitrogen, Shanghai, China) following the
manufacturer’s protocol. Reverse transcription of mRNA was
performed using a Revert Aid First Strand cDNA Synthesis Kit
(Thermo Scientific, United States). Real-time polymerase chain
reaction was performed using the FastStart universal SYBR Green
Master (Roche, United States) on a 7900HT Fast Real-Time PCR
System (Applied Biosystems). The standard amplification
program in polymerase chain reaction system was used, which
consisted of 1cycle at 95°C for 10 mi, followed by 40 cycles of
95°Cdenatured for 30 s, 60°C annealed for 1 min, and72°C
elongated for 1 min. Primers were listed in Supplementary
Table S1.

Fecal DNA Extraction and 16s rRNA Gene
Sequencing
Total genome DNA from samples was extracted using an Equal
bit 1x dsDNA HS Assay Kit (Lot: 7E421E0) based on kit
protocols. The specific experimental details used to amplify the
16S rRNA gene targeting the V3-V4 region by PCR were
performed as previously described (Jia et al., 2021).

The DNA library concentration was determined using the
Qubit 3.0 Fluorometer. DNA libraries were multiplexed and
loaded on the Illumina MiSeq/NovaSeq (Illumina, San Diego,
CA, United States) platform according to manufacturer’s
instructions. Sequencing was performed in pairs and image
analysis and base calling were conducted by the control
software embedded in the instrument. The 16S rRNA gene
sequencing and preliminary data analysis were provided by
GENEWIZ Inc. (Suzhou, China). A total of 705,692 reads
were obtained, and 612,351 high-quality sequences were
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obtained after optimizing the sequencing raw data. Among of
them, 327,943 reads were obtained from GvAEx group,
accounting for 53.6%; 284,408 reads were obtained from
control group, accounting for 46.4%. The number of each
sample reads ranged from 39,021 to 62,994, with an average
length of 459 bp. The analysis of abundance, a and β diversity of
OTUs were performed by Perl and R language software to obtain
information on the species richness and evenness of the samples.
Principal co-ordinates analyses (PCoA) were performed to
determine the significant microbial community differences
between the samples.

Data Analysis
All results were presented as means ± SEM. Student’s t test
analysis between two groups was performed with SPSS Statistics

Software (version 19.0; IBM Corp., Armonk, New York). p < 0.05
was considered statistically significant.

RESULTS

GvAEx Treatment Lowers Blood Glucose in
a Dosage-Dependent Manner in db/dbMice
To explore the effects of GvAEx on the blood glucose, we used
three dosages (1.75 g/kg/d, 3.5 g/kg/d, 7.0 g/kg/d) in a
preliminary experiment and found that the lowest dose
(1.75 g/kg/d) had no effects on fasting plasma glucose
(FPG) during 12 weeks of treatment (Supplementary
Figure S1A). However, the median dose (3.5 g/kg/d) could
reduce blood glucose in diabetic db/db mice after 10 weeks of

FIGURE 1 | GvAEx treatment lowers blood glucose in a dosage-dependent manner in db/db mice. (A) Fasting plasma glucose (FPG) levels of male db/db mice
treated with GvAEx or vehicle for 12 weeks (n = 6/group). (B)Blood glucose levels in the db/dbmice treated with GvAEx or vehicle as determined by IPGTT (n = 6/group).
(C) Area under curve (AUC) from (B). (D) Blood glucose levels as determined by ITT (n = 6/group). (E) AUC from (D). *p < 0.05, **p < 0.01, ***p < 0.001.
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treatment (Supplementary Figure S1A), and the highest dose
(7.0 g/kg/d) had obvious blood-lowering effects starting from
the first week of treatment, which could be maintained
throughout the 12 weeks treatment period (Figure 1A, p <
0.01), indicating a dosage-dependent blood glucose lowering
effect of GvAEx in db/db mice. Therefore, we have selected
7.0 g/kg/d as the dosage of GvAEx treatment in the
following studies. There were no differences in body
weight between GvAEx and control groups
(Supplementary Figure S1B).

To determine whether GvAEx had effects on glucose
tolerance and insulin sensitivity, we performed GTT and
ITT analyses after 12 weeks treatment and found that
GvAEx treatment improved glucose tolerance and insulin
sensitivity (Figures 1B–E, p < 0.01, p < 0.05, respectively)
in db/db mice. Taken together, the GvAEx treatment had
attenuated hyperglycemia and improved glucose tolerance
and insulin sensitivity in db/db mice.

Treatment of GvAEx Improves Kidney and
Islet Function in Diabetic Mice
To test the potential protective effects of GvAEx on diabetic
nephropathy in db/db mice, we examined the histopathological
features of kidney using hematoxylin-eosin (H-E) staining
(Figures 2A,B). Diabetic kidney diseases are characterized by
glomerular hyperfiltration, inflammation and fibrosis. Treatment
with GvAEx showed less inflammatory cell infiltration and
fibrosis in the kidney (Figure 2A) compared with control mice
(Figure 2B). Consistent with less pathomorphologic features of
diabetic nephropathy observed in the kidney, blood creatinine
levels significantly decreased in the GvAEx-treated mice
(Figure 2C; p < 0.05). There was also a trend of decrease in
blood urea, but it did not reach statistical significance
(Figure 2D).

In order to test whether glucose lowering effects of GvAEx
were induced by improvement of islet function, we first detected

FIGURE 2 | Treatment of GvAEx improves kidney and islet function in diabetic mice. (A,B) Representative light microscopic images of kidney after 12 weeks of
GvAEx (A) or vehicle (B) treatment (scale bar = 100 μm). (C,D) Plasma levels of Creatinine (CREA) (C) and urea (D) in the db/db mice treated with GvAEx or vehicle for
12 weeks (n = 6/group). (E,F) Representative light microscopic images of pancreatic islet in GvAEx (E) and control mice (F) (scale bar = 50 μm). (G,H) Serum levels of
insulin (G) and c-peptide (H) (n = 6/group). (I) HOMA-IR index of GvAEx and control mice (n = 6/group). *p < 0.05, **p < 0.01, ***p < 0.001.
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morphological changes of the pancreatic islets. Islets sizes were
comparable between the GxAEx-treated and control animals
(Figures 2E,F). Additionally, fasting serum insulin
concentrations were also comparable between the GvAEx-
treated and control groups after 3 months of treatment
(Figure 2G). C-peptide is a widely used measurement of
pancreatic beta cell function. It reflects the amount of
endogenous insulin secreted and maintained at a more
constant rate over a longer period of time (Leighton et al.,
2017). Likewise, we found no difference of fasting serum
c-peptide concentrations between the GvAEx-treated and
control groups (Figure 2H). HOMA-IR index is a widely used
parameter that can estimate insulin resistance. GvAEx-treated
mice displayed lower HOMA-IR index compared to those of the
controls (Figure 2I p < 0.01). These results indicate that the
glucose lowering effect of GvAEx administration might not be
caused by increased insulin secretion from the pancreas but by
improved insulin sensitivity in peripheral tissues.

GvAEx Treatment Promotes Liver Function
and Reduces Gluconeogenesis
The liver is one of the major peripheral targets for the action of
insulin to regulate glucose homeostasis. The histopathological
changes of liver obtained from gavage treatment of GvAEx or

vehicle are shown in Figures 3A,B, respectively. Compared with
the liver of vehicle control mice (Figure 3B) that showed foci of
ballooning degeneration of hepatocytes, db/db mice treated with
GvAEx displayed a relative normal liver histomorphology with
fewer ballooning like structures (Figure 3A), indicating alleviated
fatty liver conductions.

After 12 weeks of GvAEx treatment, there was a significantly
decreased serum level of liver enzyme ALT (Figure 3C; p < 0.01)
but not AST (Figure 3C). Plasma total cholesterol (TC) level
significantly decreased in the GvAEx-treated mice compared to
that of the vehicle controls (Figure 3D; p < 0.05), but triglyceride
(TG) levels were comparable between GvAEx and control groups
(Figure 3D).

Glycogen is primarily synthesized and stored in the liver
and skeletal muscles (Prats et al., 2018). One of the key features
of diabetes is dysregulation of liver glycogen metabolism, in
which glycogen can be abnormally accumulated or depleted
because of peripheral tissue insulin resistance. Therefore, we
measured the proportion of glycogen in the liver to see if
GvAEx had an impact on hepatic glycogen synthesis and
storage. After 12 weeks of GvAEX gavage, glycogen levels in
the liver dramatically increased compared to those of the
control group (Figure 3E; p < 0.001). However, the skeletal
muscle glycogen levels in db/db mice were comparable
between the two groups (Figure 3F). Gene expression
analyses have shown that in the case of Irs1 and Gys2, both

FIGURE 3 | GvAEx treatment promotes liver function and reduces gluconeogenesis. (A,B) Representative light microscopic images of liver in db/db mice treated
with GvAEx (A) or vehicle (B) for 12 weeks (scale bar = 100 μm). (C) Plasma levels of alanine aminotransferase (ALT) and aspartate transaminase (AST) (n = 6/group). (D)
Plasma levels of total cholesterol (TC) and triglyceride (TG). (E) Hepatic glycogen content. (F) Skeletal muscle glycogen content (n = 6/group). (G) Relative mRNA
expression levels of genes involved in glycogen synthesis and gluconeogenesis in the liver. *p < 0.05, **p < 0.01, ***p < 0.001.
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genes are involved in insulin-regulated glycogen synthesis,
were elevated in the liver after GvAEx treatment
(Figure 3G; p < 0.001). In mRNA levels of
phosphoenolpyruvate carboxykinase (Pepck), a gene plays a
key role in the gluconeogenesis (Méndez-Lucas et al., 2013)
and was significantly decreased in the GvAEx group
(Figure 3G; p < 0.01), suggesting that GvAEx treatment
could increase glycogen synthesis but reduce hepatic
gluconeogenesis.

Taken together, our results have demonstrated that GvAEx
treatment could ameliorate hepatic fat deposition and attenuate
liver injury. In the meantime, GvAEx could increase gene
expressions of hepatic glycogen synthesis while decreasing
glucogenesis genes, as a result leading to the hypoglycemic
effect in db/db mice.

Effects of GvAEx on HepIR Cell Viability
To explore the effects of GvAEx in vitro, we treated mouse hepatic
cell line HepIR with various doses of reagent. We first used CCK8
assay to measure cell viability and the cytotoxicity of GvAEx. The
relative cell viabilities of HepIR treated with 0.1–3mg/ml GvAEx for
24 h are shown in Supplementary Figure S2, and no significant
inhibitions of cell viability were observed using GvAEx treatments
with doses of up to 2mg/ml when compared to vehicle controls.
However, significant inhibitions of cell proliferation (29–41%
inhibition) were observed starting at a dose of 2.2 mg/ml, and
3mg/ml, the highest dosage used in the study (Supplementary

Figure S2A). Therefore, we used 0.1–1.5 mg/ml GvAEx as safe
dosage in the following in vitro studies.

GvAEx Enhances Insulin Sensitivity and
Glucose Uptake in Hepatocytes
As insulin resistance is a key pathophysiologic factor of T2DM,
we mimic the insulin resistance-like condition in vivo by treating
HepIR live cells with palmitic acid. The Supplementary Figure
S2B showed that 200 μM palmitic acid significantly reduced
phosphorylation of AKT, which implied successfully induced
insulin resistance in HepIR cells. All subsequent cell
experiments were based on this experimental condition.

To clarify whether and how GvAEx improved insulin sensitivity
in hepatocytes, the expression and phosphorylation levels of insulin
signaling-relatedmolecules with andwithout GvAEx treatment were
assessed. In contrast to the control group, GvAEx significantly
increased the tyrosine phosphorylation level of AKT in HepIR
cells (Figure 4A). GSK-3, a ubiquitously expressed serine/
threonine protein kinase, is a critical downstream element of the
insulin/PI3K/AKT pathway, whose activity can be inhibited by Akt-
mediated phosphorylation at Ser9 of GSK-3β. GSK-3 can
phosphorylate and inactivate glycogen synthase that leads to less
glycogen synthesis (Srivastava and Pandey, 1998).We found that co-
treatment with insulin and GvAEx (1 mg/ml) significantly increased
the phosphorylation levels of GSK-3β when compared to insulin
treatment alone (Figure 4A). What’s more, GvAEx treatment also
up-regulated Gys2 mRNA expression levels but down-regulated

FIGURE 4 | GvAEx enhances insulin sensitivity and glucose uptake in hepatocytes. (A) Western blot analysis of insulin signaling-related molecules in HepIR cells
with or without GvAEx treatment. (B) Relative mRNA expression levels of genes involved in glycogen synthesis and gluconeogenesis in HepIR cells treated with or
without GvAEx (n = 4). (C) Effects of GvAEx on glucose (2-NBDG) uptake of insulin-resistant HepIR cells (n = 6). (D): Western blot analysis of total andmembrane GLUT2.
p *<0.05, **p < 0.01, ***p < 0.001.
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Pepck level in HepIR cells (Figure 4B). Additionally, GvAEx
decreased expression of G6pc, one of the glucose-6-phosphatase
catalytic-subunit-encoding genes and a key enzyme in
gluconeogenesis and glycogenolysis (Figure 4B). Our data has
suggested that GvAEx treatment could activate insulin signaling,
thus promoting glycogen synthesis while suppressing glucogenesis in
the hepatocytes.

To determine changes in glucose uptake ability insulin-induced,
we performed a fluorescent 2-NBDG (a fluorescence derivative of
D-glucose) uptake assay. HepIR cells were treated with insulin
(10 nM) alone or in the presence of GvAEx (0.1–1.5 mg/ml) and
fluorescent 2-NBDG levels weremonitored. The data has shown that
insulin significantly increased 2-NBDG levels by up to 28.4% when

compared to control cells (Figure 4C). In the presence of GvAEx
there were significantly higher increased rates of 2-NBDG, whose
effects were more pronounced with higher GvAEx concentrations,
when compared to that of the insulin treatment alone (Figure 4C),
suggesting that GvAEx could promote insulin-induced glucose
uptake in a dose-dependent manner.

In the hepatocytes, GLUT2 is translocated from the cytoplasm
to the plasmamembrane in response to insulin and is the primary
carrier for the transportation of extra-cellular glucose into the
hepatocytes (Thorens, 2015). We have tested whether GvAEx had
impacts on GLUT2 expression in hepatocytes. Serum-starved
HepIR cells were treated with GvAEx (1 mg/ml) for 24 h. Serum-
starvation and subsequent culture in the serum-free medium

FIGURE 5 | GvAEx treatment alters the composition of gut microbiota in db/db mice. (A) Anosim analysis of gut microbiota in db/db mice treated with GvAEx or
vehicle for 12 weeks (R = 0.646, p = 0.002) (n = 6/group). (B) PCOA of gut microbiota in mice based on weighted UniFrac. (C) Species diversity indices (Shannon). (D)
Species richness estimates (Chao1). (E) Phylum level comparison of gut microbiota proportional abundance in feces of GvAEx and control. (F) Relative abundance of
microbiota phylum between the groups. (G) Heatmap of gut microbiota at the genus level in mice. (H) Relative abundance of microbiota at the genus level between
groups. *p < 0.05.
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ruled out the possible influence of serum factors on the
membrane translocation of GLUT2. We then extracted the
whole cells and cell membrane proteins, respectively. The
levels of total GLUT2 (t-GLUT2) did not change markedly
between the groups (Figure 4D). However, compared to the
insulin alone treatment group, insulin combined with GvAEx
significantly increased the content of membrane GLUT2
(m-GLUT2), indicating that GvAEx could promote insulin
induced GLUT2 translocation in hepatocytes.

Taken together, GvAEx treatment enhanced the expression of
genes involved in hepatic glycogen synthesis and inhibited gene
expression in gluconeogenesis. Additionally, it promoted glucose
uptake and GLUT2 translocation from cytosol to membrane
in vitro.

GvAEx Treatment Alters the Composition of
Microbiota in db/db Mice
In recent years, a large body of evidence has suggested that the gut
microbiota may play an important role in the pathophysiology of
obesity and diabetes (Qin et al., 2012; Wang et al., 2018; Gurung
et al., 2020). Specifically, gut microbiota may mediate
environmental factors related to glucose homeostasis by
impacting major metabolic organs such as liver, muscle and fat
(Gurung et al., 2020). Therefore, we have analyzed the composition
of the intestinal flora of GvAEx oral gavage treated db/db mice
using 16S rRNA sequencing. There were significant differences in
colony distribution between the GvAEx treatment group and
control group (Figure 5A, R = 0.646, p < 0.01). The PCoA
analysis indicated that the gut microbiota structure in GvAEx-
treated mice was distinctive from the untreated control group
(Figure 5B). By estimating bacterial richness and calculated
diversity, we have found that the GvAEx group had a
significantly higher microbial diversity (Figure 5C, p < 0.05,
Shannon) and number of microbial species (Figure 5D, p <
0.05, Chao1) than those of the control group.

The profound compositional changes of the gut microbiota were
further analyzed in GvAEx-treated and vehicle group mice. At the
phylum level, both Firmicutes and Bacteroidetes were the two most
dominant phyla of the gut microbiota in GvAEx and control group
(Figure 5E). However, GvAEx treatment significantly increased
Bacteroidetes abundance when compared with that in the vehicle
control (Figure 5F). Additionally, there were trends of decrease of
Firmicutes abundance and Actinobacteria abundance in GvAEx
group (Figure 5F). Meanwhile, the Firmicutes to Bacteroidetes
ratio had also significantly decreased after GvAEx treatment
(Figure 5F; p < 0.05). Furthermore, the phylum abundance of
Verrucomicrobia increased when compared to that in vehicle control
group (Figure 5F; p < 0.05).

At the genus level, we selected the top 30 abundant genera and
generated a heatmap (Figure 5G). The data showed an increase in the
abundance of Muribaculaceae, Lachnospiraceae, Lachnospiraceae_
NK4A136_group, Ruminococcaceae, Ruminococcus, Akkermansia
and Anaerotruncus after GvAEx treatment while the abundance of
Enterorhabdus was reduced significantly (Figures 5G,H). Taken
together, these data suggest that GvAEx treatment significantly
reshaped the gut microbiota composition of db/db mice.

DISCUSSION

Psidium guajava L. leaves have traditionally beenwidely used to treat
several diseases, including infectious diseases, neoplasm, metabolic
diseases and digestive diseases (Díaz-de-Cerio et al., 2017). There are
several studies that have focused on elucidating the anti-diabetic
compounds present in guava leaves. In particular, quercetin in the
aqueous extract of guava leaves has been found to promote glucose
uptake in hepatocytes and alleviate hyperglycemia in diabetes
(Cheng et al., 2009). However, the underlying mechanism by
which quercetin regulates the glucose uptake of hepatocytes is
still unclear. Besides, studies have reported that guava leaf extract
might exert its anti-diabetic effects by activating the PI3K/AKT
signaling pathway in the liver and muscle of diabetic mice
(Vinayagam et al., 2018; Jayachandran et al., 2020).
Polysaccharides and flavonoid compounds purified from guava
leaves synergistically inhibited a-glucosidase and a-amylase which
would delay the absorption of glucose in the small intestine to lower
blood glucose levels (Zhang et al., 2016; Beidokhti et al., 2020).
Glucagon-like peptide-1 (GLP-1) is a hormone that lowers blood
glucose levels by stimulating insulin, inhibiting glucagon,
suppressing gastric emptying and promoting islet cell
regeneration. Its’ degradation is controlled by dipeptidyl peptidase
4 (DPP4) (Smith et al., 2019). Ethanolic extract of guava leaves dose-
dependently inhibited DPP4 due to individual flavonoid glycosides,
such as quercetin, isoquercitrin, etc. (Eidenberger et al., 2013). The
negative regulatory role of protein tyrosine phosphatase 1B (PTP-
1B) in insulin signaling prevents insulin receptors from binding to
insulin, which in turn causes insulin resistance and ultimately leads
to T2DM. Methanol extract of Psidium guajava leaves was found to
possess significant inhibitory effect on PTP1B (Oh et al., 2005).
However, all of the above studies only confirmed the inhibitory
effects of phytocompound of guava leaf on the related enzyme
activities in vitro. We have previously reported that GvAEx is rich in
flavonoids, which may partially contribute to its anti-diabetic effects
(Bai et al., 2019); however, the underlying molecular mechanism is
unclear. In the present study, we’ve provided evidence
demonstrating that the total extract of guava leaves, GvAEx,
could be used as an anti-diabetic agent by modulating hepatic
glucose metabolism and altering the intestinal flora composition.

In our study, we have discovered that GvAEx significantly
reduced FPG levels in T2DM mice in a dose-dependent manner.
In a previous study, oral administration of guava leaf extract had
beneficial anti-obesity effects on SHRSP. Z-Leprfa/IzmDmcr rats
(Yoshitomi et al., 2012). However, inconsistent with this previous
study, we did not observe reduced obesity after GvAEx
administration in the db/db mice. This could be due to the
different genetic background of the animal models used in the
studies. Additionally, GvAEx could improve glucose tolerance
and insulin sensitivity in db/db mice. These results suggested that
GvAEx gavage have beneficial effects on glucose metabolism in
diabetic mice.

It is well established that certain natural extracts such as ginseng
could increase insulin secretion to lower plasma glucose in animals
and humans (Lee et al., 2006). In our studywe found no difference in
serum insulin levels and c-peptide levels between the two groups,
thus we proposed that the glucose lowering effects of GvAEx were
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not due to promotion of insulin secretion, but to improve insulin
sensitivity in the peripheral tissues.

The liver is the major site for glucose and lipid metabolism, and
hepatic insulin resistance is thought to be one of the main causes of
fasting hyperglycemia (Petersen and Shulman, 2018). In the current
study, we’ve discovered that not only did GvAEx treatment alleviate
fatty liver morphological conditions, it also improved liver insulin
sensitivity in vivo and in vitro. Compared to the control group,
GvAEx treatment significantly lowered HOMA-IR values, which is
an indicator of improved liver insulin sensitivity. It is well established
that insulin sensitivity can be regulated directly or indirectly by
modulating the components of the insulin signaling pathway, such
as insulin receptor (IR), insulin receptor substrates (IRS) and AKT
(Yang et al., 2018). The insulin-bound IR promotes the binding and
activation (Tyr phosphorylation) of IRS after insulin activation,
which then activates the phosphoinositide 3-kinase (PI3K)/AKT
pathway (Huang et al., 2018; Yang et al., 2018). AKT plays a pivotal
role in the regulation of various biological processes, including
apoptosis, proliferation and intermediary metabolism. We’ve
discovered that GvAEx significantly increased AKT
phosphorylation levels in HepIR cells compared with the control
group, suggesting that improved insulin sensitivity might be caused
by increased insulin signaling activity in hepatocytes.

Besides improvement of insulin sensitivity, the GvAEx
treatment also regulated glycogen synthesis and gluconeogenesis
in hepatocytes. Under physiological conditions, insulin lowers
blood glucose levels by prompting the liver and muscles to take
up glucose from the blood and store it as glycogen. GSK-3 could be
inhibited upon phosphorylation via AKT, which results in an
increase of glycogen synthesis (Sesti, 2006). Additionally, the liver
contributes significantly to maintaining the balance of glucose
metabolism by altering the levels of hepatic glucose release,
controlling the processes of gluconeogenesis and glycogenolysis
(Hatting et al., 2018). Our results have shown that the GvAEx
treatment elevated levels of phosphorylation of GSK-3β in HepIR
cells, which were consistent with increased hepatic glycogenesis in
vivo and in vitro. In the meantime, the mRNA levels of Pepck and
G6pc was significantly lower in the GvAEx group, suggesting a
suppressive effect on gluconeogenesis in the hepatocytes.

Glut-2 is the principal transporter for transfer of glucose between
liver and blood. It mediates the amount of glucose in and out of
hepatocytes by altering the rate of glucose uptake in hepatocytes
(Thorens, 2015). Insulin stimulation could promote the translocation
of GLUT2 from the cytosol to the plasma membrane, which leads to
increased glucose uptake in hepatocytes (Ding et al., 2016). In the
present study, we’ve discovered that GvAEx administration could
facilitate glucose uptake by promoting insulin-induced translocation
of GLUT2 from the cytosol to the membrane, while not affecting
overall GLUT2 level in HepIR cells, which might partly contribute to
in the hypoglycemic effects of GvAEx treatment in db/db mice.

In previous studies, plant flavonoids and terpenoids were widely
used in prevention of obesity and diabetes by ameliorating insulin
resistance, specifically, by activating AMPK and PI3K/AKT
signaling (Ding et al., 2012; Zhang et al., 2012; Paoli et al.,
2013; Rodríguez-Rodríguez et al., 2015). Therefore, the
pluripotent effects of GvAEx on hepatic glucose metabolism
and glycogen might be due to its richness in terpenoids and

flavonoids. Based on these previous studies, we’ve suggested
that the multiple bioactive components present in GvAEx
synergistically exerted anti-diabetic effects by improving insulin
resistance, promoting glycogen synthesis, inhibiting hepatic
gluconeogenesis and enhancing glucose uptake in the hepatocytes.

Numerous studies have noted the important role of gut
microbiota in the development and treatment of T2DM (Xu
et al., 2015; Bauer et al., 2018; Zhao et al., 2018). In particular, the
gut microbiome can interact with dietary components and habits
to influence host insulin sensitivity, intestinal permeability, and
glucose and lipid metabolism (Gurung et al., 2020). Both first-line
drug metformin and traditional Chinese medicine can
significantly alter the composition of the gut microbiota, thus
helping to ameliorate hyperglycemia (Xu et al., 2015; de la
Cuesta-Zuluaga et al., 2017; Wang et al., 2017; Bauer et al.,
2018). Several studies have shown that the gut microbiota of
obese and diabetic animals and humans exhibit a higher
Firmicutes/Bacteroidetes ratio compared with normal
individuals, and suggested that this ratio could be used as a
reliable biomarker of impaired glucose metabolism (Ley et al.,
2006; Yue et al., 2019). However, no studies have explored the
possible mechanisms of the hypoglycemic effects of GvAEx from
the perspective of the gut microbiota. In the present study, for the
first time, we reported that there were significant differences in
microbiota composition between the GvAEx and control groups.
GvAEx treatment significantly increased the abundance and
diversity of intestinal flora in db/db mice. Besides, the GvAEx
group exhibited less Firmicutes abundance but richer
Bacteroidetes abundance. The Firmicutes/Bacteroidetes ratio
also decreased significantly after GvAEx treatment, indicating
an improvement of glucose homeostasis. Bacteroidetes mainly
produce propionate, which may reach the colon and stimulate the
secretion of GLP-1, thus producing a hypoglycemic effect
(Chambers et al., 2015). However, we did not detect plasma
GLP-1 level in our study, which would be an interesting
investigation in the future. Bacteroides and Alstipes are positive
outcome predictors for metabolic diseases, such as obesity and
diabetes (Kuang et al., 2017; Zhang et al., 2021). In the present
study, we’ve found that the relative abundance of Bacteroides and
Alstipes was higher in GvAEx group, albeit not statistic
significantly, probably due to the limited sample size. We’ve
also found that GvAEx treatment significantly reduced relative
abundance of Enterorhabdus compared to the control group.
Inflammation plays a very important role in the development of
insulin resistance. Currently, T2DM is considered to be a chronic
inflammatory disease. In many studies related to intestinal
inflammation, a significant increase in the abundance of
Enterorhabdus has been observed (Tang et al., 2021; Wang
et al., 2021). It was also found that the abundance of
Enterorhabdus was significantly increased in non-alcoholic
fatty liver disease (NAFLD) mice (Li et al., 2021). In addition,
Enterorhabdus have been found to be associated with T2DM and
enterotoxicity (Shibayama et al., 2019). Short chain fatty acid
(SCFA) was reported to be beneficial in regulating the functions
of adipose tissues, skeletal muscles and the liver, thus contributing
to improved glucose homeostasis and insulin sensitivity (Canfora
et al., 2015; Zhang et al., 2015; Ma et al., 2020; Xu et al., 2020). The
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decrease in circulating SCFA may have an important role in the
development of insulin resistant and diabetes (Saad et al., 2016).
Importantly, SCFA plays a key role in glucose homeostasis due to
its capacity to increase insulin sensitivity and resist inflammation
(Säemann et al., 2000; Gao et al., 2009). Although we did not
measure the intestinal SCFA level in the present study, the
abundance of the Lachnospiraceae NK4A136 group (a SCFA-
producing bacterium) and other beneficial bacteria Akkermansia
and Anaerotruncus were significantly higher in the GvAEx-
treated group. Akkermansia are thought to be associated with
the amelioration of metabolic diseases and inflammation due to
their anti-inflammatory and insulin-sensitive properties
(Graessler et al., 2013). Akkermansia are able to degrade
mucins and protect the intestinal mucosal layer (Zhang et al.,
2019). These changes in these SCFA-producing-related bacteria
may partially explain the ameliorated insulin resistance and
improved lipid profiles in db/db mice treated with GvAEx.

To summarize, in this study, we have demonstrated the anti-
diabetic functions and underlying mechanisms of GvAEx in db/db
mice. As shown in Figure 6, GvAExmight improve insulin sensitivity
in the liver by promoting hepatic glycogen synthesis and inhibiting
hepatic gluconeogenesis via modulating insulin-related signaling
pathways. We also found that GvAEx could elevate the expression
of GLUT2 on the cell membrane of hepatocytes, which might
promote the uptake of glucose by hepatocytes, leading to an
improved glucose metabolism. More importantly, for the first time,
we reported that GvAEx might also alter the composition of the gut
microbiota and increase the enrichment of probiotics, thus exerting its
sustained beneficial effects on glucose metabolism. GvAEx has the
potential for drug development against T2DM.

Limitations and Future Investigations
In this study, GvAEx from Guava leaf aqueous extracts were used
for their hypoglycemic effect as a compound formulation. The
exact ingredients or class of ingredients that exerted their effects
on the db/db mice were not clear and deserve further exploration
in future studies. However, we revealed profound compositional

differences in gut microbiota between GvAEx treatment and
control group. Further metagenomic sequencing needs to be
done to explore the functional diversity of microbial
communities between the two groups. Besides, we only tested
several indicators of hepatic and renal toxicity. The
comprehensive toxicological studies of the exacts should be
conducted in the future.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: https://www.ncbi.
nlm.nih.gov/bioproject/, PRJNA820451.

ETHICS STATEMENT

The animal study was reviewed and approved by the University
Committee on the Care and Use of Animals of the Central South
University, China.

AUTHOR CONTRIBUTIONS

SC collected and assembled data and prepared the first draft of the
manuscript. FZ, HW, LX, and ZC collected data. ZZ contributed
to project initiation, data analysis and discussion, financial
support and gave final approval of the manuscript. FH
contributed to conceptualization and design, supervised the
work, data analysis and interpretation, and manuscript
writing; contributed to financial support; and gave final
approval of the manuscript. All authors reviewed and
approved the manuscript.

FUNDING

This work was supported by grants from National Nature Science
Foundation of China (91957113 and 31871180), National Key R&D
Program of China (2020YFA0803604), and Natural Science
Foundation of Hunan Province (2019JJ40410) to FH, and
National Nature Science Foundation of China (81820108007) to ZZ.

ACKNOWLEDGMENTS

We thank Xueyi Pan for language editing. we thank Yuqing Ye
and Wei Chen for data collection support and topic discussion.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fphar.2022.907702/
full#supplementary-material

FIGURE 6 | Proposed working model of GvAEx induced anti-diabetic
effect in db/db mice.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 90770211

Chu et al. Effect of GvAEx on T2DM

https://www.ncbi.nlm.nih.gov/bioproject/
https://www.ncbi.nlm.nih.gov/bioproject/
https://www.frontiersin.org/articles/10.3389/fphar.2022.907702/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2022.907702/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


REFERENCES

Bai, L., Li, X., He, L., Zheng, Y., Lu, H., Li, J., et al. (2019). Antidiabetic Potential of
Flavonoids from Traditional Chinese Medicine: A Review. Am. J. Chin. Med. 47
(5), 933–957. doi:10.1142/S0192415X19500496

Balaich, J., Estrella, M., Wu, G., Jeffrey, P. D., Biswas, A., Zhao, L., et al. (2021). The
Human Microbiome Encodes Resistance to the Antidiabetic Drug Acarbose.
Nature 600 (7887), 110–115. doi:10.1038/s41586-021-04091-0

Bauer, P. V., Duca, F. A., Waise, T. M. Z., Rasmussen, B. A., Abraham, M. A.,
Dranse, H. J., et al. (2018). Metformin Alters Upper Small Intestinal Microbiota
that Impact a Glucose-SGLT1-Sensing Glucoregulatory Pathway. Cell Metab.
27 (1), 101. doi:10.1016/j.cmet.2017.09.019

Beidokhti, M. N., Eid, H. M., Villavicencio, M. L. S., Jäger, A. K., Lobbens, E. S.,
Rasoanaivo, P. R., et al. (2020). Evaluation of the Antidiabetic Potential of
Psidium Guajava L. (Myrtaceae) Using Assays for α-glucosidase, α-amylase,
Muscle Glucose Uptake, Liver Glucose Production, and Triglyceride
Accumulation in Adipocytes. J. Ethnopharmacol. 257, 112877. doi:10.1016/j.
jep.2020.112877

Canfora, E. E., Jocken, J. W., and Blaak, E. E. (2015). Short-chain Fatty Acids in
Control of Body Weight and Insulin Sensitivity. Nat. Rev. Endocrinol. 11 (10),
577–591. doi:10.1038/nrendo.2015.128

Chambers, E. S., Viardot, A., Psichas, A., Morrison, D. J., Murphy, K. G., Zac-
Varghese, S. E., et al. (2015). Effects of Targeted Delivery of Propionate to the
Human Colon on Appetite Regulation, Body Weight Maintenance and
Adiposity in Overweight Adults. Gut 64 (11), 1744–1754. doi:10.1136/
gutjnl-2014-307913

Cheng, F. C., Shen, S. C., andWu, J. S. (2009). Effect of Guava (PsidiumGuajava L.)
Leaf Extract on Glucose Uptake in Rat Hepatocytes. J. Food Sci. 74 (5),
H132–H138. doi:10.1111/j.1750-3841.2009.01149.x

Cho, N. H., Shaw, J. E., Karuranga, S., Huang, Y., da Rocha Fernandes, J. D.,
Ohlrogge, A. W., et al. (2018). IDF Diabetes Atlas: Global Estimates of Diabetes
Prevalence for 2017 and Projections for 2045. Diabetes Res. Clin. Pract. 138,
271–281. doi:10.1016/j.diabres.2018.02.023

Dakappa, S. S., Adhikari, R., Timilsina, S. S., and Sajjekhan, S. (2013). A Review on
the Medicinal Plant Psidium Guajava Linn.(Myrtaceae). J. Drug Deliv. Ther. 3
(2), 162–168. doi:10.22270/jddt.v3i2.404

de la Cuesta-Zuluaga, J., Mueller, N. T., Corrales-Agudelo, V., Velásquez-Mejía, E.
P., Carmona, J. A., Abad, J. M., et al. (2017). Metformin Is Associated with
Higher Relative Abundance of Mucin-Degrading Akkermansia Muciniphila
and Several Short-Chain Fatty Acid-Producing Microbiota in the Gut. Diabetes
care 40 (1), 54–62. doi:10.2337/dc16-1324

DeFronzo, R. A., Ferrannini, E., Zimmet, P., and Alberti, G. (2015). International
Textbook of Diabetes Mellitus. 4th Edn. Oxford, United Kingdom: JohnWiley &
Sons, 1240. doi:10.1002/9781118387658

Deguchi, Y., and Miyazaki, K. (2010). Anti-hyperglycemic and Anti-
hyperlipidemic Effects of Guava Leaf Extract. Nutr. Metab. (Lond) 7, 9.
doi:10.1186/1743-7075-7-9

Díaz-de-Cerio, E., Verardo, V., Gómez-Caravaca, A. M., Fernández-Gutiérrez, A.,
and Segura-Carretero, A. (2017). Health Effects of Psidium Guajava L. Leaves:
An Overview of the Last Decade. Int. J. Mol. Sci. 18 (4), 897. doi:10.3390/
ijms18040897

Ding, Y., Xian, X., Holland, W. L., Tsai, S., and Herz, J. (2016). Low-density
Lipoprotein Receptor-Related Protein-1 Protects against Hepatic Insulin
Resistance and Hepatic Steatosis. EBioMedicine 7, 135–145. doi:10.1016/j.
ebiom.2016.04.002

Ding, Y., Dai, X.-q., Zhang, Z.-f., and Li, Y. (2012). Myricetin Attenuates
Hyperinsulinemia-Induced Insulin Resistance in Skeletal Muscle Cells. Eur.
Food Res. Technol. 234 (5), 873–881. doi:10.1007/s00217-012-1701-3

Eidenberger, T., Selg, M., and Krennhuber, K. (2013). Inhibition of Dipeptidyl
Peptidase Activity by Flavonol Glycosides of Guava (Psidium Guajava L.): A
Key to the Beneficial Effects of Guava in Type II Diabetes Mellitus. Fitoterapia
89, 74–79. doi:10.1016/j.fitote.2013.05.015

Gao, Z., Yin, J., Zhang, J., Ward, R. E., Martin, R. J., Lefevre, M., et al. (2009).
Butyrate Improves Insulin Sensitivity and Increases Energy Expenditure in
Mice. Diabetes 58 (7), 1509–1517. doi:10.2337/db08-1637

Graessler, J., Qin, Y., Zhong, H., Zhang, J., Licinio, J., Wong, M. L., et al. (2013).
Metagenomic Sequencing of the Human Gut Microbiome before and after

Bariatric Surgery in Obese Patients with Type 2 Diabetes: Correlation with
Inflammatory andMetabolic Parameters. Pharmacogenomics J. 13 (6), 514–522.
doi:10.1038/tpj.2012.43

Guo, L., Tan, B., Li, W., Li, Q., Zheng, X., and Obot, I. B. (2021). Banana Leaves
Water Extracts as Inhibitor for X70 Steel Corrosion in HCl Medium. J. Mol. Liq.
327, 114828. doi:10.1016/j.molliq.2020.114828

Gurung, M., Li, Z., You, H., Rodrigues, R., Jump, D. B., Morgun, A., et al. (2020).
Role of Gut Microbiota in Type 2 Diabetes Pathophysiology. EBioMedicine 51,
102590. doi:10.1016/j.ebiom.2019.11.051

Han, H. S., Kang, G., Kim, J. S., Choi, B. H., and Koo, S. H. (2016). Regulation of
Glucose Metabolism from a Liver-Centric Perspective. Exp. Mol. Med. 48 (3),
e218. doi:10.1038/emm.2015.122

Hatting, M., Tavares, C. D. J., Sharabi, K., Rines, A. K., and Puigserver, P. (2018).
Insulin Regulation of Gluconeogenesis. Ann. N. Y. Acad. Sci. 1411 (1), 21–35.
doi:10.1111/nyas.13435

Huang, X., Liu, G., Guo, J., and Su, Z. (2018). The PI3K/AKT Pathway in Obesity
and Type 2 Diabetes. Int. J. Biol. Sci. 14 (11), 1483–1496. doi:10.7150/ijbs.27173

IDF (2019). IDF Diabetes Atlas. 9th Edition 2019. Brussels, Belgium: International
Diabetes Federation.

Jayachandran, M., Vinayagam, R., and Xu, B. (2020). Guava Leaves Extract
Ameliorates STZ Induced Diabetes Mellitus via Activation of PI3K/AKT
Signaling in Skeletal Muscle of Rats. Mol. Biol. Rep. 47 (4), 2793–2799.
doi:10.1007/s11033-020-05399-2

Jia, R., Huang, M., Qian, L., Yan, X., Lv, Q., Ye, H., et al. (2021). The Depletion of
Carbohydrate Metabolic Genes in the Gut Microbiome Contributes to the
Transition from Central Obesity to Type 2 Diabetes. Front. Endocrinol.
(Lausanne) 12, 747646. doi:10.3389/fendo.2021.747646

Kong, X., Yu, J., Bi, J., Qi, H., Di, W., Wu, L., et al. (2015). Glucocorticoids
Transcriptionally Regulate miR-27b Expression Promoting Body Fat
Accumulation via Suppressing the Browning of White Adipose Tissue.
Diabetes 64 (2), 393–404. doi:10.2337/db14-0395

Kuang, Y. S., Lu, J. H., Li, S. H., Li, J. H., Yuan, M. Y., He, J. R., et al. (2017).
Connections between the Human Gut Microbiome and Gestational Diabetes
Mellitus. Gigascience 6 (8), 1–12. doi:10.1093/gigascience/gix058

Lee, W. K., Kao, S. T., Liu, I. M., and Cheng, J. T. (2006). Increase of Insulin
Secretion by Ginsenoside Rh2 to Lower Plasma Glucose in Wistar Rats.
Clin. Exp. Pharmacol. Physiol. 33 (1-2), 27–32. doi:10.1111/j.1440-1681.
2006.04319.x

Leighton, E., Sainsbury, C. A., and Jones, G. C. (2017). A Practical Review of
C-Peptide Testing in Diabetes. Diabetes Ther. 8 (3), 475–487. doi:10.1007/
s13300-017-0265-4

Ley, R. E., Turnbaugh, P. J., Klein, S., and Gordon, J. I. (2006). Microbial Ecology:
Human Gut Microbes Associated with Obesity. Nature 444 (7122), 1022–1023.
doi:10.1038/4441022a

Li, H., Wang, Q., Chen, P., Zhou, C., Zhang, X., and Chen, L. (2021).
Ursodeoxycholic Acid Treatment Restores Gut Microbiota and Alleviates
Liver Inflammation in Non-alcoholic Steatohepatitic Mouse Model. Front.
Pharmacol. 12, 788558. doi:10.3389/fphar.2021.788558

Ma, L., Ni, Y., Wang, Z., Tu, W., Ni, L., Zhuge, F., et al. (2020). Spermidine
Improves Gut Barrier Integrity and Gut Microbiota Function in Diet-
Induced Obese Mice. Gut Microbes 12 (1), 1–19. doi:10.1080/19490976.
2020.1832857

Méndez-Lucas, A., Duarte, J. A., Sunny, N. E., Satapati, S., He, T., Fu, X., et al.
(2013). PEPCK-M Expression in Mouse Liver Potentiates, Not Replaces,
PEPCK-C Mediated Gluconeogenesis. J. Hepatol. 59 (1), 105–113. doi:10.
1016/j.jhep.2013.02.020

Morais-Braga, M. F., Carneiro, J. N., Machado, A. J., Dos Santos, A. T., Sales,
D. L., Lima, L. F., et al. (2016). Psidium Guajava L., from Ethnobiology to
Scientific Evaluation: Elucidating Bioactivity against Pathogenic
Microorganisms. J. Ethnopharmacol. 194, 1140–1152. doi:10.1016/j.jep.
2016.11.017

Morton, J. F. (1987). Fruits of Warm Climates. JF Morton.
Oh, W. K., Lee, C. H., Lee, M. S., Bae, E. Y., Sohn, C. B., Oh, H., et al. (2005).

Antidiabetic Effects of Extracts from Psidium Guajava. J. Ethnopharmacol. 96
(3), 411–415. doi:10.1016/j.jep.2004.09.041

Paoli, P., Cirri, P., Caselli, A., Ranaldi, F., Bruschi, G., Santi, A., et al. (2013). The
Insulin-Mimetic Effect of Morin: A Promising Molecule in Diabetes Treatment.
Biochim. Biophys. Acta 1830 (4), 3102–3111. doi:10.1016/j.bbagen.2013.01.017

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 90770212

Chu et al. Effect of GvAEx on T2DM

https://doi.org/10.1142/S0192415X19500496
https://doi.org/10.1038/s41586-021-04091-0
https://doi.org/10.1016/j.cmet.2017.09.019
https://doi.org/10.1016/j.jep.2020.112877
https://doi.org/10.1016/j.jep.2020.112877
https://doi.org/10.1038/nrendo.2015.128
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.1136/gutjnl-2014-307913
https://doi.org/10.1111/j.1750-3841.2009.01149.x
https://doi.org/10.1016/j.diabres.2018.02.023
https://doi.org/10.22270/jddt.v3i2.404
https://doi.org/10.2337/dc16-1324
https://doi.org/10.1002/9781118387658
https://doi.org/10.1186/1743-7075-7-9
https://doi.org/10.3390/ijms18040897
https://doi.org/10.3390/ijms18040897
https://doi.org/10.1016/j.ebiom.2016.04.002
https://doi.org/10.1016/j.ebiom.2016.04.002
https://doi.org/10.1007/s00217-012-1701-3
https://doi.org/10.1016/j.fitote.2013.05.015
https://doi.org/10.2337/db08-1637
https://doi.org/10.1038/tpj.2012.43
https://doi.org/10.1016/j.molliq.2020.114828
https://doi.org/10.1016/j.ebiom.2019.11.051
https://doi.org/10.1038/emm.2015.122
https://doi.org/10.1111/nyas.13435
https://doi.org/10.7150/ijbs.27173
https://doi.org/10.1007/s11033-020-05399-2
https://doi.org/10.3389/fendo.2021.747646
https://doi.org/10.2337/db14-0395
https://doi.org/10.1093/gigascience/gix058
https://doi.org/10.1111/j.1440-1681.2006.04319.x
https://doi.org/10.1111/j.1440-1681.2006.04319.x
https://doi.org/10.1007/s13300-017-0265-4
https://doi.org/10.1007/s13300-017-0265-4
https://doi.org/10.1038/4441022a
https://doi.org/10.3389/fphar.2021.788558
https://doi.org/10.1080/19490976.2020.1832857
https://doi.org/10.1080/19490976.2020.1832857
https://doi.org/10.1016/j.jhep.2013.02.020
https://doi.org/10.1016/j.jhep.2013.02.020
https://doi.org/10.1016/j.jep.2016.11.017
https://doi.org/10.1016/j.jep.2016.11.017
https://doi.org/10.1016/j.jep.2004.09.041
https://doi.org/10.1016/j.bbagen.2013.01.017
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Petersen, M. C., and Shulman, G. I. (2018). Mechanisms of Insulin Action and
Insulin Resistance. Physiol. Rev. 98 (4), 2133–2223. doi:10.1152/physrev.00063.
2017

Petersen, M. C., Vatner, D. F., and Shulman, G. I. (2017). Regulation of Hepatic
Glucose Metabolism in Health and Disease. Nat. Rev. Endocrinol. 13 (10),
572–587. doi:10.1038/nrendo.2017.80

Prats, C., Graham, T. E., and Shearer, J. (2018). The Dynamic Life of the Glycogen
Granule. J. Biol. Chem. 293 (19), 7089–7098. doi:10.1074/jbc.R117.802843

Qin, J., Li, Y., Cai, Z., Li, S., Zhu, J., Zhang, F., et al. (2012). A Metagenome-wide
Association Study of Gut Microbiota in Type 2 Diabetes. Nature 490 (7418),
55–60. doi:10.1038/nature11450

Rodríguez-Rodríguez, C., Torres, N., Gutiérrez-Uribe, J. A., Noriega, L. G., Torre-
Villalvazo, I., Leal-Díaz, A. M., et al. (2015). The Effect of Isorhamnetin
Glycosides Extracted from Opuntia Ficus-Indica in a Mouse Model of Diet
Induced Obesity. Food Funct. 6 (3), 805–815. doi:10.1039/c4fo01092b

Rojas-Garbanzo, C., Zimmermann, B. F., Schulze-Kaysers, N., and Schieber, A.
(2017). Characterization of Phenolic and Other Polar Compounds in Peel and
Flesh of Pink Guava (Psidium Guajava L. Cv. ’Criolla’) by Ultra-high
Performance Liquid Chromatography with Diode Array and Mass
Spectrometric Detection. Food Res. Int. 100, 445–453. doi:10.1016/j.foodres.
2016.12.004

Saad, M. J. A., Santos, A., and Prada, P. O. (2016). Linking Gut Microbiota and
Inflammation to Obesity and Insulin Resistance. Physiology 31 (4):283–293.
doi:10.1152/physiol.00041.2015

Säemann, M. D., Böhmig, G. A., Osterreicher, C. H., Burtscher, H., Parolini, O.,
Diakos, C., et al. (2000). Anti-inflammatory Effects of Sodium Butyrate on
Human Monocytes: Potent Inhibition of IL-12 and Up-Regulation of IL-10
Production. Faseb J. 14 (15), 2380–2382. doi:10.1096/fj.00-0359fje

Sesti, G. (2006). Pathophysiology of Insulin Resistance. Best. Pract. Res. Clin.
Endocrinol. Metab. 20 (4), 665–679. doi:10.1016/j.beem.2006.09.007

Shibayama, J., Goto, M., Kuda, T., Fukunaga, M., Takahashi, H., and Kimura, B.
(2019). Effect of Rice Bran Fermented with Saccharomyces cerevisiae and
Lactobacillus Plantarum on Gut Microbiome of Mice Fed High-Sucrose
Diet. Benef. Microbes 10 (7), 811–821. doi:10.3920/BM2019.0072

Smith, N. K., Hackett, T. A., Galli, A., and Flynn, C. R. (2019). GLP-1: Molecular
Mechanisms and Outcomes of a Complex Signaling System. Neurochem. Int.
128, 94–105. doi:10.1016/j.neuint.2019.04.010

Srivastava, A. K., and Pandey, S. K. (1998). Potential Mechanism(s) Involved in the
Regulation of Glycogen Synthesis by Insulin. Mol. Cell Biochem. 182 (1-2),
135–141. doi:10.1007/978-1-4615-5647-3_14

Tan, B., Lan, W., Zhang, S., Deng, H., Qiang, Y., Fu, A., et al. (2022). Passiflora
Edulia Sims Leaves Extract as Renewable and Degradable Inhibitor for Copper
in Sulfuric Acid Solution. Colloids Surfaces A Physicochem. Eng. Aspects 645,
128892. doi:10.1016/j.colsurfa.2022.128892

Tang, X., Wang, W., Hong, G., Duan, C., Zhu, S., Tian, Y., et al. (2021). Gut
Microbiota-Mediated Lysophosphatidylcholine Generation Promotes Colitis in
Intestinal Epithelium-specific Fut2 Deficiency. J. Biomed. Sci. 28 (1), 20. doi:10.
1186/s12929-021-00711-z

Thorens, B. (2015). GLUT2, Glucose Sensing and Glucose Homeostasis.
Diabetologia 58 (2), 221–232. doi:10.1007/s00125-014-3451-1

Vinayagam, R., Jayachandran, M., Chung, S. S. M., and Xu, B. (2018). Guava Leaf
Inhibits Hepatic Gluconeogenesis and Increases Glycogen Synthesis via AMPK/
ACC Signaling Pathways in Streptozotocin-Induced Diabetic Rats. Biomed.
Pharmacother. 103, 1012–1017. doi:10.1016/j.biopha.2018.04.127

Wang, J., Zheng, J., Shi, W., Du, N., Xu, X., Zhang, Y., et al. (2018). Dysbiosis of
Maternal and Neonatal Microbiota Associated with Gestational Diabetes
Mellitus. Gut 67 (9), 1614–1625. doi:10.1136/gutjnl-2018-315988

Wang, K., Xu, X., Maimaiti, A., Hao, M., Sang, X., Shan, Q., et al. (2021). Gut
Microbiota Disorder Caused by Diterpenoids Extracted from Euphorbia
Pekinensis Aggravates Intestinal Mucosal Damage. Pharmacol. Res. Perspect.
9 (5), e00765. doi:10.1002/prp2.765

Wang, Y., Shou, J. W., Li, X. Y., Zhao, Z. X., Fu, J., He, C. Y., et al. (2017). Berberine-
induced Bioactive Metabolites of the Gut Microbiota Improve Energy
Metabolism. Metabolism 70, 72–84. doi:10.1016/j.metabol.2017.02.003

Wild, S., Roglic, G., Green, A., Sicree, R., and King, H. (2004). Global Prevalence of
Diabetes: Estimates for the Year 2000 and Projections for 2030.Diabetes care 27
(5), 1047–1053. doi:10.2337/diacare.27.5.1047

Wu, H., Esteve, E., Tremaroli, V., Khan,M. T., Caesar, R., Mannerås-Holm, L., et al.
(2017). Metformin Alters the Gut Microbiome of Individuals with Treatment-
Naive Type 2 Diabetes, Contributing to the Therapeutic Effects of the Drug.
Nat. Med. 23 (7), 850–858. doi:10.1038/nm.4345

Xu, J., Lian, F., Zhao, L., Zhao, Y., Chen, X., Zhang, X., et al. (2015).
Structural Modulation of Gut Microbiota during Alleviation of Type 2
Diabetes with a Chinese Herbal Formula. Isme J. 9 (3), 552–562. doi:10.
1038/ismej.2014.177

Xu, X., Gao, Z., Yang, F., Yang, Y., Chen, L., Han, L., et al. (2020). Antidiabetic
Effects of Gegen Qinlian Decoction via the Gut Microbiota Are Attributable to
its Key Ingredient Berberine. Genomics Proteomics Bioinforma. 18 (6), 721–736.
doi:10.1016/j.gpb.2019.09.007

Yang, Q., Vijayakumar, A., and Kahn, B. B. (2018). Metabolites as Regulators of
Insulin Sensitivity and Metabolism. Nat. Rev. Mol. Cell Biol. 19 (10), 654–672.
doi:10.1038/s41580-018-0044-8

Yoshitomi, H., Guo, X., Liu, T., and Gao, M. (2012). Guava Leaf Extracts Alleviate
Fatty Liver via Expression of Adiponectin Receptors in SHRSP.Z-Leprfa/Izm
Rats. Nutr. Metab. (Lond) 9, 13. doi:10.1186/1743-7075-9-13

Yue, S., Zhao, D., Peng, C., Tan, C., Wang, Q., and Gong, J. (2019). Effects of
Theabrownin on Serum Metabolites and Gut Microbiome in Rats with a
High-Sugar Diet. Food Funct. 10 (11), 7063–7080. doi:10.1039/
c9fo01334b

Zhang, S., Wu, P., Tian, Y., Liu, B., Huang, L., Liu, Z., et al. (2021). Gut Microbiota
Serves a Predictable Outcome of Short-Term Low-Carbohydrate Diet (LCD)
Intervention for Patients with Obesity. Microbiol. Spectr. 9 (2), e0022321.
doi:10.1128/spectrum.00223-21

Zhang, T., Li, Q., Cheng, L., Buch, H., and Zhang, F. (2019). Akkermansia
Muciniphila Is a Promising Probiotic. Microb. Biotechnol. 12 (6),
1109–1125. doi:10.1111/1751-7915.13410

Zhang, W. Y., Lee, J. J., Kim, Y., Kim, I. S., Han, J. H., Lee, S. G., et al. (2012). Effect
of Eriodictyol on Glucose Uptake and Insulin Resistance In Vitro. J. Agric. Food
Chem. 60 (31), 7652–7658. doi:10.1021/jf300601z

Zhang, X., Zhao, Y., Xu, J., Xue, Z., Zhang, M., Pang, X., et al. (2015).
Modulation of Gut Microbiota by Berberine and Metformin during the
Treatment of High-Fat Diet-Induced Obesity in Rats. Sci. Rep. 5, 14405.
doi:10.1038/srep14405

Zhang, Z., Kong, F., Ni, H., Mo, Z., Wan, J. B., Hua, D., et al. (2016). Structural
Characterization, α-glucosidase Inhibitory and DPPH Scavenging Activities of
Polysaccharides from Guava. Carbohydr. Polym. 144, 106–114. doi:10.1016/j.
carbpol.2016.02.030

Zhao, L., Zhang, F., Ding, X., Wu, G., Lam, Y. Y., Wang, X., et al. (2018). Gut
Bacteria Selectively Promoted by Dietary Fibers Alleviate Type 2 Diabetes.
Science 359 (6380), 1151–1156. doi:10.1126/science.aao5774

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Chu, Zhang, Wang, Xie, Chen, Zeng, Zhou and Hu. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Pharmacology | www.frontiersin.org June 2022 | Volume 13 | Article 90770213

Chu et al. Effect of GvAEx on T2DM

https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1152/physrev.00063.2017
https://doi.org/10.1038/nrendo.2017.80
https://doi.org/10.1074/jbc.R117.802843
https://doi.org/10.1038/nature11450
https://doi.org/10.1039/c4fo01092b
https://doi.org/10.1016/j.foodres.2016.12.004
https://doi.org/10.1016/j.foodres.2016.12.004
https://doi.org/10.1152/physiol.00041.2015
https://doi.org/10.1096/fj.00-0359fje
https://doi.org/10.1016/j.beem.2006.09.007
https://doi.org/10.3920/BM2019.0072
https://doi.org/10.1016/j.neuint.2019.04.010
https://doi.org/10.1007/978-1-4615-5647-3_14
https://doi.org/10.1016/j.colsurfa.2022.128892
https://doi.org/10.1186/s12929-021-00711-z
https://doi.org/10.1186/s12929-021-00711-z
https://doi.org/10.1007/s00125-014-3451-1
https://doi.org/10.1016/j.biopha.2018.04.127
https://doi.org/10.1136/gutjnl-2018-315988
https://doi.org/10.1002/prp2.765
https://doi.org/10.1016/j.metabol.2017.02.003
https://doi.org/10.2337/diacare.27.5.1047
https://doi.org/10.1038/nm.4345
https://doi.org/10.1038/ismej.2014.177
https://doi.org/10.1038/ismej.2014.177
https://doi.org/10.1016/j.gpb.2019.09.007
https://doi.org/10.1038/s41580-018-0044-8
https://doi.org/10.1186/1743-7075-9-13
https://doi.org/10.1039/c9fo01334b
https://doi.org/10.1039/c9fo01334b
https://doi.org/10.1128/spectrum.00223-21
https://doi.org/10.1111/1751-7915.13410
https://doi.org/10.1021/jf300601z
https://doi.org/10.1038/srep14405
https://doi.org/10.1016/j.carbpol.2016.02.030
https://doi.org/10.1016/j.carbpol.2016.02.030
https://doi.org/10.1126/science.aao5774
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles

	Aqueous Extract of Guava (Psidium guajava L.) Leaf Ameliorates Hyperglycemia by Promoting Hepatic Glycogen Synthesis and Mo ...
	Introduction
	Research Design and Methods
	Reagents
	Animal Studies
	Metabolic and Biochemical Analyses
	Cell Culture and Treatment
	Membrane and Cytosolic Protein Extraction
	Cell Viability Analysis
	Western Blotting
	Quantitative RT-PCR
	Fecal DNA Extraction and 16s rRNA Gene Sequencing
	Data Analysis

	Results
	GvAEx Treatment Lowers Blood Glucose in a Dosage-Dependent Manner in db/db Mice
	Treatment of GvAEx Improves Kidney and Islet Function in Diabetic Mice
	GvAEx Treatment Promotes Liver Function and Reduces Gluconeogenesis
	Effects of GvAEx on HepIR Cell Viability
	GvAEx Enhances Insulin Sensitivity and Glucose Uptake in Hepatocytes
	GvAEx Treatment Alters the Composition of Microbiota in db/db Mice

	Discussion
	Limitations and Future Investigations

	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


