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Introduction

Malus hupehensis leaves: a functional beverage for
alleviating hepatic inflammation and modulating
gut microbiota in diabetic micet
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Malus hupehensis leaves (MHL), consumed as a daily beverage in Chinese folk tradition and recently
recognized as a new food material, are abundant in polyphenols and bioactive compounds that demonstrate
hypoglycemic, lipid-lowering, and anti-inflammatory effects. However, the antidiabetic mechanisms have not
been fully elucidated. This study aimed to investigate the protective mechanisms of Malus hupehensis leaves’
extract (MHLE) against type 2 diabetes mellitus (T2DM). The results showed that MHLE effectively ameliorated
glucose and lipid metabolic abnormalities in db/db mice, and attenuated hepatic macrophage activation.
Transcriptomic analysis of the liver revealed that MHLE primarily affects genes involved in inflammatory
responses and inhibited the TLR4/MAPK pathway to reduce hepatic inflammation. Metagenomic sequencing
identified changes in gut microbiota composition and showed that MHLE restored the abundance of
Lachnospiraceae bacterium, Oscillospiraceae bacterium, and Clostridia bacterium while reducing the abun-
dance of Escherichia coli, thereby ameliorating gut dysbiosis. The integrated regulation of metabolism,
immune response, and the microbial environment by MHLE significantly alleviated symptoms of T2DM. This
study offers strong scientific evidence for the potential use of MHL as a functional food.

patients often exhibit dysbiosis in their gut microbiota, charac-
terized by a significant increase in pathogenic and opportunis-

The global prevalence of type 2 diabetes mellitus (T2DM) is
escalating, posing an ongoing challenge to its prevention and
control."” As a complex metabolic disorder, the exact patho-
genesis of T2DM remains unclear, but it is generally believed
to involve multiple factors including genetics, environmental
exposures, insulin resistance, and pancreatic f-cell dysfunc-
tion.? In recent years, the interaction between the gut and the
liver, known as the “gut-liver axis”, has received increasing
attention for its role in the pathogenesis of T2DM." Diabetic
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tic Gram-negative bacteria and a relative decrease in symbiotic
bacteria. Some Gram-negative bacteria, such as members of
the genus Bacteroides, have been demonstrated to possess a
high pro-inflammatory potential, and their proliferation has
been associated with elevated levels of lipopolysaccharide
(LPS). An increase in LPS can induce metabolic endotoxemia
and chronic inflammation, particularly in the liver, where bac-
terial endotoxins, metabolites, and components from the gut
can lead to dysfunction of lysosomes, endoplasmic reticulum,
and mitochondria. This results in a shift of macrophages
toward M1 polarization, which releases a variety of pro-inflam-
matory cytokines, including tumor necrosis factor-o (TNF-o)
and interleukin-6 (IL-6). This further exacerbates steatosis and
insulin resistance.’ In light of these findings, the gut-liver axis
represents a significant potential avenue for therapeutic inter-
vention in the management of T2DM.

The absorption function of the intestines and microbiome
are essential prerequisites for the operation of the enteric-
hepatic axis. Consequently, they are more susceptible to dis-
ruption by oral drugs or food. In recent years, there has been a
notable increase in the popularity of functional foods, which
often contain biologically active ingredients that are believed
to offer physiological health benefits. These benefits may
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include enhanced antioxidant, anti-inflammatory, and lipid-
lowering functions, particularly in the context of chronic meta-
bolic diseases such as T2DM.® Some studies have demon-
strated that functional foods comprising high-fiber, polyphe-
nol-rich plant proteins such as erythrina and chia seeds can
mitigate metabolic endotoxemia and enhance glycemic
control, lipid metabolism, and chronic inflammatory
responses in individuals with T2DM by modulating the fecal
microbiome.” Some herbal plants rich in polyphenols, includ-
ing coffee, green tea, black tea, and mate, have been demon-
strated to confer clinically significant benefits in the context of
glucose and lipid metabolism, anti-inflammatory activity, and
antioxidant function in patients with T2DM.°

Malus hupehensis (Pamp.) Rehd., a member of the Rosaceae
family, is widely distributed in southern China. The young
leaves of this plant, also known as “tea crabapple”, are com-
monly consumed as tea in Chinese folk cultureand have been
classified as a new food material by the National Health
Commission of China.® Pharmacological studies indicated®
that these leaves are rich in polyphenols, proteins, and various
essential trace elements, and exhibit multiple biological activi-
ties, including hypoglycemic and lipid-lowering effects.
Although the hypoglycemic effect of Malus hupehensis leaves
(MHL) has been preliminarily confirmed,” the underlying
mechanisms have not been fully elucidated. This study used
C57BLKS/J-db/db (db/db) mice, a spontaneous animal model
of T2DM, to evaluate the hypoglycemic efficacy and safety of
Malus hupehensis leaves’ extract (MHLE). In addition, potential
mechanisms were explored using transcriptomics and metage-
nomics multi-omics analyses to unlock the potential of MHL
as a functional food. The findings of this study indicate that
MHL has the potential to serve as a promising dietary interven-
tion for the management of T2DM and that it provides scienti-
fic support for its development as a functional food.

Materials and methods
Preparation and quality control of MHLE

MHL was purchased from Wuhan Meiren Yifen Trading Co.,
Ltd (Wuhan, China). MHL is commonly used as a kind of tea
to be brewed and consumed. In order to better simulate its
drinking experience, we adopted a water extraction method.
The leaves were extracted twice with boiling water, and the
resulting solution was concentrated under reduced pressure
using a rotary evaporator. The concentrated extract was first
frozen and then dried in a freeze dryer at —80 °C under
vacuum for more than 12 hours. After drying, MHLE was ali-
quoted, sealed, and stored at —20 °C. Referring to the previous
method,'® the ultra high performance liquid chromatography
coupled with quadrupole electrostatic field orbitrap mass spec-
trometry (UHPLC-QE-MS) technique is adopted to detect the
components of MHLE. Phloretin and other compounds were
quantitatively analyzed using high-performance liquid chrom-
atography. Accurately weigh 52 mg of the aforementioned
MHLE, add 1 mL of 80% methanol solution, and perform
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ultrasonic extraction for 1 hour. Collect 100 pL of the super-
natant, then prepare serial dilutions at factors of 2, 10, 100,
and 1000 for mass spectrometry analysis. Chromatographic
separation was performed on a Waters ACQUITY UPLC
I-CLASS system equipped with a Waters UPLC HSS T3 column
(2.1 x 100 mm, 1.8 um) using a gradient mobile phase: (A)
acetonitrile-water (1:10, 0.04% acetic acid, 1 mM ammonium
acetate) and (B) acetonitrile-isopropanol (1:1). The gradient
elution program was set as follows: 0-1.5 min (99% A),
1.5-13 min (99% — 60% A), 13-14 min (60% — 0% A),
14-18 min (100% B), and 18.1-20 min (re-equilibration to 99%
A), with a flow rate of 0.3 mL min™", injection volume of
3.0 pL, and column temperature at 45 °C. Mass spectrometry
analysis was conducted on a Waters XEVO TQ-S Micro triple
quadrupole system in both ESI' and ESI” modes. Key para-
meters included ion source voltage (1.6 kV), desolvation temp-
eratures (450 °C for ESI', 500 °C for ESI™), desolvation gas flow
rates (800 L h™" for ESI*, 1000 L h™" for ESI”), and cone gas
flow (10 L h™"). Data were processed using TargetLynx software
with quantification based on standard curves (reference stan-
dards: phloretin, phlorizin, kaempferol-3-O-rutinoside, baica-
lin, myricitrin, chlorogenic acid, chrysin, p-hydroxy-cinnamic
acid, rutin, naringenin, and ursolic acid; sourced from Manste
Biotech Co., Ltd, Chengdu, China).

Animals and experimental protocols

Five-week-old male db/db mice and C57BL/KSJ-wt/wt (wt/wt)
mice were purchased from GemPharmatech Laboratory
(#E2309250648, Nanjing, China). All animal experimental pro-
cedures were conducted in accordance with the National
Institutes of Health Guide for the Care and Use of Laboratory
Animals and were approved by the Animal Care and Ethics
Committee of Beijing University of Traditional Chinese
Medicine (No.: BUCM-2023091906-3197). Mice were housed in
a barrier environment at Beijing University of Traditional
Chinese Medicine, with controlled temperature (20-26 °C) and
humidity (40-70%) under a 12-hour light/dark cycle. All mice
had free access to normal chow diet and water.

Following a one-week period of adaptive feeding, the mice
were fasted for a period of six hours, during which time they
had free access to water. Subsequently, a blood glucose
measurement was taken via the tail vein using a Contour Plus
Blood Glucose Meter (85271938, Bayer, Germany). The desig-
nation of diabetic mice was based on the criterion of fasting
blood glucose (FBG) levels exceeding 11.1 mmol L™".*" A total
of 35 diabetic mice were selected and randomly divided into
five groups. The diabetes mellitus group (DM group) received
double-distilled water, the metformin group (MET group)
received 200 mg kg™ d' metformin'. The MHLE-H,
MHLE-M, and MHLE-L groups received MHLE at doses of
700 mg kg™' d7', 350 mg kg™' d7', and 175 mg kg™' d7,
respectively. These doses were calculated based on the human-
mouse body surface area conversion formula,® corresponding
to human equivalent doses of 30 gd™, 15 ¢d ', and 7.5 g d™*
crude MHL, which requires brewing with hot water. According
to guidelines from China’s National Health Commission, the
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recommended maximum daily dose is 15 g. Consequently, we
established three gradient doses aligned with this guidance.
As reported in previous literature,"* these doses correspond to
total flavonoid contents in crude MHL of 589.5-629.1 mg d ',
294.75-314.55 mg d', and 147.375-157.275 mg d™*, respect-
ively. For adults, these dosages fall within the typical daily
dietary intake range of total flavonoids."® All vehicles used for
compound delivery were double distilled water. The wt/wt
mice (normal control group, NC group) received an equal
volume of double distilled water. All mice were gavaged once
daily.

The experiment lasted five weeks with weekly monitoring of
body weight, fasting blood glucose, food and water consump-
tion. After four weeks of treatment, an oral glucose tolerance
test (OGTT) was performed by orally administering a glucose
solution (1 g kg™") to db/db and wt/wt mice. Blood glucose
levels were measured at 0, 30, 60, 90, and 120 min after
glucose administration, and the area under the curve (AUC)
was calculated. After five weeks of treatment, all mice were
fasted for 12 hours with free access to water. Blood samples
were collected from the retro-orbital venous plexus under deep
anesthesia, and serum was separated by centrifugation. Liver,
colon and other tissues were collected for fixation or freezing.
The left epididymal fat pad and liver were weighed, and the
liver index was calculated using the following formula: liver
index = liver weight (g)/body weight (g) x 100%. The body
length of the mice (distance from the tip of the nose to the
anus) was measured, and the Lee’s index was calculated as
Lee’s index = body weight (g)*(1/3) x 10/body length (mm).

Plasma biochemistry analysis

Serum was obtained from the centrifuged blood samples as
described above. Serum levels of alanine aminotransferase
(ALT), aspartate aminotransferase (AST), triglycerides (TG),
total cholesterol (TC), low-density lipoprotein (LDL), high-
density lipoprotein (HDL), creatinine (CREA), and blood urea
nitrogen (UREA) were measured using a BS-420 automatic bio-
chemical analyzer (Mindray Bio-Medical, China). Additionally,
glycated serum protein (GSP) (HY-N0037, Huaying
Biotechnology, China), and LPS (HEB526Ge, CLOUD-CLONE
CORP, China) were measured according to the manufacturers’
instructions.

Histological observation

Fresh liver and colon tissues were fixed in 4% paraformalde-
hyde solution and embedded in paraffin and prepared into
sections 4 pm thick. Hematoxylin and eosin (HE) staining was
performed for morphological observation, while Periodic Acid-
Schiff (PAS) staining was used to detect glycogen content in
the liver. In addition, liver also embedded in opti-mum cutting
temperature compound to make frozen sections for Oil Red O
staining to detect lipid accumulation.

Immunohistochemistry staining

The paraffin-embedded colon tissue sections were deparaffi-
nized, hydrated, and subjected to antigen retrieval. The sec-
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tions were permeabilized with 0.01% Triton X-100, peroxidase
was blocked with 3% hydrogen peroxide, and the sections were
blocked with goat serum. The sections were incubated at 4 °C
overnight with primary antibodies against Zonula Occludens-1
(zO-1) (21773-1-AP, Proteintech, 1:200) and Occludin (66378-
1-Ig, Proteintech, 1:200). On the subsequent day, the sections
were labeled with the secondary antibody, visualized with
DAB, and counterstained with hematoxylin. Subsequently, the
differentiation, dehydration, and mounting of the sections
were conducted, after which they were observed under a
microscope.

Immunofluorescence staining

The liver sections that had been embedded in paraffin were
subjected to a series of processes, commencing with de-paraffi-
nization and continuing with hydration, permeabilization with
0.1% Triton X-100, and peroxidase blocking with 3% hydrogen
peroxide. Subsequently, the sections were blocked with goat
serum and incubated overnight at 4 °C with primary anti-
bodies. The antibodies were sourced from Cell Signaling. The
following antibodies were used: F4/80 (30325, 1:2000), CD86
(19589, 1:2000), CD206 (24595, 1:3000). On the subsequent
day, the sections were labeled with fluorescent secondary anti-
bodies, counterstained with 4',6-diamidino-2-phenylindole
(DAPI), and observed under a fluorescence microscope.

Transcriptome analysis

Liver tissues from four randomly selected mice from each
group were used for RNA extraction. The concentration and
purity of the RNA were detected by Nanodrop2000, and the
integrity of RNA was detected by agarose gel electrophoresis.
Then magnetic beads with Oligo(dT) were used to pair A-T
bases with ployA at the 3’ end of mRNA. The mRNA was then
fragmented and reverse transcribed into cDNA. Adapter
sequences were added to the cDNA ends, and the purified and
size-selected cDNA was used to construct a sequencing library.
High-throughput sequencing was performed on the NovaSeq X
Plus platform (PE150, Illumina, USA). DESeq2 is used to
screen for differential genes, bioinformatics analysis was con-
ducted using the online tools of the Majorbio Cloud Platform
(https://cloud.majorbio.com/page/tools/).

Metagenomes analysis

Metagenomic sequencing of the gut microbiota was conducted
as previously described.'® Colonic contents from four ran-
domly selected mice from each group were used for genomic
DNA extraction, followed by concentration, purity, and integ-
rity assessment. Sample DNA extraction was performed accord-
ing to the instructions of the PF Mag-Bind Stool DNA Kit
(Omega Bio-tek, USA), and DNA integrity was tested using 1%
agarose gel electrophoresis. PE libraries were then constructed
by DNA fragmentation using Covaris M220 (Genomics, China)
and the products were screened and recovered using magnetic
beads, which were amplified by bridge PCR and then metage-
nomic sequencing was performed using Illumina NovaSeq
(Illumina, USA) sequencing platform. After data quality

This journal is © The Royal Society of Chemistry 2025
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control, the sequencing results were compared with multiple
databases to obtain species taxonomy and functional annota-
tions, and the differences of species and functions among
groups were analyzed. The Kruskal-Wallis H test was employed
for the comparison of multiple groups, and the results were
calibrated using the BH method for multiple tests.
Furthermore, a Spearman correlation analysis was employed to
examine the relationship between species-level flora and
serum LPS, hepatic TNF-a, IL-6, and C-X-C motif chemokine
ligand 1 (Cxcl1). These analyses were conducted using the
online tools of the Majorbio Cloud Platform (https:/cloud.
majorbio.com/page/tools/).

Quantitative real-time polymerase chain reaction (RT-qPCR)

Using the RNA Easy Fast Tissue/Cell Kit (DP451, TIANGEN,
China), total RNA was extracted from tissues.
Subsequently, RNA was reverse transcribed into cDNA using
the ABScript Neo RT Master Mix for QPCR (RK20433, Abclonal,
China). The cDNA was amplified using the BrightCycle
Universal SYBR Green QPCR Mix (RK21219, ABclonal, China).
Primers were purchased from Sangon Biotech (China), and the
sequences are listed in ESI Table S1.1 The relative expressions
of the target genes were determined by the 27**“* method
using Actb as the control.

liver

Western blot

The liver tissues were weighed and an appropriate amount was
collected for protein extraction. After protein quantification
and denaturation, the samples were separated using a 10%
SDS-PAGE gel electrophoresis system and transferred to a poly-
vinylidene fluoride membrane. The membrane was blocked
for 1 hour at room temperature and then incubated with
primary antibodies for 12 hours at 4 °C. Primary antibodies
against p38 (8690), p-p38 (4511), JNK (67096), p-JNK (4668),
ERK (4695), p-ERK (3192), TLR4 (14358), and f-actin (4970)
were purchased from Cell Signaling Technology and used at
1:1000 dilution. The membrane was then incubated with a
1:10000 dilution of secondary antibody (ab205718, Abcam,
USA) for 1 hour at room temperature. Images were captured
using the Universal Hood Imaging System (Bio-rad, USA) after
incubation with ECL substrate, and protein quantification was
performed using Image J software (NIH, USA).

Multiplex analysis of liver cytokines

Electrochemiluminescence was used to detect changes in
inflammatory cytokines and chemokines in liver tissues. An
appropriate amount of liver tissue was weighed, and
200-300 pL of lysis buffer was added per 10 mg of tissue. The
tissues were homogenized using a tissue grinder and incu-
bated at 4 °C for 20 minutes. The mixture was then centrifuged
at 13 000 rpm for 10 minutes at 4 °C, and the supernatant was
collected and quantified. According to the manufacturer’s
instructions for the V-PLEX kit (MSD, K15048D, USA), samples
were loaded, incubated, and washed. Detection was performed
using the MSD SQ120 system (Meso Scale Discovery, USA), and
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data analysis was conducted with DISCOVERY WORKBENCH
software (Version 4.0, Meso Scale Discovery, USA).

Statistical analysis

Statistical analysis was performed using SPSS 25.0 software
(IBM, USA). Data that conformed to a normal distribution were
expressed as mean + standard deviation (mean + SD). Multiple
group comparisons were conducted using one-way analysis of
variance, followed by Fisher’s least significant difference (LSD)
test when homogeneity of variances was satisfied, or Dunnett’s
T3 Post-Hoc test when variances were not homogeneous. Data
that did not conform to a normal distribution were expressed
as median (quartile 25%, 75%) [M (Q1, Q3)] and compared
using the Kruskal-Wallis one-way analysis of variance by ranks
test. Avalue of P < 0.05 was considered statistically significant.

Results
Identification of MHLE compounds

To ensure consistency and quality of components, a
UHPLC-QE-MS-based non-targeted metabolomics approach
was utilized to investigate differences in precursor metabolite
components in MHLE. The base peak plot is shown in Fig. 1.
The data were compared with databases. A total of 21 103 valid
compounds were detected, with 2657 annotated compounds
(details are provided in the ESIf) and 18 446 unknown com-
pounds. Among the annotated compounds, 156 were classified
as Level 1(full match of primary mass spectrum, secondary
mass spectrum and retention time with an authentic chemical
standard under identical experimental conditions), 548 as
Level 2 (full match of primary mass spectrum and secondary
mass spectrum with public database entries), and 1953 as
Level 3 (chemical class assignment based on class-specific
physicochemical features or theoretical spectral predictions)."”
The identified compounds were primarily flavonoids, triter-
penoids, and phenolic acids. These compounds were matched
with those reported in previously published articles.®'*° The
quantitative analysis of twelve compounds revealed the follow-
ing contents: in the flavonoid group, the following compounds
were quantified: phlorizin (147.80 mg g"), quercetin-3-O-glu-
coside (2.77 mg g~ '), phloretin (0.45 mg g~ '), rutin (48.49 g
¢~ "), naringenin (8.02 pg g~), myricitrin (6.47 pg g~ '), kaemp-
ferol-3-O-rutinoside (3.46 pg g'), chrysin (0.30 pg g'), and
baicalin (0.11 pg g™'). The triterpenoid compound identified
was ursolic acid (41.61 pg g~ "). Phenolic acids included chloro-
genic acid (1.95 mg g~*) and p-hydroxy-cinnamic acid (0.10 mg
g7"). Phlorizin had the highest content, followed by quercetin-
3-O-glucoside and chlorogenic acid.

Effects of MHLE on glucose and lipid metabolism profile in
db/db mice

As shown in Fig. 2A, the animal component of the study was
conducted with strict adherence to the established experi-
mental design. Turning to Fig. 2B, from the first to the fifth
week of the experiment, a decreasing trend in FBG levels was
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Fig. 1 Mass Spectra of MHLE. (A) Base peak chromatogram in positive ion mode. (B) Base peak chromatogram in negative ion mode.

observed in all MHLE dosing groups, in contrast to the DM
group. After five weeks of medical intervention, a significant
alleviation of elevated fasting glucose levels was observed in
the MHLE-H (Dunnett’s T3 test, P = 0.001), MHLE-M
(Dunnett’s T3 test, P = 0.011), and MHLE-L (Dunnett’s T3 test,
P < 0.001) groups compared to the DM group. In addition,
MHLE significantly improved glucose tolerance in db/db mice,
with the MHLE-L group showing the most pronounced
decrease in AUC among the treated groups (Fig. 2C and D).
GSP levels decreased in all MHLE dose groups (Dunnett’s T3
test, P < 0.05) (Fig. 2E), further supporting the positive influ-
ence of MHLE on blood glucose regulation throughout the

2976 | Food Funct, 2025, 16, 2972-2990

experimental period. By systematically monitoring food intake
and water consumption (Fig. 2F and G), we observed a trend
indicating the ability of MHLE to alleviate the symptoms of
polydipsia and polyphagia in diabetic mice. After five weeks of
drug intervention, no statistically significant differences in
body weight were observed between the MHLE groups and the
DM group (Dunnett’s T3 test, P > 0.05), nor was there a statisti-
cal difference in Lee’s index (LSD test, P > 0.05) (Fig. 2H and I).
This indicates that MHLE has a limited effect on body weight
and fat distribution in the short term. However, we observed a
decrease in epididymal fat mass in the MHLE-H (Dunnett’s T3
test, P = 0.044) and MHLE-L (Dunnett’s T3 test, P = 0. 046)

This journal is © The Royal Society of Chemistry 2025
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groups compared to the DM group, and a decrease in liver
tissue index was observed in all three MHLE dose intervention
groups with statistically significant differences (LSD test, P <
0.05) (Fig. 2G and K), reflecting the beneficial role of MHLE in
ameliorating visceral fat accumulation and promoting liver
health.

Regarding the regulation of lipid profiles (Fig. 2L), in con-
trast to the diabetic model group (DM group), all dosage
groups significantly reduced TG levels (LSD test, P < 0.05).
Specifically, the low-dose group (MHLE-L) not only signifi-
cantly reduced TC levels (LSD test, P = 0.008), but also signifi-
cantly increased HDL levels (Dunnett’s T3 test, P = 0.011). In
addition, LDL levels were significantly reduced in both the
MHLE-M and the MHLE-L group (LSD test, MHLE-M: P =
0.001; MHLE-L, P < 0.001).

Effects of MHLE on liver and kidney function in db/db mice

When evaluating liver and kidney function (Fig. 2M and N),
the MHLE-M and MHLE-L groups demonstrated a notable
decline in ALT levels when compared to the DM group
(Dunnett’s T3 test, P < 0.05). Concurrently, UREA levels exhibi-
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ted a significant reduction across all MHLE dose groups in
comparison to the DM group (LSD test, P < 0.05). AST and
CREA levels showed no significant differences between the
groups, likely due to their slower changes. ALT is mainly found
in the hepatocyte cytoplasm, while AST is primarily located in
mitochondria and is only released into the blood when liver
cells are severely damaged.>' Moreover, AST is present in other
tissues such as the heart, muscles, and kidneys, meaning its
elevation does not exclusively reflect liver damage.* In con-
trast, ALT is more liver-specific. CREA is a marker of kidney fil-
tration, but its levels typically rise only with significant kidney
damage.”® The increased ALT and UREA levels in the model
group indicate hepatic and renal damage in db/db mice, with
MHLE helping to delay the progression of these impairments.

Effects of MHLE on pathological morphology of liver in db/db

mice

The liver is a vital organ centrally involved in the biosynthesis
of lipids, the generation of glucose, and the metabolism of
cholesterol.>* The histologic staining results for the liver are
shown in Fig. 3. After HE staining and microscopic examin-

»w>»7T
200x 400x 200x

400x%

200x%

oil
red

Fig. 3 Liver morphology and histopathological staining. Representative images of mice liver using HE, PAS, and oil red O staining at 200X magnifi-

cation (scale bars: 200 pm) and 400x magnification (scale bars: 100 pm).
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ation, liver cells in the NC group were observed to radiate
around the central vein, with normal morphology, large and
round centrally located nuclei, and homogeneous cytoplasm
without fatty degeneration. Cells in the DM group showed dis-
organized arrangement, fatty degeneration, and
diffusely distributed inflammatory cells. In contrast to the DM
group, less fatty degeneration, more regular arrangement, and
less inflammatory infiltration were observed in the liver cells
of the MET group and those treated with low, medium, and
high doses of MHLE. PAS staining results showed that the NC
group had fewer purple-red granules with a lighter hue, indi-
cating that wt/wt mice had less glycogen storage in the liver
after a 12-hour fast. The DM group had an abundance of
purple-red granules with a deeper shade, indicating that hyper-
glycemia led to excessive accumulation of glycogen, a con-
dition that was ameliorated by MHLE treatment. Oil red O
staining showed fewer stained lipid droplets in the liver tissue
of NC group mice. Lipid droplets in liver cells of DM group
mice were red, diffusely and granularly accumulated, and coa-
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lesced into spots. Compared with the DM group, a significant
reduction in the number of lipid droplets was observed in the
liver cells of mice in all treated groups, and the size of the
lipid droplets was relatively smaller.

Effects of MHLE on hepatic macrophages in db/db mice

Analysis of glucose and lipid metabolism and histopathologi-
cal results indicated that low-dose MHLE achieved the best
effect, stabilizing blood glucose levels with minimal variation
within the group and showing superior improvement in lipid
levels. To further explore the underlying mechanisms, we
selected the MHLE-L group for subsequent research, the
MHLE group is specifically referred to as the MHLE-L group in
the following results.

As mentioned above, we observed in liver histology that
MHLE ameliorated inflammatory infiltration within the liver
tissue. Therefore, we further examined the expression of
surface markers on macrophages in the liver of mice from
each group using immunofluorescence techniques (Fig. 4A
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Fig. 4 MHLE inhibits macrophage activation. (A) Immunofluorescence of liver sections using anti-F4/80, anti-CD208, or anti-CD86 antibodies at
400x magnification (scale bars: 50 pm, n = 3 biological replicates). (B) Quantitative fluorescence analysis.
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and B). Among these markers, F4/80 is primarily used to loca-
lize macrophages, CD208 is a marker for M2 macrophages,
and CD86 is a marker for M1 cells. Therefore, the ratio of
CD206/CD86 indicates the ratio of M2 to M1 macrophages.
Compared with the NC group, the DM group showed a signifi-
cant increase in the total number of macrophages (LSD test, P
< 0.001) along with a decrease in the CD206/CD86 ratio (LSD
test, P = 0.046), suggesting that diabetes-associated pathologi-
cal changes are primarily characterized by an increase in
M1 macrophages. In contrast to the DM group, the MHLE
group showed a smaller increase in total macrophage count
(LSD test, P = 0.001), accompanied by a significant recovery of
the CD206/CD86 ratio (LSD test, P = 0.039).

Effects of MHLE on the hepatic transcriptome in db/db mice

To perform a comprehensive analysis of how MHLE affects
hepatic gene expression, we used transcriptomics to detect
changes in gene expression following MHLE treatment. Using
thresholds of P < 0.05, fold change > 1.5, or fold change <
0.66, our results showed that the DM group had 2127 upregu-
lated and 1402 downregulated genes compared to the NC
group; conversely, the MHLE group had 358 upregulated and
765 downregulated genes compared to the DM group (Fig. 5A).
The principal component analysis (PCA) plot showed a clear
separation between the groups (Fig. 5B). In the gene ontology
(GO) based transcriptomic analysis (Fig. 5C), the enriched
pathways reflected critical biological processes associated with
immune response, metabolic regulation, and inflammatory
response within the samples. Kyoto encyclopedia of genes and
genomes (KEGG) enrichment analysis revealed that the differ-
entially expressed genes in the DM and MHLE groups were
predominantly associated with the Toll-like receptor, TNF, and
MAPK pathways (Fig. 5D). The heat map specifically depicted
the genes enriched in these pathways (Fig. 5E).

Effects of MHLE on the hepatic TLR4/MAPK pathway

To substantiate the reliability of the transcriptomic analys is
results, we used qPCR to assess the expression of genes associ-
ated with the upstream and downstream of the TLR4/MAPK
pathway in the liver tissue of mice from each group, including
cluster of differentiation 14 (Cd14), cluster of differentiation 40
(Cd40), TLR4, mitogen-activated protein kinase kinase kinase
8 (Map3k8), mitogen-activated protein kinase kinase kinase 1
(Map3k1), C-C motif chemokine ligand 3 (Ccl3), C-C motif
chemokine ligand 4 (Ccl4), Cxcl1, C-X-C motif chemokine
ligand 2 (Cxcl2), Tnf (Fig. 6A). The results indicated that the
expression of these genes was significantly lower in the liver of
db/db mice after MHLE intervention compared to the DM
group, with statistically significant differences.

Fig. 6B shows the expression of proteins related to the
TLR4/MAPK pathway in the liver of mice from each group. The
TLR4 expression level in the MHLE group was lower than that
in the DM group (LSD test, P = 0.016). Further calculation of
the ratio of phosphorylated target protein to total target
protein revealed that p-p38MAPK/p38MAPK (LSD test, P =
0.048), pJNK/JNK (LSD test, P = 0.015), and p-ERK/ERK (LSD
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test, P = 0.011) were all decreased compared with the DM
group, indicating that the phosphorylation of these proteins
was relatively decreased in the liver of mice after MHLE
intervention.

The results of the detection of hepatic inflammatory factors
and chemokines (Fig. 6C) showed that the levels of IL-6 (LSD
test, P < 0.001), TNFo (Dunnett’s T3 test, P = 0.041), and CXCL1
(Dunnett’s T3 test, P = 0.020) were significantly decreased in the
MHLE group, with statistically significant differences.

Effects of MHLE on colon and gut microbiota in db/db mice

In our research, the results of HE staining of the colon (Fig. 7A)
showed that the NC group had normal and intact overall tissue
structure, with abundant goblet cells visible in the mucosal
lamina propria and closely arranged crypt structures. In con-
trast, the DM group showed localized necrosis and dis-
appearance of crypt structures in the lamina propria,
accompanied by interstitial fibrosis and inflammatory cell infil-
tration. Compared with the DM group, the MHLE group showed
slight abnormalities in the overall structure of the colonic
tissue, characterized by localized atrophy of a small number of
goblet cells in the mucosal lamina propria and no apparent
infiltration of inflammatory cells in the tissue interstitium.

To evaluate the integrity of the colonic barrier in mice from
each group, we used immunohistochemistry to detect the
expression of ZO-1 and Occludin proteins (Fig. 7B and C).
Under light microscopy, we observed that the colonic structure
in the NC group was intact with clear morphology, while ZO-1
and Occludin proteins were stained brownish-yellow with rela-
tively deep staining. In contrast, goblet cells in the colon of the
DM group were markedly atrophic with lighter brownish-yellow
staining. The MHLE group showed deeper staining compared
to the DM group, indicating increased expression of ZO-1 (LSD
test, P = 0.004) and Occludin (LSD test, P = 0.002) proteins.
The serum LPS level (Dunnett’s T3 test, P = 0.007) was found
to be decreased (Fig. 7D).

Subsequently, we analyzed the fecal microbiota of the mice
colon by high-throughput metagenomic sequencing. To under-
stand the extent of community differences between samples,
we used principal coordinate analysis (PCoA) based on Bray-
Curtis distance to assess the beta diversity index (Fig. 8A). We
found that the microbial communities of the MHLE group
were closer to those of the NC group and showed higher simi-
larity compared to the DM group (ANOSIM, R = 0.581, P =
0.005), suggesting that MHLE modulates intestinal microbial
diversity. At the phylum level (Fig. 8B), both MHLE and NC
groups showed a high abundance of Bacillota, whereas the DM
group was dominated by Bacteroidota and Pseudomonadota. At
the species level (Fig. 8C), MHLE treatment significantly
reduced the abundance of harmful bacteria such as
Escherichia coli, while increasing the abundance of beneficial
bacteria such as Lachnospiraceae bacterium. The Kruskal-
Wallis H test shown in Fig. 8D further calculated the signifi-
cant differences between groups at the species level. We used
LDA effect size (LEfSe) analysis to further dissect the taxa
responsible for differences between groups from the phylum

This journal is © The Royal Society of Chemistry 2025
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to the species level (Fig. 8E). The abundances of taxa at
different levels vary across different groups. The figure shows

key biomarkers in each group (LDA > 3.5, P < 0.05).
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Fig. 6 Effects of MHLE intervention on the TLR4/MAPK signaling pathway in mice liver. (A) Relative mRNA expression levels of CD14, CD40, TLR4,
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Fig. 8 MHLE reverses microbial dysbiosis. (A) Beta diversity of gut microbiota estimated by PCoA analysis at the species level. (B and C) Bar plot of
microbiota community composition at the phylum and species level. (D) Comparative analysis of species levels between different groups using the
Kruskal-Wallis H test. (E) LEfSe analysis from phylum to species level (LDA > 3.5, P < 0.05). (F) Comparative analysis of KEGG pathways (level 3)
between different groups using the Kruskal—Wallis H test. (G) Correlation analysis between species and function relative abundance at the species
level. (H) Correlation analysis of gut microbiota and inflammatory mediators (n = 4 biological replicates) *P < 0.05, **P < 0.01.
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shown in Fig. 8F. Oral administration of MHLE can effectively
restore pathways changes. To determine which gut microbiota
contribute to the regulation of KEGG pathways, we performed
an association analysis between the relative abundance of
species and functions. Fig. 8G shows the top ten KEGG path-
ways enriched at the pathway level 3. At the species level,
Lachnospiraceae bacterium, Muribaculaceae bacterium, and
Escherichia coli are major contributors to these functions.

Correlation analysis of gut microbiota and inflammatory
chemokines in db/db mice

The correlation Heatmap (Fig. 8H) visually showed the degree
of correlation between 4 kinds of inflammatory chemokines
and different strains, and whether the correlation difference is
significant. Lachnospiraceae bacterium, Mucispirillum, Clostridia
bacterium,  Oscillospiraceae  bacterium  and  uncultured
Acetatifactor are negatively correlated with the 4 inflammatory
factors. Bacteroidaceae bacterium, Duncaniella muris and unclas-
sified g Duncaniella were positively correlated with LPS, CXCL1
and IL-6. Muribaculaceae bacterium was positively correlated
with CXCL1 and IL-6, and Escherichia coli was positively corre-
lated with CXCL1. These results suggest a strong association
between gut microbiota and inflammatory chemokines.

Discussion

T2DM is a chronic metabolic disease with complex pathologi-
cal mechanism. Functional food has great advantages and
potential in the treatment of T2DM, and may have fewer side
effects. Recent studies have found that various foods or their
active ingredients can improve T2DM and its complications.
For example, a randomized, double-blind, and controlled clini-
cal trial found that cinnamon can reduce plasma inflamma-
tory factors in T2DM patients.”® Additionally, animal studies
have shown that black wheat can improve T2DM and its com-
plications by regulating glucose transporters.”® Fu brick tea
can reshape the gut microbiota to alleviate T2DM symptoms.>”
The development of functional foods holds unlimited
potential.

In this study, the chemical composition of MHLE was
identified to be rich in phloretin, phloretin and other dihydro-
chalcones, suggesting that MHL is a promising candidate food
for the prevention and treatment of T2DM. Compared with a
single pharmacological study of active ingredients such as
phlorizin, the innovation of this study is that concretized the
source of these ingredients, and the effects of various ingredi-
ents are integrated to show in the form of a functional food,
which is more conducive to people’s daily life directly and con-
veniently enjoy the health bene fits brought by these active
ingredients.

Db/db mice has been a widely used animal model of T2DM
because it can better reflect the characteristics of human
T2DM.?® In this study, we found that MHLE significantly
reduced FBG and GSP in db/db mice, improved abnormal
glucose tolerance, and had a beneficial effect on glycemic

This journal is © The Royal Society of Chemistry 2025
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control. However, no clear dose-dependency was observed and
the optimal dose requires further investigation. In addition,
the liver maintains glucose homeostasis by storing glycogen
or by gluconeogenesis. In mice with normal hepatic glucose
metabolism, liver glycogen is degraded and released into the
circulation during fasting to maintain stable glucose levels.
Conversely, in mice with liver dysfunction due to metabolic
abnormalities and chronic hyperglycemia, liver glycogen
accumulates. The abnormal increase in liver glycogen is con-
sidered to be one of the critical factors in uncontrolled blood
glucose levels in diabetes.>> We observed that wt/wt mice had
lower hepatic glycogen stores after 12 hours of fasting com-
pared to db/db mice, which had higher levels. This suggests
that hyperglycemia in db/db mice leads to abnormal accumu-
lation of hepatic glycogen, but oral administration of MHLE
can ameliorate this condition to some extent. Dyslipidemia is
also a common feature in diabetic patients, with TC, TG, HDL
and LDL often serving as dyslipidemia indicators.>® In our
study, the oral administration of MHLE led to improvements
in these indicators of dyslipidemia. However, we did not
observe a significant weight loss effect after five weeks of treat-
ment, which is in contrast to the weight loss observed after
four weeks of MHLE administration in high-fat diet-induced
obese mice." This difference could be due to different genetic
backgrounds, and perhaps extending the experimental dur-
ation would result in observable weight loss in db/db mice.
Disruption of the gut microbiome in T2DM can induce
chronic low-grade inflammation in multiple organs.*’ Gut
microbial carbohydrate metabolism can also contribute to the
development of insulin resistance.** Fecal microbiota trans-
plantation has been found to improve total and low-density
lipoprotein cholesterol levels, as well as liver stiffness, in obese
subjects with T2DM.?* The supplementation of probiotics, pre-
biotics, synbiotics, and postbiotics has been shown to improve
metabolic diseases,*® and various polysaccharides and poly-
phenols present in food have also been demonstrated to help
improve T2DM.*>?° In this study, diabetic mice had reduced
intestinal tight junction proteins (ZO-1, Occludin) and altered
colon structure, which may be related to changes in the
gut microbiome. Metagenomics showed that the abundance
of Lachnospiraceae bacterium, Oscillospiraceae bacterium,
Clostridia bacterium in the gut of db/db mice decreases. These
are butyrate-producing bacteria from the Bacillota phylum.
Butyrate plays a role in maintaining intestinal homeostasis
and epithelial cell integrity, serving as the primary energy
source for colonic cells.’” In patients with T2DM, epithelial
cell integrity is disrupted and butyrate production is
reduced.*®?*° Butyrate-producing Clostridium butyricum can
improve gut barrier function and alleviate inflammation.*
Additionally, supplementation with Clostridium butyricum sig-
nificantly reduces hepatic inflammation induced by carbon
tetrachloride.’ Lachnospiraceae is a protective commensal
strain capable of producing butyrate and other short-chain
fatty acids through the fermentation of dietary fiber.*> A longi-
tudinal human cohort study conducted in China*® using gut
shotgun metagenomics found that the Lachnospiraceae bacter-

Food Funct., 2025,16, 2972-2990 | 2985


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4fo05325g

Open Access Article. Published on 24 March 2025. Downloaded on 3/1/2026 8:58:08 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

ium 3 1 57FAA CT1 was negatively correlated with HOMA-IR.
The abundance of the Lachnospiraceae bacterium 28-4 in the
mice gut microbiota is negatively correlated with host meta-
bolic health parameters.** In addition, Oscillospira is con-
sidered one of the candidates for next-generation probiotics.*

Loss of beneficial bacteria is a pathogenic factor, on the
other hand, the acquisition of pathogens is also associated
with disease. In diabetic mice, we observed an increase in
the abundance of Escherichia coli and unclassified
Enterobacteriaceae. Escherichia coli is a bacterium within the
family  Enterobacteriaceae, belonging to the phylum
Pseudomonadota. Enterobacteriaceae bacteria can cause dys-
function in the gut mucosal immune system, leading to
damage to the gut barrier and the onset of chronic systemic
inflammation.*® An increased abundance of commensal
Escherichia coli is a common phenomenon in patients with
metabolic imbalance and individuals with excessive weight
gain."” Escherichia coli colonization significantly increases
obesity, impairs glucose tolerance, and leads to increased
inflammation in liver, adipose, and intestinal tissues in mice
fed a high-fat diet.® It has been reported that 14 probiotic
strains isolated from fermented camel milk can reduce
Escherichia coli and LPS, and improve glucose and lipid metab-
olism disorders in db/db mice.*® In this study, MHLE interven-
tion significantly promoted the proliferation of the above ben-
eficial bacteria, while inhibiting the growth of harmful bac-
teria, which may be part of the reason why MHLE alleviated
tissue inflammation and improved glucose and lipid
metabolism.

Mitigating inflammatory damage in T2DM is a major focus
of both basic and clinical research. The liver, a critical target
organ for insulin, is also an important immune organ. With
the concept of gut-liver axis proposed, researchers have paid
more attention to the relationship between intestinal micro-
biota imbalance and hepatic inflammation. The portal vein is
the signature anatomical structure of gut-liver communi-
cation, liver receive intestine-derived blood through the portal
vein,® which makes the liver more susceptible to gut bacteria,
bacterial products, endotoxins, and inflammatory mediators.
Especially when the intestinal immune barrier is damaged, on
the one hand, the bacteria in it can directly shift to the liver
along with the blood to cause inflammation, on the other
hand, gut-derived endotoxins such as LPS can also enter the
portal vein circulation, producing inflammatory mediators and
cytokines, and aggravating the damage to the liver.”
Macrophages respond to signals from the tissue microenvi-
ronment by undergoing classical M1 pro-inflammatory or
alternative M2 anti-inflammatory activation. Inflammatory
macrophages have been implicated in reducing insulin sensi-
tivity in the liver, skeletal muscle, and pancreatic p-cell cells.>?
There are two major populations of macrophages in the liver:
Kupffer cells (KCs) and monocyte-derived macrophages.
Macrophages respond to signals from the tissue microenvi-
ronment by undergoing classical M1 pro-inflammatory or
alternative M2 anti-inflammatory activation. In particular,
inflammatory macrophages have been implicated in reducing
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insulin sensitivity in the liver, skeletal muscle, and pancreatic
B-cell cells.”® KCs reside in the hepatic sinusoids, are typically
exposed to bacteria, microbial debris, and endotoxins of intes-
tinal origin. KCs are highly sensitive to gut-derived endotoxins,
particularly LPS. We found a significant increase in serum LPS
in db/db mice, which may be caused by the gut microbiome
disturbance mentioned above, and the correlation analysis
results supported this conjecture. LPS, a major component of
the outer membrane of Gram-negative bacteria, has been con-
sistently recognized as a key factor in triggering this inflamma-
tory response.>® When LPS binds to surface receptors on KCs,
it activates intracellular signaling pathways, including toll-like
receptors 2 and TLR4, nuclear factor-kB, ERK1, p38, and JNK.
Activation of these pathways induces KCs to release a variety of
pro-inflammatory cytokines such as TNF-a, IL-1p, IL-6, IL-12,
and IL-18, and chemokines such as CXCL1-3, CXCLS8, and
CCL2 to CCL4, which may contribute to hepatocyte
dysfunction.>**®

In addition, pro-inflammatory cytokines and lipids derived
from visceral obesity are factors that activate pro-inflammatory
pathways in KCs.”> Under conditions of obesity, KCs are acti-
vated into an M1 state where they attract inflammatory mono-
cytes to migrate into the liver and promote the differentiation
of these monocytes into monocyte-derived macrophages.®®
This process results in a significant increase in the proportion
of macrophages in the liver, exacerbating hepatic inflam-
mation and insulin resistance. Similarly, our research results
show that compared to the control group, diabetic mice
exhibit diffuse hepatocellular steatosis and a significant
increase in the number of hepatic F4/80 macrophages and
CD86-labeled M1 phenotype, as well as a notable increase in
hepatic inflammatory factors IL-6, TNF-a and chemokine
CXCL1, and MHLE treatment significantly attenuated these
changes. Our subsequent RNA-seq analysis suggested that
MHLE may exert hepatoprotective effects against T2DM by
regulating inflammatory pathways such as TLR4/MAPK.
Molecular biological techniques confirmed that MHLE not
only obstructs the transcription of LPS-mediated related recep-
tor genes upstream of TLR4, but also inhibits the transmission
of a variety of downstream MAPK signals including ERK, JNK,
and p38 by reducing protein phosphorylation. These findings
suggest that the anti-inflammatory effect of MHLE on the liver
of T2DM may be based on the inhibition of M1 polarization of
hepatic macrophages and the conduction of related inflamma-
tory signaling pathways. Before our study, several foods and
their main components had already been reported to have
anti-inflammatory effects and the potential to combat T2DM.
Recent studies have shown®” that using a high-fat diet and a
streptozotocin-induced rat model combined with LPS-treated
bone marrow-derived macrophages, Grifola frondosa polysac-
charide intervention improves metabolic disorders in T2DM,
alleviates hepatic inflammation, and exerts anti-inflammatory
effects by inhibiting M1 macrophage polarization and promot-
ing M2 polarization. Additionally, Lycopene®® regulates the
inflammation of pancreatic islets to alleviate hyperglycemia.
Pomegranate peel polyphenols significantly reduce plasma

This journal is © The Royal Society of Chemistry 2025
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levels of IL-6, TNF-a, and high-sensitivity C-reactive protein in
T2DM patients.>® Our study further confirms the effectiveness
of anti-inflammatory therapy as a strategy for T2DM treatment
and demonstrates the broad potential of functional foods in
the fields of anti-inflammation and anti-diabetes.

Limitation

This study has confirmed that MHL, functioning as a healthful
food, exhibits a significant improvement in glycolipid metab-
olism, intestinal flora, and hepatic inflammation in diabetic
db/db mice, with short-term administration deemed safe.
However, due to the lack of identified dose-effect relationship
in this research, the optimal intake for humans remains unde-
termined. Similarly, the long-term effects on humans necessi-
tate further evaluation through controlled clinical trials. While
the main chemical components of MHLE have been analyzed
using UHPLC-QE-MS, other potentially active ingredients have
yet to be fully identified. Therefore, the core components and
their mechanisms, which play a pivotal role in MHLE, require
further exploration.

Conclusions

This study demonstrates that MHLE effectively alleviates
T2DM symptoms through multiple mechanisms, including
improved glucose and lipid metabolism, reduced hepatic
inflammation, and modulation of gut microbiota composition
in db/db mice. The effects of MHLE on the gut-liver axis are
particularly significant, as modulation of gut microbiota com-
position leads to a reduction in gut dysbiosis and a decrease
in inflammatory signals transmitted to the liver. By downregu-
lating the TLR/MAPK pathway, MHLE suppresses hepatic
inflammatory responses and helps restore metabolic and
immune balance across the gut-liver axis. These findings
underscore the potential of MHL as a functional food ingredi-
ent with antidiabetic properties and support its integration
into dietary strategies for the management of T2DM. If further
validation is achieved in the context of clinical trials, MHL has
the potential to become a valuable component of strategies
aimed at addressing the global diabetes epidemic. Its incor-
poration into dietary guidelines and functional food products
could offer a cost-effective and sustainable approach to
improving metabolic health and potentially preventing T2DM-
related complications.
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