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Abstract
The global prevalence of prediabetes is on the rise, and it is of value to manage
prediabetes and predisposal to diabetes at an early stage. Myricetin is a natural polyhydroxyflavonoid, found in planta with several health benefits. This study aimed to
evaluate the effects of myricetin on prediabetes. In vitro assay indicated that the cell
viability, endocytosis and phagocytosis of macrophages were inhibited in RAW 264.7
cells under high glucose (HG) levels, concurrent with an increase in reactive oxygen
species level. Administration of myricetin at a dose of 10 μM, restored the immunosuppressive effects mediated by HG. Moreover, the viability of Jurkat cells was also
inhibited concurrent with inhibition of interleukin-2 (IL-2) and interferon-gamma (IFNγ) expression levels versus increase PD-1 after treated with myricetin at the dose of 10
μM. In a prediabetic mouse model fed with high fat diet, increase in body weight, fat
mass, fasting blood glucose, Triglyceride (TG), total cholesterol (TC) and low-density
lipoprotein cholesterol (LDL-C) were observed. Flow cytometry analysis revealed a significant decrease in CD8+ T cells in the spleen and blood, whereas the expression of
PD-1 on CD3+ , CD4+ , and CD8+ T cells in the spleen and lymph was significantly elevated. Administration of myricetin showed a potential hypoglycemic and lipid-lowering
effect in both prevention and treatment, in addition to restoration of innate and
adaptive immune immunity in mice and confirmed by the in vitro immunomodulation
effect. In addition, 16S rRNA showed that myricetin ameliorated prediabetes may be
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related to decrease in the relative abundance of Acetatifactor, Blautia, Intestinimonas,
Anaerotruncus, and Peptococcus.
KEYWORDS

fecal microbiota transplantation, immunomodulatory, intestinal microbiota, myricetin, prediabetes
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INTRODUCTION

Myricetin is a natural polyhydroxylated flavonoid, which can be
extracted from the bark of bayberries (Myrica spec.), leaves and stems

Prediabetes refers to a status of blood glucose metabolism disorders

of vine tea (Ampelopsis grossedentata) (Song et al., 2021). Previous

in the body; however, it does not meet the standard diagnostic criteria

research has shown that myricetin and its derivatives possess several

for type 2 diabetes mellitus (T2DM) (Echouffo-Tcheugui & Selvin, 2021;

pharmacological activities (Li et al., 2019). In addition, in vivo exper-

Islam et al., 2021). If not managed correctly, the continuous increase

iments have confirmed the potential antidiabetic effect of myricetin

blood glucose will result in insulin resistance, thereby triggering T2DM.

(Kandasamy & Ashokkumar, 2014). In a study conducted on STZ-

Therefore, it is a high-risk factor for T2DM (Tabák et al., 2012). At

induced diabetic mouse models, it was confirmed that myricetin

present, the prevalence of prediabetes is increasing rapidly, and it is

enhanced the antioxidant defense system in mice, increased insulin

estimated that by 2045, 548.4 million people will be diagnosed as pre-

secretion, reduced blood glucose levels, and effectively protected liver

diabetes (Schlesinger et al., 2022). It is recommended that healthy diet,

and kidney from oxidative damage (Kandasamy & Ashokkumar, 2013;

physical exercise, and drug intervention could reverse the progression

Yang et al., 2019). Another study reported that myricetin administra-

of prediabetes to diabetes (Roncero-Ramos et al., 2020). Therefore, the

tion in mice fed with high-fat diet (HFD) showed reduced body weight

early detection and adopting a safe and effective drug management

compared to the control group, which could increase the oxidative

to prevent the development of prediabetes into T2DM is essential for

metabolism of mitochondria, reduced the lipid content of fat cells,

improving human health.

and improved glucose tolerance in the C57BL6/J mice fed with HFD

It is reported that the immune system is an important defense sys-

(Akindehin et al., 2018). In addition, myricetin significantly improved

tem of the body (Paludan et al., 2021). Upon microbial infections such

insulin sensitivity in obese Zucker rats (Liu et al., 2006). An epi-

as bacteria and viruses, body immunity typically induces a series of

demiological study on dietary factors regulating diabetes with 12,403

cellular responses to prevent the further development of tissue dam-

diabetic patients from eight European countries revealed a significant

age, destroys the source of infection, and initiates as well as activates

negative correlation between myricetin intake and the risk of T2DM

the repair process, so as to maintain the stability of the internal envi-

(Zamora-Ros et al., 2014). All of the above-mentioned studies con-

ronment (Serrano-Lopez et al., 2021). Under normal circumstances,

firmed that myricetin has an application potential in the treatment or

the response process is temporary. However, if the infection and the

as an adjuvant treatment of diabetes and its complications. Compared

elimination of damage factors do not disappear or the damage fac-

to extensive report of continuous HG effect on metabolic processes,

tors exist for a long time, a pathological chronic inflammatory process

its effect on immunity in prediabetes has yet to be reported. Addi-

precede (Zhang et al., 2021), such as that involved in the occurrence

tionally, there is no information in literature about myricetin effect as

of many diseases (insulin resistance and T2DM) (J. Guo & Fu, 2020;

immunomodulator in prediabetes.

Serrano-Lopez et al., 2021). It is hypothesized that the decrease in
total lymphocytes, CD4+ , and CD4+ /CD8+ T cells are an important
feature of immunodeficiency. CD4+ and CD8+ T cells interact and bal-

2

MATERIALS AND METHODS

ance each other to allow for the body to produce a normal immune
response. Diabetes patients are prone to multiple organ complications

2.1

Reagents and cell lines

such as heart, brain, kidney injury, and various infections under the condition of continuous high glucose (HG), which are closely related to the

Myricetin (CAS No. 529-44-2) was purchased from Tokyo Chemical

weakened immune function of diabetic patients (Giugliano et al., 2021;

Industry Co., Ltd. ≥ 97.0% by HPLC. L-Carnitine (CAS No. 541-15-

Mallu et al., 2021; Marciano et al., 2019). In T2DM patients, due to the

1) was supplied by the Beijing Solarbio Science & Technology Co.,

uncontrolled regulation of the immune network in the body, a status of

Ltd, and the purity was > 98.0% by HPLC. Antibodies to CD45

glucose metabolism disorder was occurred. A large number of metabo-

(557659, BD Pharmingen, 0.2 mg/mL), CD3e (553061, BD Pharmin-

lites accumulated due to the glucose metabolism disorder feedback to

gen, 0.5 mg/mL), CD4 (566407, BD Pharmingen, 0.2 mg/mL), CD8a

the body’s immune system, aggravated the immune function damage,

(12-0081-82, eBioscience, 0.2 mg/mL), CD11b (557396, BD Pharmin-

and further aggravated the genetic immune response and disease pro-

gen, 0.5 mg/mL), F4/80 (565410, BD Pharmingen, 0.2 mg/mL), CD11c

gression (Drucker, 2021; Lim et al., 2021). However, there is no study to

(560584, BD Pharmingen, 0.2 mg/mL), CD206 (17-2061-80, eBio-

confirm whether such immune dysregulation occurred in prediabetes.

science, 0.2 mg/mL), and PD-1(17-9981-80, eBioscience, 0.2 mg/mL).
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The mouse macrophage cell line (RAW 264.7) was purchased from

microplate reader. Then, the concentrations of TNF-α, IL-6, IL-1β, IL-2,

American Type Culture Collection, USA. Jurkat cell was a gift from

and INF-γ were calculated according to the standard curve.

Prof. Chen Xin (University of Macau). The cells were cultured in DMEM
or RIMP-1640 supplemented with 10% fetal bovine serum (FBS) (v/v)
(Gibco, USA), 50 U/mL penicillin and 100 mg/L streptomycin (Gibco),
and incubated at 37°C in a 5% CO2 atmosphere.

2.5
Measurement of blood glucose and serum
insulin
For the FBG test, mice were fasted for 12 h. A small drop of blood

2.2

Animal experiments

was collected from the tail of the mice and measured with a commercial glucometer (Yuyue, China). For oral glucose tolerance test (OGTT),

Male C57BL/6J mice (aged 6–8 weeks) were supplied by the Zhuhai

mice were treated with glucose solutions (2 g/kg) by oral gavage after

Bes Test Bio-Tech Co., Ltd. All mice were acclimatized for a week in a

12 h fasting; subsequently, the blood glucose levels of the mice were

specific pathogen-free environment (temperature: 21 ± 2°C; relative

measured at 0, 15, 30, 60, 90 and 120 min. Meanwhile, serum insulin

humidity: 60 ± 10%; and a 12:12 h light-dark cycle) prior to perform-

level was determined using an insulin ELISA kit (mlbio, China). Area

ing the subsequent experiments. Then, the mice were randomly divided

under the curve (AUC) and statistical analysis were performed using

into the control group (fed with regular chow diet), model group (fed

GraphPad prism (GraphPad Software, USA).

with 60% high fat diet, D12492), myricetin group (HFD supplemented
with 200 mg/kg/day), and L-carnitine as positive drug control (HFD
supplemented with 200 mg/kg/day) after measuring fasting blood glucose (FBG). The same volume of normal saline was administered to

2.6
Body composition and adipose tissue
distribution

the control and model groups. Moreover, animal experiments were
carried out at the Experimental Animal Centre of Guangdong Ocean

Body composition and adipose distribution (i.e., lean and fat mass)

University and approved by the Experimental Animal Ethics Review

were determined for each mouse by using magnetic resonance imaging

Committee (No. GDOU-LAE-2021-013).

(MRI, Niumai, China). For body composition, mice were weighed and
placed directly in a cylinder (60 mm diameter) and scanned for approximately 2 min. For adipose tissue distribution, mice were kept anes-

2.3

Flow cytometry

thetized with isoflurane (2%), positioned, and imaged for a period of
10 min.

First, a single cell suspension of lymph and spleen was obtained by
mechanical dissociation filtered using a 70 μm filter (Biosharp, China).
Then, FACS Lysing Solution (BD Pharmingen) was added to remove red
blood cells. Finally, all the samples were treated with the correspond-

2.7
Stool samples collection and 16S rRNA
sequencing

ing antibodies, vortexed, and mixed thoroughly. In particular, for the
detection of CD206 in macrophages, Foxp3 Fixation and Permeabiliza-

All mice were placed in autoclaved mouse cages and allowed to

tion kit (eBioscience) were used to permeabilize the cells, then using

defecate freely before terminating the experiment. Note that

105 –106

cells and analyzed

8–10 of excreted feces were collected with sterile forceps and

using FlowJo software (TreeStar, Ashland, OR, USA). As for the in vitro

placed in a 1.5 mL sterile cryopreservation tube, then stored

assays, cells were treated with HG followed by myricetin. FITC-Dextran

at −80°C in a refrigerator for preservation. Fecal DNA was

(Sigma, USA) with molecular weight 40,000 g/mol, was added to cells to

extracted using TIANamp Stool DNA Kit (Cat. #DP328-02, Tian-

yield a concentration of 1 mg/mL, incubated for 45 min in the dark, and

gen) according to the manufacturer’s instruction. The V4 regions

then cells were washed with PBS three times and centrifuged (1320 g,

of bacterial 16S rRNA gene was amplified by PCR, with universal

3 min). Cells were resuspended in 500 μL PBS and detected by using

primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 806R (5′-

flow cytometry.

GGACTACNVGGGTWT-3′). Subsequently, the amplification products

flow cytometer (Beckman, USA) to collect

were sequenced on an IIIumina Miseq platform (IIIumina Inc., San
Diago, CA, USA) according to manufacturer’s protocol. The raw data

2.4

ELISA assay

were analyzed using QIIME2 software (http://docs.qiime2.org/).
The remaining sequences after chimera filtering were clustered to

ELISA assays for samples (cell supernatant or plasma) were made fol-

generate operational taxonomic units with 99% similarity. Linear

lowing manufacturer’s protocol. A commercial ELISA kit (Meimian,

discriminant analysis effect size (LEfSe) was used to detect significant

China) was used to detect tumor necrosis factor α (TNF-α), interleukin-

differences in relative abundance of microbial taxa among the control,

6 (IL-6), interleukin-1 beta (IL-1β), interleukin-2 (IL-2), and interferon-

model, and myricetin administration groups. Pearson’s correlations

gamma (IFN-γ) according to the manufacturer’s instruction. The

between the gut microbiota and general indicator or immune indicator

absorbance at a wavelength of 450 nm was determined using a

were also determined.
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F I G U R E 1 The effect of myricetin administration on the innate immune function in RAW 264.7 cells induced by high glucose (HG). RAW 264.7
cells were exposed to HG for 48 h, then treated with myricetin for 24 h. (a) The cell viability of RAW 264.7 cells treated with myricetin (2.5, 5 and
10 μM) for 24 h. (b) The effect of myricetin on the cell viability of RAW 264.7 macrophages under HG condition. (c) Ascorbic acid (AA) enhanced
the effect of myricetin on RAW 264.7 macrophages cells viability under HG condition. (d) The effect of myricetin on endocytosis of RAW 264.7
macrophages under HG conditions determined by neutral red experiments. (e) AA enhanced the effect of myricetin on RAW 264.7 endocytosis
under HG conditions. (f) The effect of myricetin on endocytosis of RAW 264.7 macrophages under the HG conditions detected by flow cytometry.
(g) The histogram statistics of results (f). (h) The effect of myricetin on endocytosis of RAW 264.7 macrophages cells under HG conditions detected
by immunofluorescence. (i) The effect of myricetin on the phagocytosis of E. coli by RAW 264.7 macrophage under HG conditions. (j) The effect of
myricetin on the colony formation of E. coli under HG conditions. (k) The histogram statistics of results (j). The effect of myricetin on reactive
oxygen species (ROS) level under HG conditions as detected by cell flow cytometry (l and m) and immunofluorescence (n)

2.8
RNA extraction and reverse
transcription-quantitative polymerase chain reaction
analysis

ducted using TB GreenR Premix Ex Taq™ II (Takara) on the Applied
Biosystems ViiA 7 (ABI, USA). PCR was performed using the set
conditions: predenatruation: 95°C for 30 s; PCR: 95°C for 5 s and
60°C for 34 s, 40 cycles in total. GAPDH was selected to nor-

mRNA was extracted using Trizol (Takara), then reverse transcribed

malize gene expression, and △△Ct was used to calculate genes

to the complementary DNA (cDNA) by PrimeScript™ RT Master Mix

relative expression level. Primers for the RT-qPCR are shown in

(Takara) according to the manufacturer’s protocol. RT-qPCR was con-

Table S1.
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FIGURE 1

2.9

Continued

Cell viability and neutral red experiments

of neutral red staining solution (Beyotime, China) was added to each
well, and the reaction mixture was incubated for 4 h at 37°C in a

RAW 264.7 or Jurkat cells were seeded at a density of 3.5 ×103 per well

5% CO2 atmosphere. Afterward, the supernatant was removed, and

in a 96-well plate. After treatment with 2.5, 5, or 10 μM myricetin for 24

cells were washed three times with PBS. Neutral red lysis buffer (200

h, the supernatant was discarded. A 100 μL solution of MTT and DMEM

μL) was added to each well, and the reaction mixture was shaken for

(MTT: DMEM = 1:10) was added to each well and incubated for 4 h at

10 min at room temperature. Finally, the absorbance was detected at

37°C in a 5% CO2 atmosphere. The supernatant was then carefully dis-

540 nm by using a microplate reader. Moreover, ascorbic acid (5 mM)

carded, and 150 μL DMSO was added to each well. Finally, absorbance

was also added to investigate whether it could enhance the protec-

was measured using a microplate reader (Molecular Devices, USA)

tive effect of myricetin in cell viability and endocytotic activities of

at 490 nm. For neutral red experiments, the same as before, 20 μL

RAW 264.7.

6
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F I G U R E 2 The effect of myricetin administration on the adaptive immune function in Jurkat cells induced by high glucose (HG). Jurkat cells
were exposed to HG for 48 h, then treated with myricetin for 24 h. (a) The cell viability of Jurkat cells were exposed to HG for 48 h. (b) The cell
viability of Jurkat cells treated with myricetin (2.5, 5, and 10 μM) for 24 h. The effect of myricetin on the apoptosis in Jurkat cells under HG
conditions detected by flow cytometry (c) and immunofluorescence (e). (d) The histogram statistics of results (c). The mRNA expression of
interleukin-2 (IL-2) (f), interferon-gamma (IFN-γ) (g), and PD-1 (j) in Jurkat cells, whereas the level of IL-2 (h) and IFN-γ (i) were detected by an
ELISA kit

2.10

Immunofluorescence

suspension was added to the RAW 264.7 cells on the 12-well plate containing 300 μL DMEM (without the penicillin and streptomycin), and

For immunofluorescence analysis, 3.5 × 103 RAW 264.7 or Jurkat cells

incubated for 4 h. After washing three times with PBS, RAW 264.7 cells

per well were cultured in a 96-well plate and exposed to normal glucose

were scraped off and lysed, 100 μL was added to 400 μL LB culture

(NG) or HG for 48 h, before myricetin was added. DCFH-DA (10 μM) or

medium containing kanamycin (50 μg/μL; Sigma) and shaken overnight

FITC-Dextran (1 mg/mL) was added to the cells and incubated for 20 or

at 37°C (210 r/min). The absorbance was measured at 600 nm with a

45 min, respectively. Afterward, cells were washed with PBS and fixed

microplate reader. The remaining broth was diluted 106 times and 50

with 4% paraformaldehyde for 15 min. Finally, cells were photographed

μL of the bacteria liquid was spread on an LB agar plate (Alfa Aesar,

using a DMi8 inverted fluorescent microscope (Leica, Germany).

USA) and cultured overnight.

2.11

2.12

Phagocytosis assay

Apoptosis assay

RAW 264.7 cells (7 ×104 cells/mL) were seeded per well in a 12-well

Jurkat cells exposed to HG (25 mM) were resuspended and inoculated

plate, then exposed to NG or HG and myricetin as described in Sec-

in a 6-well plate (1.2 × 106 cell per well) for 48 h, treated with dif-

tion 2.3. Escherichia coli (E. coli) was cultured in LB broth (Invitrogen,

ferent concentrations of myricetin (2.5, 5, and 10 μM) for 24 h, and

USA) at 37°C to reach the logarithmic phase, thereafter washed with

centrifuged (1000 g, 5 min). The supernatant was discarded, and the

PBS and centrifuged (12,676 g, 3 min) three times. Bacteria were resus-

cells were resuspended with PBS. Note that 100,000 cells were cen-

pended in PBS to reach 2 × 105 CFU/mL. A 30 μL aliquot of the cell

trifuged (1000 g, 5 min), and pellet was resuspended in 195 μL Annexin

7
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FIGURE 2

Continued

V-FITC binding solution, 5 μL Annexin V-FITC, and 10 μL propidium

(version 7) was used for statistical analysis. p < 0.05 was considered

iodide and mixed thoroughly. Reaction was incubated for 20 min in the

statistically significant.

dark at room temperature, and then placed in an ice bath and used for
flow cytometer for detection.

2.13

Statistical analysis

3

RESULTS

Myricetin reversed HG-induced
3.1
immunosuppressive effect in RAW 264.7 cells

Data were expressed as mean ± SD with differences among the groups

The suppression of body immunity in diabetes was well recognized and

revealed using one-way analysis of variance (ANOVA). GraphPad Prim

was examined herein in prediabetes for the first time (Lindley et al.,
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F I G U R E 3 The prevention effect of myricetin on the glucose and lipid in prediabetes induced by high-fat diet (HFD). Male C57BL/6J mice were
treated with chow diet or HFD with or without myricetin supplementation for 2 months (n = 6). (a) The body weight (g). (b) Body weight gain (%). (c)
Representative photographs of mice. (d) Lean or fat mass of mice (g). (e) Epididymal fat (g). (f) Representative photographs of adipose distribution.
(g) Fasting blood glucose (mmol/L) measured after fasting for 12 h. (h) Oral glucose tolerance test (OGTT) upon 12-h fasting. (i) The area under the
curve of the OGTT. The level of total cholesterol (TC) (j), triglyceride (TG) (k), and insulin (l) in blood. (m) HOME-IR

2005; Zhen et al., 2012). Macrophages RAW 264.7 cells were used to

nificantly increased (p < 0.01) (Figure 1b). It has been reported that

assess immunomodulation effect in vitro assay. First, MTT assay was

ascorbic acid (AA) could improve the stability of flavanols, thereby

used to detect whether myricetin has any toxicity at the tested dose

enhancing their biological effects (Hanuka Katz et al., 2020). There-

levels (2.5, 5, or 10 μM) to RAW 264.7 macrophages. The result showed

fore, cells were treated with both myricetin and AA (5 mM) to observe

that myricetin has no toxicity on the cell viability of RAW 264.7 cells

whether the effect of myricetin was augmented. Indeed, AA improved

(Figure 1a). Thus, the concentration of 2.5, 5, or 10 μM was assumed

the protective effect of myricetin in cell viability of RAW 264.7 under

to be safe and was used in the subsequent experiments. Then, RAW

HG conditions (p < 0.01) (Figure 1c). It is reported that mononuclear

264.7 cells were exposed to HG (80 mM) for 48 h and showed a sig-

macrophages initiate innate immune responses by engulfing and elim-

nificantly reduced cell viability, compared to the NG group (25 mM).

inating foreign pathogens (Shapouri-Moghaddam et al., 2018). Thus,

Upon treatment with myricetin, cell viability of RAW 264.7 was sig-

we explored whether the endocytotic activities of macrophages could

9
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FIGURE 3

Continued

be affected under HG conditions by using the neutral red assay. The

level of ROS was significantly increased in the HG group compared

results showed that endocytotic activities of macrophages in the HG

with the NG group, while in the presence of myricetin, ROS decreased

group were inhibited, and restored after treatment with myricetin

(p < 0.05) (Figure 1l,m). What is more, the level of ROS was also

for 24 h (p < 0.01) (Figure 1d). Furthermore, the endocytosis activ-

detected by immunofluorescence, with the data supporting the results

ity of macrophages was further enhanced in the group supplemented

of flow cytometry (Figure 1n). Thus, these results demonstrated that

with both AA and myricetin compared to myricetin alone (p < 0.01)

myricetin could reverse the HG-induced immunosuppressive effect in

(Figure 1e). The same results were also investigated by FITC-Dextran,

RAW 264.7.

flow cytometry, and immunofluorescence (p < 0.01) (Figure 1f–h).
Moreover, E. coli was used to analyze the ability of macrophages to
engulf bacteria under HG conditions. The results revealed that the
phagocytotic capacity of macrophages in the HG group was signif-

3.2
Myricetin reduced HG-induced
immunosuppressive in Jurkat cells

icantly reduced, whereas it was increased in the myricetin group.
Collectively, myricetin alleviated the inhibitory effect of HG on phago-

Next, we investigated whether the T-cell immunity was affected under

cytosis (p < 0.05) (Figure 1i). Furthermore, the bacteria phagocytized

HG condition by using Jurkat cells. As shown in Figure 2a, cell viabil-

by macrophages were cultured on solid medium overnight, and the

ity of Jurkat cells were significantly inhibited in the HG group (25 mM)

result indicated that the number of colonies in the HG group was sig-

(p < 0.001). Moreover, CCK8 assay revealed that myricetin showed

nificantly lower than that in the NG group. In the presence of myricetin,

no toxic effect on the cell viability of Jurkat cells (Figure 2b). Thus,

the number of colonies significantly increased (p < 0.05) (Figure 1j,k).

the concentrations (2.5, 5, or 10 μM) of myricetin on Jurakt cells

Pathological conditions such as immune damage were typically accom-

were assumed to be safe and were used in subsequent experiments.

panied by excessive production of free radicals and decreased free

Then, flow cytometry was used to detect cell apoptosis revealing that

radical scavenging, resulting in an imbalance of oxidation/antioxidation

myricetin could restore the promotion of cell apoptosis under HG con-

(Forrester et al., 2018). In our study, flow cytometry was further used

ditions, and the results were also validated by immunofluorescent (p <

to detect reactive oxygen species (ROS) under HG conditions. The

0.05) (Figure 2c–e). It is reported that IL-2 and IFN-γ could promote the

10
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F I G U R E 4 The prevention effect of myricetin on the immunosuppression in prediabetes induced by high-fat diet (HFD). Fresh spleen and
lymph were made into a single cell suspension by a mechanical method (except for blood), then added the antibody to label the cell and detected by
using flow cytometry. %CD8+ T cells in spleen are shown in (a), %CD8+ T cells in lymph are shown in (b), %M1 macrophages cells in spleen are
shown in (c), %M1 macrophages cells in lymph are shown in (d). The level of interleukin-2 (IL-2) (e), interferon-gamma (IFN-γ) (f), IL-6 (g), and IL-1β
(h) in the blood
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F I G U R E 5 The effect of myricetin administration on the glucose and lipid in prediabetes induced by high-fat diet (HFD). C57BL/6J mice were
treated with chow diet or HFD for 2 months, then treated with or without myricetin for 45 days (n = 6). (a) The body weight (g). (b) Body weight
gain (%). (c) Representative photographs of mice. (d) Lean or fat mass of mice (g). (e) Epididymal fat (g). (f) Representative photographs of adipose
distribution. (g) Fasting blood glucose (mmol/L) measured after fasting for 12 h. (h) Oral glucose tolerance test (OGTT) upon 12 h fasting. (i) The
area under the curve of the OGTT. The level of TC (j), TG (k), LDL-C (l) and insulin (m) in blood. (n) HOME-IR

activation and proliferation of T cells and enhance cellular immunity

Together, these results suggested that myricetin could attenuate the

(Besser et al., 2009; Laidlaw et al., 2016). Therefore, the level of IL-2

immunosuppressive effect by HG-induced in Jurkat cells.

and IFN-γ was also measured. The result showed that mRNA expression of IL-2 and IFN-γ was decreased in the model group, whereas it was
increased in the myricetin group (p < 0.001) (Figure 2f,g). Similar results
were also validated by an ELISA kit (p < 0.01) (Figure 2h,i). Moreover,

3.3
Myricetin could prevent the glucose and lipid
disorders in prediabetes induced by HFD

it is reported that PD-1 is an inhibitory receptor, which is a hallmark of exhausted T cells (Wherry & Kurachi, 2015). Therefore, mRNA

As revealed based on in vitro study, myricetin could reduce HG-induced

expression of PD-1 was monitored by using RT-qPCR showed that

immunosuppression. Therefore, whether myricetin could show the

mRNA expression of PD-1 was significantly increased in the HG group,

same effect in prediabetes induced by HFD was examined. C57BL/6J

whereas it was decreased in the myricetin group (p < 0.001) (Figure 2j).

mice were fed both HFD and myricetin for 2 months. The mice fed with
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HFD showed a significant body weight gain (p < 0.01) (Figure 3a,b),

of total cholesterol (TC) and triglyceride (TG). The results indicated

fat accumulation (p < 0.01) (Figure 3c,d), and adipose tissue accu-

that myricetin administration effectively reduced the levels of TC and

mulation in the subcutaneous and abdomen (p < 0.05) (Figure 3e,f),

TG in plasma (p <0.05) (Figure 3j,k). Meanwhile, observed islets of

compared with the mice fed with normal diet. However, supplementa-

HFD mice by detecting insulin level in plasma revealed a decrease

tion with myricetin (200 mg/kg) could effectively inhibit body weight

in the model group, whereas it was increased in the myricetin group

gain, fat accumulation, as well as a few adipose in the subcutaneous

(p < 0.05) (Figure 3l). Consistently, myricetin could lower HOME-IR

and abdominal. In addition, HFD led to increase in FBG and oral glucose

index, which increased in the model group (p < 0.001) (Figure 3m).

tolerance, whereas myricetin administration could effectively decrease

Therefore, these results indicated that myricetin could effectively

the FBG and oral glucose tolerance (p < 0.001) (Figure 3g–i). More-

prevent glucose and lipid disorders in prediabetes induced by

over, we collected the blood and investigated the expression levels

HFD.

YANG ET AL .
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F I G U R E 6 The effect of myricetin administration on the immunosuppression in prediabetes induced by high-fat diet (HFD). %CD8+ T cells in
spleen are shown in (a). %PD-1+ of CD8+ T cells in spleen are shown in (b). %PD-1+ of CD4+ T cells in spleen are shown in (c). %PD-1+ of CD3+ T
cells in spleen are shown in (d). %PD-1+ of CD3+ T cells in lymph are shown in (e). %PD-1+ of CD4+ T cells in lymph are shown in (f). %M1
macrophages cells in blood are shown in (g). The level of interleukin-2 (IL-2) (h), interferon-gamma (IFN-γ) (i), IL-6 (j), IL-1β (l) in the blood

3.4
Myricetin could prevent the
immunosuppressive effect in prediabetes induced by
HFD

and lymph tissues was also decreased in the model group, while supplementation with myricetin improved M1 macrophages level in spleen
and lymph tissues (p < 0.05) (Figure 4c,d). Moreover, IL-2,and IFN-γ
levels, cytokines related to T-cell immune function, were also deter-

Furthermore, we examined the immune-related indices in C57BL/6J

mined by using an ELISA kit. Results revealed that IL-2 and IFN-γ

mice administered with both HFD and myricetin. Interestingly, abnor-

levels were significantly decreased in the model group, while reversed

mal immune function was observed in HFD-fed mice, compared to mice

by myricetin administration (p < 0.001) (Figure 4e,f). Meanwhile,

fed with normal diet. Specifically, the number of CD8+ T cells in spleen

increase in the level of proinflammatory cytokines (IL-6 and IL-1β)

and lymph tissues was decreased in HFD-fed mice; however, the trend

(Koçak et al., 2007) in plasma was also observed in the model group,

was reversed upon myricetin administration (p < 0.05) (Figure 4a,b).

whereas it was decreased after myricetin administration (p < 0.01)

As for macrophages cells, the number of M1 macrophages in spleen

(Figure 4g,h). Thus, the above results indicated that myricetin could
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prevent the suppression of immune function in prediabetes induced by

cal for 45 days. Increase in body weight (p < 0.001) (Figure 5a,b) and

HFD.

fat accumulation (p < 0.001) (Figure 5c,d) were detected in HFD-fed
mice. As shown in Figure 5e,f, the adipose was mainly distributed in
subcutaneous and abdominal in HFD-fed mice, compared to the mice

3.5
Myricetin attenuated the glucose and lipid
disorders in prediabetes induced by HFD

fed with normal diet (p < 0.05). In contrast to the body weight, fat accumulation was significantly reduced in the myricetin group, as well as a
few adipose in subcutaneous and abdominal. In addition, a commercial

As the above results showed, myricetin could prevent the immuno-

glucometer was used to measure the FBG revealed that significantly

suppressive effect in prediabetes mice induced by HFD. Therefore, we

higher than that of the control group, OGTT experiments revealed

wanted to explore whether myricetin could treat these hazards in pre-

that impaired glucose sensitivity occurred in the model group, with

diabetes induced by HFD. C57BL/6J mice were fed with HFD for 2

such abnormal FBG improved to normal after treatment with myricetin

months and randomly grouped according to the FBG, and myricetin

(p < 0.001) (Figure 5g–i). Moreover, analysis of biochemical indices

(200 mg/kg) or L-carnitine (200 mg/kg) was administered intragastri-

(TC, TG, LDL-C, and insulin) in mice plasma. Figure 5j–l reveals higher

YANG ET AL .
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F I G U R E 7 Persistent hyperglycemia triggered more severe immunosuppression in prediabetes. (a) Fasting blood glucose (mmol/L) measured
after fasting for 12 h. (b) Oral glucose tolerance test (OGTT) upon 12 h fasting. The level of TC (c), TG (d), and interleukin-2 (IL-2) (e) in blood.
%CD8+ T cells in spleen are shown in (f). %CD8+ T cells in lymph are shown in (g). %CD3+ T cells in blood are shown in (h). %PD-1+ of CD8+ T cells
in spleen are shown in (i). %PD-1+ of CD8+ T cells in lymph are shown in (j)
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TG, TC, and low density lipoprotein cholesterol (LDL-C) levels in the

in the model group (Figure 6g). In addition, levels of IL-2 and IFN-

model animal group, and attenuated by myricetin administration (p <

γ in plasma determined using an ELISA kit found decreased in the

0.01). In addition, myricetin administration ameliorated HFD-induced

model group compared with the control group, which was recovered

insulin level (Figure 5m) (p < 0.05). Consistently, myricetin-treated

by myricetin treatment (p < 0.05) (Figure 6h,i). Subsequently, the level

HFD-fed mice exhibited a lower HOME-IR index than HFD control

of IL-6 and IL-1β as proinflammatory cytokines in plasma was found

(p < 0.05) (Figure 5n). Taken together, these results suggested that

increased in the model group, but it recovered after myricetin admin-

myricetin administration also could reverse glucose and lipid disorder

istration (p < 0.001) (Figure 6j,k). Collectively, we concluded that the

in prediabetes induced by HFD.

immunity was attenuated in prediabetes induced by HFD, whereas
myricetin could restore the immunosuppressive effects observed in
prediabetes.

3.6
Myricetin alleviated the immunosuppressive
effect in prediabetes induced by HFD
Changes in immune functions were assessed using flow cytometry

3.7
Persistent hyperglycemia led to severe
immunosuppression in prediabetes mice

to prove results from biomarkers. Fresh spleen and lymph were first
made into a single cell suspension by a mechanical method (except for

These effects of the persistent hyperglycemia in prediabetes on immu-

blood), then the corresponding antibody was added to label cells. After

nity in the animal model were assessed. Results revealed that the FBG

all samples were prepared, measured by using flow cytometry. Inter-

of mice in the model severity group was higher than that of the model

estingly, immune function was destroyed in prediabetes induced by

group (p < 0.05) (Figure 7a), whereas the OGTT of mice in the model

HFD, while myricetin could attenuate the harmful effect on immune

severity group was similar to the model group (Figure 7b). In addition,

function induced by HFD. Specifically, the number of CD8+ T cells in

TC and TG in plasma were also validated, revealing that the level of

the spleen tissue was decreased in the HFD model, while increased

TC and TG in the model severity group was higher than in the model

after myricetin administration (Figure 6a). Likewise, expression of PD-1

group (Figure 7c,d). Interestingly, lower expression level of IL-2 was

on CD3+ , CD4+ , and CD8+ T cells in the spleen tissue was signifi-

found in the model severity group, compared to the model group (p <

cantly elevated, but it was found decreased in the myricetin group

0.05) (Figure 7e). Flow cytometry was employed to detect the num-

(Figure 6b–d). Moreover, a slight increase of PD-1 on CD3+

and CD4+

ber of immune cells, revealing fewer immune cells (CD8+ T cell in

T cells in the lymph tissue was observed in HFD-fed mice, and also

spleen and lymph tissues, as well as CD3+ T cell in blood) in the model

reversed in the myricetin group (Figure 6e,f). In addition, myricetin

severity group compared to the model group (p < 0.05) (Figure 7f–h).

also showed an increase in the number of M1 macrophages cells in

Although, PD-1 was upregulated in CD8+ T cell in both spleen and

blood compare to positive drug control, but it was found decreased

lymph tissues (Figure 7i,j). Collectively, we could conclude that the

YANG ET AL .
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F I G U R E 8 Changes in blood glucose, blood lipids, and immunity in different group of mice during the fecal microbiota transplantation
experiment. (a) The body weight (g). (b) Representative photographs of mice. (c) Lean or fat mass of mice (g). (d) Epididymal fat (g). (e) Fasting blood
glucose (mmol/L) measured after fasting for 12 h. (f) Oral glucose tolerance test (OGTT) upon 12 h fasting. (g) The area under the curve of the
OGTT. (h) HOME-IR. (i) The level of insulin. TC (j), TG (k), and LDL-C (l) in blood. The level of tumor necrosis factor α (TNF-α) (m), interleukin-1 beta
(IL-1β) (n) and interleukin-6 (IL-6) (o) were detected by an ELISA kit. (p) %M1 macrophages cells in spleen. (q) %M1 macrophages cells in blood. (r)
%CD3+ T cells in spleen. (s) %CD4+ T cells in spleen. (t) %PD-1+ of CD3+ T cells in spleen. (u) %PD-1+ of CD4+ T cells in spleen. (v) IL-2 level in
blood
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continuous increase of blood glucose in prediabetes would make the

< 0.01) (Figure 8a,b) and subcutaneous fat accumulation (p < 0.01)

body’s immunity further decline.

(Figure 8c,d). In addition, the FBG (Figure 8e) and oral glucose tolerance
(Figure 8f,g) were also found increased, detected using a commercial glucometer (p < 0.001). The level of insulin showed a decrease in

3.8
Effect of fecal microbiota transplantation on
hyperglycemia indicators, serum biochemical
indicators as well as immunity

plasma of germ-mice gavage with fecal samples of HFD-fed prediabetes mice compared with germ-free mice gavage with PBS (p < 0.01)
(Figure 8h,i). Moreover, the level of TC, TG, and LDL-C was also investigated. Increased level of TC, TG, and LDL-C in plasma was significantly

Multiple studies revealed the relationship between diabetes and gut

observed in the mice gavage with fecal samples from HFD-fed predia-

microbiota (Brial et al., 2020; Koh et al., 2018; Luck et al., 2019).

betes mice compared with germ-free mice gavage with PBS (p < 0.001)

Therefore, to test whether gut microbiota played a role in predia-

(Figure 8j–l), as well as an increased level of proinflammatory cytokines

betes, we transferred fecal samples of HFD-fed prediabetes mice to

(TNF-α, IL-1β, and IL-6) in plasma (p < 0.001) (Figure 8m–o). In addi-

germ-free mice. Germ-mice gavage with fecal samples of HFD-fed

tion, we also wanted to assess whether the immunosuppression could

prediabetes mice exhibited a significant increase in body weight (p

occur in the germ-free mice gavage with fecal samples from HFD-fed
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prediabetes mice. Flow cytometry results revealed that the number of

showed a significantly distinct change compared with the control

M1 macrophages cells in spleen and blood was decreased (p < 0.05)

group (p < 0.01). However, a few changes occurred after myricetin

(Figure 8p,q), concurrent with slight decrease in the number of CD3+ ,

treatment (p = 0.120) (Figure 9a). Moreover, a significant change

CD4+

in the relative abundance of the main phyla including Firmicutes

T cells in spleen tissues of the germ-free mice gavage with fecal

samples form HFD-fed prediabetes mice compared with germ-free

was increased, concurrent with a decrease in Bacteroidetes in the

mice gavage with PBS (Figure 8r,s); however, the PD-1 was upregu-

model group. Interestingly, myricetin supplementation could effec-

lated in CD3+ , CD4+ T cells in spleen tissue (p < 0.05) (Figure 8t,u).

tively redirect levels of the two phyla in contrast with HFD-induced

These results indicated that the number of immune cells in germ-free

prediabetes mice (Figure 9b). Furthermore, the ratio of Firmicutes to

mice was drastically reduced after fecal microbiota transplantation.

Bacteroidetes (F/B), which was closely related to insulin resistance,

Furthermore, ELISA assay results of the expression level of IL-2 showed

increased in the model group, whereas myricetin intervention reversed

a decrease in the germ-free mice gavage with fecal samples from HFD-

the ratio compared with the model group (p < 0.05) (Figure 9c),

fed prediabetes mice (p < 0.05) (Figure 8v). Together, these results

and suggested that myricetin intervention alleviated gut microbiota

suggested that gut microbiota play an important role in the elevation

dysbiosis.

of blood glucose and lipids in prediabetic mice as observed in diabetic
mice and also leading to immunosuppression.

Moreover, Pearson’s correlations were calculated to clarify the possible relationship between the dominant intestinal flora and general
or immune indicators assessed earlier. Body weight was positively
correlated with Intestinimonas, and TC was positively correlated with

3.9
Myricetin prevented the immunosuppressive
effect in prediabetes mice by regulating gut
microbiota

Acetatifactor, Blautia, Intestinimonas, Anaerotruncus, and Peptococcus

Next, we examined whether myricetin could change gut microbiota

tinimonas, Anaerotruncus, and Peptococcus was found increased in the

consortium in HFD-induced prediabetes mice using 16S rRNA gene

model group, whereas it was decreased in the myricetin group (p <

sequencing. First, the overall structural changes of the gut microbiota

0.05) (Figure 9d–g). These results showed that myricetin mitigation of

were analyzed by using weighted UniFrac principal coordinate anal-

prediabetes was mediated via decrease in the relative abundance of

ysis (PCoA). The data revealed that samples from the model group

Acetatifactor, Blautia, Intestinimonas, Anaerotruncus, and Peptococcus.

(Figure 9e). Although, the number of CD3+ T cell in spleen tissue
was negatively correlated with Acetatifactor (p < 0.05) (Figure 9f).
Furthermore, the relative abundance of Acetatifactor, Blautia, Intes-
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F I G U R E 9 The effects of myricetin administration on the structure of the gut microbiota in prediabetes mice induced by high-fat diet (HFD).
(a) Weighted UniFrac principal coordinate analysis (PCoA) analysis at the OUT level. (b) Gut microbiota composition at phylum level. (c)
Firmicutes/Bacteroidetes (F/B) ratio. (d) LEfSe analysis of key genera of gut microbiota in mice. Correlations between the general indicators (e) or
immune indicators (f) and key genera. The color intensity showed the degree of correlation (blue represents a negative correlation, whereas red
shows a positive correlation). (g) The relative abundance of key genera in different animal groups
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F I G U R E 1 0 A summary of effects of myricetin on prediabetes from in vitro and in vivo based assays targeting biochemical markers and gut
microbiota assays
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DISCUSSION

betes (Wu et al., 2017). However, it is unknown whether gut microbiota
play a similar role in prediabetes or not. Therefore, fecal samples of

Prediabetes is the prepathological manifestation of diabetes. Its symp-

HFD-fed prediabetes mice were transferred to germ-free mice with

toms were manifested by high insulin levels, high triglycerides, low

glycolipid disorders and immunosuppression were found, compared to

high-density lipoprotein cholesterol, insulin resistance, increased waist

germ-free mice gavage with PBS. Furthermore, 16S rRNA sequencing

circumference, and increased blood glucose level than normal but have

revealed that myricetin could affect the intestinal flora. The results of

not yet reached the diagnostic criteria for diabetes (W. Guo et al., 2019;

β diversity and bacterial relative abundance indicated that myricetin

Luc et al., 2019). Studies have confirmed that high blood glucose lev-

could alter the structure of gut microbiota. LEfSe analysis and corre-

els in prediabetes could greatly increase the risk of developing T2DM

lation analysis indicated that the key bacterial including Acetatifactor,

within 10 years (Tuso, 2014). In addition, it could increase the risk of

Blautia, Intestinimonas, Anaerotruncus, and Peptococcus may be involved

heart attack or stroke by 50% (Beulens et al., 2019; Huang et al., 2017).

in the prevention of prediabetes by myricetin. Therefore, myricetin

Although it is reversible, most people do not know that they have the

ameliorated prediabetes via immunomodulation and gut microbiota

disease until they are diagnosed by T2DM (Owei et al., 2019). There-

interaction.

fore, it is of great significance to explore the pathological changes of
prediabetes and to find a safe and effective drug to treat prediabetes.

5

CONCLUSIONS

Constructing an animal model of prediabetes by feeding with HFD, we
found that the body weight, fat mass, TC, TG, and LDL-C in plasma

In summary, our research confirmed that myricetin could allevi-

increased significantly in the model group. Moreover, blood glucose

ate dyslipidemia, as well as the immunosuppressive effects induced

was also significantly increased concurrent with decreased insulin level

by persistent hyperglycemia in vitro and in vivo experiments. Speci-

leading to the status of insulin resistance. Regardless of whether it is

ficity, the body weight, fat mass, adipose distribution, FBG, TG, TC,

given myricetin for treatment or precaution, it could alleviate glucose

and LDL-C were increased in the model group, while reversed after

and lipid disorders associated with HFD.

myricetin administration. Further, the number of CD3+ , CD8+ , and

In the process of evolution, human beings developed an immune

M1 macrophages cells was decreased in the model group, while the

system composed of immune organs, immune cells, and immune

expression of PD-1 on CD3+ , CD4+ , and CD8+ was increased in the

molecules (Nikolich-Zugich, 2018). The immune system recognized

model group, and reversed by myricetin administration. A summary of

and removed foreign invading antigens, and it also recognized and

myricetin effect on prediabetes from in vitro and in vivo based assays

removed mutant, aging, and dead cells (Lee et al., 2015). Preventing

is presented in Figure 10. Therefore, the study presented a theoreti-

the invasion of external pathogens and detected and removed “non-

cal basis for the research and development of myricetin as an effective

self” components in the body at any time and therefore it played an

immunomodulatory in prediabetes which has yet to be conducted at

important role in stabilizing the body environment (Parkin & Cohen,

clinical level.

2001). In this study, we found that not only glucose and lipid disorders occurred but immunodeficiency in the prediabetes model induced
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