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Exploring the lipid-lowering effects of cinnamic
acid and cinnamaldehyde from the perspective of
the gut microbiota and metabolites†
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Yuqi Xu,d Wenlong Sun *c and Lingru Li*b

The increasing incidence and associated metabolic complications pose major challenges in the treatment

of hyperlipidaemia. Cinnamon is a food and medicinal resource associated with lipid metabolism, but the

mechanism by which its active components, cinnamic acid (CA) and cinnamaldehyde (CM), alleviate

hyperlipidaemia remains unclear. Biochemical, pathological, gut microbiota, and metabolomic analyses

were performed to investigate the effects of CA and CM on HFD-fed mice and the underlying mecha-

nisms involved. Supplementation with CA and CM reduced body weight, liver, and adipose tissue

accumulation in HFD-induced mice; improved glucose and lipid metabolism; and decreased inflam-

mation and oxidative stress levels, with CM showing superior efficacy. Faecal microbiota transplantation

confirmed that the therapeutic effect was closely related to core gut bacteria and metabolites.

Specifically, CA and CM inhibited the growth of lipid metabolism-related genera (e.g., Turicibacter and

Romboutsia) and metabolites (e.g., PC, LysoPCs, prostaglandin E2, and arachidonic acid) while promoting

the growth of beneficial genera (e.g., Oscillospiraceae and Colidextribacter) and metabolites (e.g., linoleic

acid, phytosphingosine, and stercobilin). Additionally, Spearman’s correlation analysis revealed that serum

and hepatic lipids, as well as inflammatory factors, were positively correlated with Erysipelatoclostridium,

Turicibacter, Eubacterium fissicatena, Enterorhabdus, cervonoyl ethanolamide, and acetoxystachybotry-

dial acetate, whereas they were negatively correlated with Lachnospiraceae NK4A136, stercobilin, LysoPE

(15:0/0:0), and phytosphingosine. In contrast, hepatic oxidative stress markers exhibited the opposite cor-

relation pattern. In conclusion, CA and CM have the potential to regulate the core gut microbiota and

metabolites to improve lipid metabolism and decrease related inflammation and oxidative stress levels.

Introduction

Hyperlipidaemia is characterized by lipid metabolism and
lipoprotein disorders in the blood.1 Elevated serum lipid levels
can not only lead to atherosclerosis, increasing the risk of cor-
onary heart disease, stroke, and peripheral arterial disease,
but also potentially cause hypertension, acute pancreatitis,

and fatty liver, which seriously threaten human health.2

Currently, approximately 39% of adults worldwide have hyper-
lipidaemia. With the westernization of lifestyles and changes
in dietary structure, the incidence of hyperlipidaemia is stea-
dily increasing and tends to affect younger individuals.3,4

Lifestyle adjustments, such as limiting the intake of high-fat
and high-calorie foods, are the safest approach for controlling
hyperlipidaemia. However, the adherence to long-term caloric
restrictions is often poor, and relying solely on caloric limit-
ation typically does not yield lipid-lowering effects. Therefore,
many patients still require medication to reach their treatment
goals.5 Currently available medications, such as statins, bile
acid sequestrants, and niacin, inhibit cholesterol synthesis or
prevent the intestinal reabsorption of bile acids. However, the
long-term use of these drugs is associated with adverse events,
including myalgia, elevated liver enzymes, gastrointestinal dis-
comfort, and constipation.6 Additionally, owing to cost issues,
long-term adherence to medication is also poor, which further
hinders treatment effectiveness.7,8 Therefore, increasing
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research has begun to focus on safe, effective and cost-effective
lipid-lowering strategies, and natural functional products with
biological activity will become potential research objects.

Recent studies have shown a strong correlation between the
gut microbiota and hyperlipidaemia.9,10 Specifically, the gut
microbiota influences the lipid metabolism balance of the
host through various mechanisms, including bile acid metab-
olism, the production of short-chain fatty acids (SCFAs), the
inhibition of cholesterol absorption, and the regulation of
inflammatory responses.11 Dietary structure is a significant
factor influencing the composition and metabolic pathways of
the gut microbiome,12 and long-term high-fat diets (HFDs) can
lead to dysbiosis in the gut microbiota, resulting in an imbal-
ance in the intestinal microbial ecosystem.13 Conversely, func-
tional foods or traditional Chinese herbal medicine can allevi-
ate metabolic diseases by modulating the gut microbiota.14

Fresh corn bracts reduce the proportion of Firmicutes and
Bacteroidetes, promote the proliferation of bifidobacteria, and
reduce the weight gain, insulin resistance, and oxidative
damage caused by a HFD.15 Wheat β-glucan can reduce the
intestinal Firmicutes/Bacteroidetes ratio and decrease the abun-
dance of Coriobacteriaceae UCG-002, Romboutsia,
Faecalibaculum and Enterorhabdus in HFD-fed mice, thus
playing an anti-hyperlipidaemic role.16 Therefore, strategies
for modulating the gut microbiome have been proposed as
novel and effective treatments for limiting lipid accumulation
in the body.

Cinnamon as a medicine and food is derived from the
same source and is widely used in medicine and food as a
spice and food additive. More than 80 compounds have been
identified from different parts of cinnamon, among which cin-
namic acid (CA) and cinnamaldehyde (CM) exhibit various bio-
logical functions, such as antibacterial, antioxidant, and anti-
inflammatory activities and gut microbiota regulation.17–19 In
a randomized controlled trial involving 750 participants, cin-
namon supplementation significantly reduced blood triglycer-
ide and total cholesterol concentrations.20 Animal experiments
have shown that CA and CM can promote the browning of
white adipose tissue in HFD-fed mice; reduce body weight, fat
and lipid levels; and play a role in weight loss.21,22 CA can
effectively treat chronic constipation by improving the compo-
sition and abundance of the gut microbiota to regulate the
production of SCFAs.23 CM improves metabolic function in
streptozotocin-induced diabetic mice by modulating the gut
microbiota.24 However, to our knowledge, it remains unclear
whether CA and CM alleviate hyperlipidaemia through the gut
microbiota and related mechanisms.

Therefore, the aim of this study was to investigate whether
CA and CM can alleviate glucose and lipid metabolism dis-
orders and decrease inflammatory responses and oxidative
stress levels in HFD-induced hyperlipidaemic mice, as deter-
mined by observing changes in related indicators after treat-
ment. Given the relationship between the gut microbiota and
hyperlipidaemia, we employed 16S rRNA sequencing and
untargeted metabolomics to explore the core gut bacteria and
metabolites that CA and CM affect in alleviating HFD-induced

hyperlipidaemia in mice. Our findings provide new insights
into the potential mechanisms by which CA and CM mitigate
hyperlipidaemia through the regulation of the gut microbiota
and metabolites.

Materials and methods
Chemicals and reagents

Simvastatin (SV, B21384), cinnamic acid (CA, B21082) and cin-
namaldehyde (CM, B21081) with purities greater than 95%
were purchased from Shanghai Yuanye Biotechnology Co., Ltd
(Shanghai, China). Methyl cellulose (MC, 0.1%, M8070) was
purchased from Solarbio (Beijing, China) and used to dissolve
SV, CA and CM. The control diet (D10012G, containing 15.8%
fat, 20.3% protein, and 63.9% carbohydrates, 3.9 kcal g−1) and
high-fat diet (D12109C, containing 40% fat, 20% protein, and
40% carbohydrates, 4.5 kcal g−1) were both provided by
Changzhou Biotechnology Co., Ltd (Jiangsu, China)
(Table S1†). Neomycin sulfate, metronidazole, ampicillin, and
vancomycin were purchased from Macklin (Shanghai, China).

Animal experimental design

Six-week-old C57BL/6 mice weighing 18–20 grams were pur-
chased from Beijing Vital River Laboratory Animal Technology
Co., Ltd (licence no. SCXK 2021-0006, Beijing, China) and
housed at the Laboratory Animal Center of the Beijing
University of Chinese Medicine (SPF grade). All the mice were
maintained in a standard environment at room temperature
and relative humidity with a 12-hour light/dark cycle. Our
study was conducted in accordance with international ethical
guidelines and was approved by the Laboratory Animal and
Ethics Committee of Beijing University of Chinese Medicine
(ethics no. 2024-004-M).

After 1 week of adaptive feeding, mice were randomly
divided into 5 groups to apply different feed and gavage
approaches: NC group (standard diet and gavage of the same
volume of 0.1% MC), HC group (HFD and gavage of the same
volume of 0.1% MC), SV group (HFD and daily gavage of
30 mg kg−1 SV), CA group (HFD and daily gavage of 20 mg
kg−1 CA), and CM group (HFD and daily gavage of 20 mg kg−1

CM). During the 12-week intervention, the mice were gavaged
daily, weight was recorded weekly, and food intake and water
intake were recorded daily.

The pseudo germ-free (PGF) model was established by com-
bining penicillin G (600 mg kg−1 d−1), metronidazole (600 mg
kg−1 d−1), neomycin sulfate (600 mg kg−1 d−1) and vancomycin
(180 mg kg−1 d−1) for 1 week. The mice were randomly
assigned by weight. Faecal samples from donor mice in the
HC, CA and CM groups were collected in sterile test tubes,
diluted with sterile normal saline (0.2 g mL−1), and filtered
with sterile gauze to remove particles before inoculation. The
FHC, FCA and FCM groups were established by the intragastric
administration of faecal bacteria from the HC, CA and CM
groups to PGF mice for 14 days. The HFD was continued after
faecal bacteria transplantation until the 10th week or death. In
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the faecal bacteria transplantation experiment, the mice were
intragastrically administered bacteria daily, weight was
recorded weekly, and food intake and water intake were
recorded daily.

Sample collection

Before the experiment ended, fresh faeces were collected from
the mice housed in metabolic cages. At the end of the experi-
ment, the mice in each group were fasted for 12 hours and
weighed, and then anaesthetized with isoflurane. Blood was
collected via the orbital venous plexus, followed by centrifu-
gation (1600 rpm for 10 minutes at 4 °C) to obtain the serum.
The mice were euthanized by cervical dislocation. The liver
and adipose tissues (epididymal fat, inguinal fat, and brown
adipose tissue) were isolated, weighed, and collected. All the
samples were stored at −80 °C for subsequent analysis.

Biochemical index detection

Serum total cholesterol (TC), triglyceride (TG), low-density lipo-
protein cholesterol (LDL-C), high-density lipoprotein chole-
sterol (HDL-C), alanine aminotransferase (ALT), aspartate ami-
notransferase (AST), and faecal total cholesterol (TC) and tri-
glyceride (TG) levels were measured using commercial kits
(Jiancheng Bioengineering Institute, Nanjing, China).
Lipopolysaccharide (LPS), interleukin-6 (IL-6), interleukin-1
beta (IL-1β), and tumour necrosis factor-alpha (TNF-α) were
measured using ELISA kits (Cusabio, Wuhan, China). Liver
tissue samples were pretreated by mixing the tissue with a
homogenization reagent at a weight-to-volume ratio of 1 : 9, fol-
lowed by homogenization on ice to form a 10% homogenate.
The homogenate was then centrifuged (2500 rpm, 10 minutes),
and the supernatant was retained. Total protein in the tissue
homogenate was measured using a BCA protein assay kit. The
levels of total cholesterol (TC), triglyceride (TG), alanine trans-
aminase (ALT), and aspartate transaminase (AST) in the liver
were measured using commercial kits (Jiancheng
Bioengineering Institute, Nanjing, China). The activities of cat-
alase (CAT), total superoxide dismutase (T-SOD), glutathione
peroxidase (GSH-Px), and malondialdehyde (MDA) and the
level of reduced glutathione (GSH) in the liver were measured
using commercial kits (Jiancheng Bioengineering Institute,
Nanjing, China).

Hematoxylin/eosin (H&E) staining

Mouse livers were fixed in 4% paraformaldehyde, and epididy-
mal white adipose tissue, inguinal white adipose tissue, and
brown adipose tissue were fixed with a fat-specific fixative.
Following the manufacturer’s instructions, the liver and
adipose tissue samples were embedded in paraffin and sec-
tioned into 3 μm slices. The sections were stained using an
H&E staining kit (Solarbio, Beijing, China).

16S rRNA gene sequencing

The gut microbiota of each group of mice (n = 8) was analysed
using 16S rDNA high-throughput sequencing. Fresh faecal
pellets were collected directly from the anus of each mouse

into sterile sampling tubes, quickly flash-frozen in liquid nitro-
gen, and stored at −80 °C as soon as possible. The genomic
DNA of the gut microbiota was extracted from the faecal
samples using an EZNA® soil DNA kit according to the manu-
facturer’s instructions and electrophoresed through a 1%
agarose gel. A NanoDrop2000 was utilized to assess DNA
quality. PCR amplification of the V3–V4 hypervariable region
of the 16S rRNA gene was subsequently performed using
FastPfu polymerase and dedicated primer sets. The PCR
cycling conditions were as follows: an initial denaturation step
at 95 °C for 3 minutes, followed by 27 cycles of denaturation at
95 °C for 30 seconds, annealing at 55 °C for 30 seconds, and
extension at 72 °C for 45 seconds. The reaction was terminated
with a final extension step at 72 °C for 10 minutes. The
upstream primer used was 338F (5′-ACTCCTACGGGAGGCA
GCAG-3′), and the downstream primer used was 806R
(5′-GGACTACHVGGGTWTCTAAT-3′). The reaction for each sample
was replicated three times to ensure reproducibility. The PCR
products generated from each identical sample were com-
bined, and the pooled PCR amplicons were subsequently puri-
fied utilizing a commercially available purification kit. The
purified PCR products were cleaned using an AxyPrep DNA gel
extraction kit and visualized via 2% agarose gel electrophor-
esis. The precise concentration and quantity of the PCR pro-
ducts were subsequently determined using a Quantus™ fluo-
rometer (Promega, USA). The Illumina MiSeq PE300/NovaSeq
PE250 platform was utilized for sequencing to generate high-
quality sequencing data. The sequences were subjected to
quality filtering to ensure reliability and accuracy. The oper-
ational taxonomic units (OTUs) were subsequently clustered
on the basis of a sequence similarity threshold of 97% and a
confidence level of 70%. The community composition of each
sample was then analysed and characterized at various taxo-
nomic levels.

Fecal metabolomic analysis

Faecal samples were accurately weighed for LC-MS/MS ana-
lysis, and 400 μL of a methanol/water (4 : 1, v/v) mixture was
added to extract metabolites. After extraction, the supernatant
was centrifuged at 13 000g at 4 °C for 15 minutes and then
transferred to vials for subsequent analysis. Additionally, 20 μL
of the supernatant from each sample was pooled to prepare a
quality control sample. The instrument platform used for
LC-MS analysis was the AB SCIEX UHPLC-triple TOF system.
The specific analytical methods and parameter settings are
provided in ESI Table 2.† Using the R package “ropls” (version
1.6.2), orthogonal least partial squares discriminant analysis
(OPLS-DA) was conducted alongside 7-cycle interactive vali-
dation to assess model stability. Differentially abundant
metabolites between the two groups were mapped to their
respective biochemical pathways via metabolic enrichment
and pathway analyses using the KEGG database (https://www.
genome.jp/kegg/). The Python package “scipy.stats” (https://
docs.scipy.org/doc/scipy/) was used to conduct enrichment
analysis, with the aim of identifying the most pertinent bio-
logical pathways associated with the experimental treatments.
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Correlations between the colonic microbiota and the screened
metabolites were investigated using Spearman’s correlation
analysis.

Statistical analysis

All data are shown as the mean ± SEM, and data processing
was performed using GraphPad Prism 8. Differences among
experimental groups were statistically analysed by one-way
ANOVA with Tukey’s post hoc test. A difference was deemed
statistically significant when p < 0.05. The presence of distinct
alphabetical markers indicates that there are significant differ-
ences between two groups.

Results
Effects of CA and CM on the serum lipid profile, blood
glucose, and inflammatory factors in HFD-fed mice

Body weight and organ weight are direct indicators of lipid
accumulation in mice. There were no significant differences in
initial body weight among the groups (p > 0.05). After 12
weeks of continuous feeding, the body weights of the mice in
all the groups increased to varying degrees. At the end of 12
weeks, compared with those in the NC group, the body
weights of the mice in the HC group significantly increased (p
< 0.05), whereas the final body weights of the mice in the SV,

CA and CM groups significantly decreased after supplemen-
tation (p < 0.05). There was no significant difference in body
weight between the SV and CA groups (p > 0.05), and there was
no significant difference between the CM and NC groups (p >
0.05) (Fig. 1B and C). Owing to the greater energy density of
the HFD, mice fed a HFD had greater energy intake, despite no
significant difference in food intake. Interestingly, SV, CA and
CM significantly reduced the body and tissue (liver, epididy-
mal, and inguinal adipose tissue) weight gain induced by the
HFD without affecting water intake, food intake, or energy
intake (p < 0.05, Fig. S1A–G†), suggesting that supplemen-
tation with SV, CA and CM may promote fat expenditure rather
than suppress appetite. Serum and faecal lipid measurements
from each group revealed that after 12 weeks of HFD feeding,
the serum levels of TC, TG, and LDL-C were elevated, whereas
HDL-C levels were decreased. Supplementation with SV, CA
and CM significantly reduced the serum TC, TG, and LDL-C
levels (p < 0.05), with little effect on HDL-C (p > 0.05).
Compared with that in the SV group, the decrease in the
serum TC level was less pronounced (p < 0.05), while there was
no significant difference in the serum TG level (p > 0.05).
Among the drug intervention groups, there was no significant
difference in LDL-C between the SV and CA groups (p > 0.05),
whereas the CM group presented the greatest decrease (p <
0.05) (Fig. 1D–G). Additionally, higher lipid (TC and TG) levels
were measured in the faeces of the HC, SV, CA, and CM

Fig. 1 Effects of CA and CM on the serum lipid profile and the levels of blood glucose and inflammatory factors in HFD-fed mice. (A) Experimental
grouping and protocol for CA and CM interventions. (B) Body weight changes over 12 weeks. (C) Body weight gain in HFD-fed mice. (D) TC, (E) TG,
(F) LDL-C, and (G) HDL-C levels in plasma; (H) TC and (I) TG levels in faeces; and (J) GLU, (K) FINS, (L) LPS, (M) TNF-α, (N) IL-1β, and (O) IL-6 levels in
plasma. The data are presented as means of biological replicates ± SEMs (n = 8). Differences between groups were analysed using one-way ANOVA
followed by Tukey’s post hoc test. Statistical significance was set at p < 0.05. Different letters indicate significant differences between groups. HFD,
high-fat diet; NC, normal control group; HC, hyperlipidaemic group; SV, simvastatin control group (HFD and 30 mg kg−1 SV); CA, cinnamic acid
group (HFD and 20 mg kg−1 CA); CM, cinnamaldehyde group (HFD and 20 mg kg−1 CM); ANOVA, analysis of variance.
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groups, indicating that more lipids were excreted in the intes-
tine than absorbed (p < 0.05, Fig. 1H and I). Long-term HFD
feeding caused abnormal glucose and insulin metabolism,
while supplementation with CA and CM significantly reduced
the serum GLU and FINS levels (p < 0.05). Compared with the
HC group, the SV group presented no significant effects on
GLU or FINS (Fig. 1J and K).

Long-term HFD consumption leads to chronic low-grade
inflammation in the body, promoting the release of inflamma-
tory factors. Continuous HFD feeding for 12 weeks resulted in
significant increases in the serum levels of LPS, TNF-α, IL-6,
and IL-1β (p < 0.05). However, supplementation with SV, CA
and CM significantly alleviated this trend (p < 0.05, Fig. 1L–O).
Compared with those in the SV group, the serum TC levels in
the CA and CM groups were not significantly lower (p < 0.05),
while there was no significant difference in the serum TG
levels (p > 0.05). Among the drug intervention groups, there
was no significant difference in LDL-C between the SV and CA
groups (p > 0.05), whereas the CM group presented the greatest
decrease (p < 0.05). These results suggest that CA and CM have
positive effects on glucose and lipid metabolism as well as
inflammatory factor levels in HFD-fed mice.

Effects of CA and CM on hepatic oxidative stress, lipid levels,
and histopathology in HFD-fed mice

Chronic HFD feeding increases oxidative stress levels, leading
to an accumulation of lipid peroxides and subsequent liver cell
damage. Compared with the NC group, the HC group exhibited
significant decreases in liver SOD, CAT, and GSH-Px activity
and GSH levels (p < 0.05), whereas MDA levels significantly
increased (p < 0.05). However, supplementation with SV, CA
and CM resulted in significant increases in liver SOD, CAT,
and GSH-PX activities and GSH levels, along with significant
decreases in MDA levels (p < 0.05). Compared with those in
the SV group, the activities of SOD, CAT and GSH-PX in the
liver and the GSH level were greater in the CA and CM groups,
and the MDA level was lower (p < 0.05); however, there was no
significant difference between the CA and CM groups (p >
0.05, Fig. 2A–E). A long-term chronic high-fat diet can lead to
excessive lipid accumulation in the liver, resulting in fatty
liver, which in turn affects liver function and may cause hep-
atocyte damage and inflammation. After 12 weeks of high-fat
feeding, the liver lipids in the mice significantly accumulated
(TC and TG) (p < 0.05). However, after supplementation with
SV, CA and CM, the liver TC and TG levels significantly
decreased (p < 0.05). Compared with that in the SV group,
there was no significant difference in liver TC in the CA group.
However, liver TC was greater in the CM group (p < 0.05), and
liver TG was also greater in both the CA and CM groups (p <
0.05, Fig. 2F and G). ALT and AST are important indicators for
evaluating liver function damage. Compared with the NC
group, the HC group presented severe liver function impair-
ment, which was reversed by supplementation with SV, CA and
CM (p < 0.05, Fig. S1H–K†). Hepatocyte swelling and fatty
degeneration are common pathological changes caused by
long-term HFD feeding. After 12 weeks of HFD feeding, H&E

staining of liver tissue from the mice revealed hepatocyte swell-
ing, enlarged lipid droplets, and a significant increase in fat
content. However, after supplementation with SV, CA and CM,
the swelling of hepatocytes was alleviated, the number of lipid
droplets was reduced, and the fat content significantly
decreased (p < 0.05, Fig. 2H and I). These results suggest that
CA and CM can significantly reduce liver lipid accumulation
induced by a long-term HFD, resolve liver function damage,
and alleviate hepatocyte swelling and fatty degeneration.

H&E staining of adipose tissue more intuitively reveals
changes in adipocyte structure, the extent of fat accumulation,
and histopathological changes in tissue, thus helping to uncover
the histological basis of metabolic abnormalities. As shown in
Fig. 2J–L, adipocytes in the HC group were significantly enlarged.
Lipid droplets in brown adipose tissue cells were enlarged and
tended to transform into white adipose tissue, with a weakening
of the typical characteristics of brown adipose tissue.

After supplementation with SV, CA and CM, the adipocyte
volume decreased, lipid droplet accumulation decreased, and
the trend of brown adipose tissue conversion into white
adipose tissue was reversed. In summary, these results indicate
that CA and CM can alleviate liver oxidative stress and reduce
lipid levels induced by a HFD, reduce adipose tissue accumu-
lation, and potentially have a protective effect on the liver.

FMT confirms the role of the gut microbiota in the
mechanisms by which CA and CM alleviate hyperlipidaemia

To elucidate the role of the gut microbiota in the therapeutic
effects of CA and CM, faecal microbiota transplantation (FMT)
was applied to HFD-fed mice. The experimental protocol is
shown in Fig. 3A. Compared with those of the FHC group, the
FMT of CA- and CM-treated mice significantly reduced weight
gain and organ weights (Fig. 3B and C and Fig. S2D–G†), but
there were no significant differences in food intake, caloric
intake, or water consumption (p > 0.05, Fig. S2A–C†).
Similarly, compared with those in the FHC group, the serum
lipid, blood glucose, and inflammatory marker levels were sig-
nificantly lower in the FCA and FCM groups (p < 0.05, Fig. 3D–
M). Furthermore, with respect to liver lipids, liver function,
and liver H&E staining results, mice in the FCA and FCM
groups presented significant decreases in liver lipids (TC and
TG) (p < 0.05, Fig. 3N and O) and improvements in liver func-
tion (p < 0.05, Fig. S2H–K†), alleviated hepatocyte swelling,
reduced lipid droplet size, and a significant decrease in fat
content (p < 0.05, Fig. 3P and Q). H&E staining of adipose
tissue revealed that FCA and FCM mice had smaller eWAT and
iWAT adipocytes, reduced lipid droplet accumulation, and a
slowing trend of brown adipose tissue conversion into white
adipose tissue (Fig. S2L–N†). In conclusion, the recipient mice
presented phenotypes and trends similar to those of the donor
mice, suggesting that the efficacy of CA and CM is closely
related to the gut microbiota.

Effects of CA and CM on the gut microbiota of HFD-fed mice

To investigate the effects of CA and CM on the gut microbiota
in HFD-fed mice, we collected faecal samples and performed
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16S rRNA V3–V4 analysis. Compared with the CON group, the
HFD group presented decreases in the Sobs (Fig. 4A), Ace
(Fig. 4B), Chao1 (Fig. S3A†), and Shannon (Fig. S3B†) indices,
whereas supplementation with CA and CM partially restored
the diversity and richness of the gut microbiota. These
results were consistent with the Venn diagram, which
revealed an increase in the number of OTUs after supplemen-
tation with CA and CM (Fig. S3C†). Beta diversity analysis via
principal coordinate analysis (PCoA) (Fig. 4C) and nonmetric
multidimensional scaling analysis (NMDS) (Fig. S3D†) indi-
cated that supplementation with CA and CM significantly
altered the gut microbiota structure in HFD-fed mice.
Analysis of the Bray–Curtis distance revealed that BSP sup-
plementation reshaped the overall structure of the gut micro-
biota, making it more similar to that of the NC group
(Fig. S3E†). Next, we analysed the effects of CA and CM on the

composition of the gut microbiota at the phylum (Fig. 4D)
and genus (Fig. S3F†) levels.

The gut microbiota was predominantly composed of
Firmicutes (approximately 70%), followed by Bacteroidetes and
Desulfobacterota. The HFD increased the abundance of
Firmicutes and Actinobacteria, while reducing the abundance of
Bacteroidetes. The ratio of Firmicutes to Bacteroidetes (F/B) is an
important indicator reflecting the composition and homeosta-
sis of the intestinal microbiota and is closely related to the
metabolic status of the host. Compared with that in the NC
group, the F/B ratio in the HC group was significantly greater
(p < 0.05), and supplementation with CA and CM significantly
reduced the F/B ratio (p < 0.05, Fig. 4E). A cluster heatmap
(Fig. 4F) showed that the abundances of Turicibacter,
Romboutsia, Eubacterium fissicatena, and Enterorhabdus in the
guts of the mice increased after HFD feeding, whereas the

Fig. 2 Effects of CA and CM on hepatic oxidative stress, lipid levels, and histopathology in HFD-fed mice. (A) SOD, (B) CAT, (C) GSH, (D) GSH-PX, (E)
MDA, (F) TC, and (G) TG levels in liver homogenates. (H) Liver fat ratio. H&E staining of (I) liver tissue, (J) epididymal white adipose tissue (eWAT), (K)
inguinal white adipose tissue (iWAT), and (L) brown adipose tissue (BAT) from mice. Scale bar, 100 µm. The data are presented as means of biological
replicates ± SEMs (n = 8). Differences between groups were analysed using one-way ANOVA followed by Tukey’s post hoc test. Statistical significance
was set at p < 0.05. Different letters indicate significant differences between groups. HFD, high-fat diet; NC, normal control group; HC, hyperlipidae-
mic group; SV, simvastatin control group (HFD and 30 mg kg−1 SV); CA, cinnamic acid group (HFD and 20 mg kg−1 CA); CM, cinnamaldehyde group
(HFD and 20 mg kg−1 CM); ANOVA, analysis of variance.
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abundances of these microbiota decreased after supplemen-
tation with CA and CM. Moreover, CA and CM supplemen-
tation increased the relative abundances of Roseburia,
Oscillospiraceae, and Colidextribacter.

Furthermore, clustering analysis revealed that the CA and
CM groups, particularly the CA group, clustered closely with
the NC group, suggesting that CA and CM reshaped the gut
microbiota, making it more similar to the microbiota of mice
fed a standard diet. To explore the specific gut microbiota
regulated by CA and CM, we generated a taxonomic cladogram
(Fig. 4G) and histogram (Fig. S3G†) of the LDA score on the
basis of LEfSe analysis, which revealed taxonomic groups with
LDA scores greater than 4. At the genus level, the differential
genus in the NC group was Dubosiella, whereas the differential
genera in the HFD group included Romboutsia, Eubacterium fis-
sicatena, Turicibacter, and Enterorhabdus. The characteristic

genera of the CA group were Ruminococcus torques,
Colidextribacter, and Marvinbryantia, whereas the characteristic
genera of the CM group were Blautia and Lachnospiraceae
NK4A136.

Additionally, according to linear regression analysis, liver
TC (Fig. 4H) and liver TG (Fig. 4I) were significantly correlated
with the observed Sobs index and accounted for 64.5% and
62.29% of the variation in the Sobs index, respectively (Fig. 4H
and I). We also performed correlation analysis via the
Spearman algorithm to explore the relationships between gut
bacterial genera and biochemical markers in mice after sup-
plementation with CA or CM. As shown in Fig. S3H,†
Enterorhabdus, Eubacterium fissicatena, Romboutsia, and
Turicibacter were positively correlated with TC, TG, IL-6, IL-1β,
TNF-α, and LPS and negatively correlated with SOD, GSH, CAT,
and GSH-PX. Akkermansia, Oscillospiraceae, and Colidextribacter

Fig. 3 FMT confirms the role of the gut microbiota in the mechanisms by which CA and CM alleviate hyperlipidaemia. (A) Experimental grouping
and protocol for FMT. (B) Body weight changes over 12 weeks. (C) Body weight gain. (D) TC, (E) TG, (F) LDL-C, (G) HDL-C, (H) GLU, (I) FINS, (J) LPS,
(K) TNF-α, (L) IL-6, and (M) IL-1β levels in plasma. (N) TC and (O) TG levels in the liver. (P) Liver fat ratio. (Q) Representative H&E staining of liver tissue
from mice. Scale bar, 100 µm. The data are presented as means ± SEMs from biological replicates (n = 8). Differences between the experimental
groups were analysed using one-way ANOVA followed by Tukey’s post hoc test. Differences were considered statistically significant when p < 0.05.
Different letters indicate significant differences between two groups. HFD, high-fat diet; FHC, faecal microbiota transplantation of the HC group;
FCA, faecal microbiota transplantation of the CA group; FCM, faecal microbiota transplantation of the CM group; ANOVA, analysis of variance.
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were negatively correlated with TC, TG, IL-6, IL-1β, TNF-α, and
LPS and positively correlated with SOD, GSH, CAT, and GSH-PX.
In summary, these microorganisms, such as Romboutsia,

Eubacterium fissicatena, Oscillospiraceae, and Colidextribacter,
can be considered potential biomarkers for regulating the gut
microbiota to prevent and improve lipid metabolism.

Fig. 4 Effects of CA and CM on the gut microbiota of HFD-fed mice. (A) The Sob index at the OTU level. (B) The Shannon index at the OTU level. (C)
PCoA of the gut microbiota. (D) The composition profile of the gut microbiota assessed at the phylum level. (E) F/B ratio. (F) Heatmap of the relative
abundance of the top 20 genera at the OTU level. (G) Taxonomic cladogram of the LDA score based on LEfSe analysis (LDA > 4 was considered the
differential characteristic taxon). Regression analysis (H) between liver TC and the Sobs index and (I) between liver TG and the Sobs index. The data
are presented as means of biological replicates ± SEMs (n = 8). Differences between groups were analysed using one-way ANOVA followed by
Tukey’s post hoc test. Statistical significance was set at p < 0.05. Different letters indicate significant differences between groups. NC, normal control
group; HC, hyperlipidaemic group; CA, cinnamic acid group (HFD and 20 mg kg−1 CA); CM, cinnamaldehyde group (HFD and 20 mg kg−1 CM);
ANOVA, analysis of variance.
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Effects of CA and CM on the gut metabolite profiles of HFD-
fed mice

The gut microbiota plays an important role in the metabolism
of exogenous substances, leading to the production of and
variation in certain small-molecule metabolites. Therefore, we
conducted an untargeted metabolomic study to identify the
effects of CA and CM supplementation on the metabolic pro-
files of HFD-fed mice. After the raw data were processed, 2251
and 2557 mass spectrometry peaks were extracted in positive
and negative ion modes, respectively, for all the samples. The
RSD of the QC samples was <0.3, and the cumulative pro-
portion of peaks was >70%, indicating that the analytical
method for metabolomics in this study was stable and repro-
ducible (Fig. S4A†). The Venn diagram of metabolites revealed
the similarities and differences in metabolites produced
between the groups, with the overlapping portions indicating
common metabolic differences among the groups (Fig. S4B†).
The PLS-DA results demonstrated that, in both positive and
negative ion modes, there was clear separation and 27 and 57
decreased metabolites, respectively. After comparison with the
database (VIP > 2, FC > 2, and p < 0.05), 48, 38, and 46 differen-
tially abundant metabolites were identified between the NC
and HC groups, CA and HC groups, and CM and HC groups,
respectively (Tables S3–S5†). PLS-DA model validation revealed
that the R2 values in both positive and negative ion modes
were above Q2, with the intercepts of the Q2 regression lines
on the Y-axis being −0.6165 and −0.5675, indicating that the
model had a good fit and strong predictability, making it suit-
able for subsequent data analysis (Fig. S4C and D†).

The clustering heatmap (Fig. 5F) and bar charts of differen-
tially abundant metabolites (Fig. S4E–M†) indicated that CA
and CM inhibited the increase in Pc (14:0/P-18:1(11Z)), Pc
(18:0/0:0), Pc (22:0/16:0), Lysopc (15:0), Lysopc (P-18:1(9Z)/0:0),
Lysopc (17:0/0:0), Lysopc (0:0/16:0), Lysopc (20:1(11Z)/0:0), leu-
kotriene C4 (LTC4), prostaglandin E2 (PGE2), and arachidonic
acid (AA) induced by the HFD and inhibited the decrease in
linoleic acid, phytosphingosine, stercobilin, and Pgp (20:4
(5Z,8Z,11Z,14Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) caused by the
HFD. We then performed pathway enrichment analysis
(impact value >0.4, P < 0.05), which revealed that the HFD sig-
nificantly affected 5 pathways (Fig. 5G). Both CA and CM regu-
lated the linoleic acid metabolism, alpha-linolenic acid metab-
olism, glycerophospholipid metabolism, and arachidonic acid
metabolism pathways. Additionally, CA and CM influenced
sphingolipid metabolism and the biosynthesis of unsaturated
fatty acids, respectively (Fig. 5H and I). A linkage diagram
between metabolic pathways and changes in related metab-
olites is shown in Fig. 6, suggesting that CA and CM may
restore the normal function of metabolic pathways by regulat-
ing changes in metabolites, thereby suppressing the occur-
rence and development of hyperlipidaemia.

Additionally, correlation analysis between the intestinal
core flora and metabolites (Fig. 5J) and the biochemical
indices and intestinal metabolites (Fig. S4N†) revealed that
Lysopc (20:1(11Z)/0:0), arachidonic acid metabolism, Lysopc

(15:0), Pc (14:0/P-18:1(11Z)), Lysopc (0:0/16:0), Lysopc (17:0/
0:0), and Pc (22:0/16:0) were positively correlated with
Romboutsia, Eubacterium fissicatena, serum and liver lipids (TC
and TG) and serum inflammatory markers (IL-1β, LPS, IL-6,
and TNF-α) and negatively correlated with Colidextribacter and
Oscillospiraceae and liver oxidative stress indicators (GSH,
GSH-PX, SOD, and CAT). Linoleic acid, Pgp (20:4
(5Z,8Z,11Z,14Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)), LC4, PE2, and
stercobilin were negatively correlated with Romboutsia,
Eubacterium fissicatena, serum and liver lipids (TC and TG)
and serum inflammatory markers (IL-1β, LPS, IL-6 and TNF-α)
and positively correlated with Colidextribacter and
Oscillospiraceae and liver oxidative stress markers (GSH,
GSH-PX, SOD, and CAT).

Correlation analysis of biochemical indicators related to
hyperlipidaemia, the gut microbiota, and metabolites

To elucidate the significance of CA and CM in alleviating
hyperlipidaemia through the modulation of the gut microbiota
and metabolites, we conducted Spearman’s correlation ana-
lysis to explore the relationships among hyperlipidaemia-
related biochemical markers, the gut microbiota, and metab-
olites. The correlation network diagrams demonstrated signifi-
cant correlations (|R| > 0.6, p < 0.05) among biochemical
markers (lipids and inflammatory and oxidative stress
markers), microbiota, and metabolites (Fig. 7). Overall, serum
and liver lipids (TC and TG) were positively correlated with
Erysipelatoclostridium, Lachnospiraceae, Turicibacter,
Eubacterium fissicatena, Enterorhabdus, linoleic acid, cervonoyl
ethanol, 12-hydroxyoctadecanoic acid, and acetoxystachybotry-
dial acetate and negatively correlated with Lachnospiraceae
NK4A136, stercobilin, Lysope (15:0/0:0:0), and phytosphingo-
sine. LPS, TNF-α, and IL-6 were positively correlated with
Erysipelatoclostridium, Turicibacter, Eubacterium fissicatena,
Enterorhabdus, cervonoyl ethanolamide, and acetoxystachybo-
trydial acetate and negatively correlated with Lachnospiraceae
NK4A136, stercobilin, Lysope (15:0/0:0), and phytosphingosine.
Liver CAT, GSH, GSH-PX, and SOD were positively correlated
with Lachnospiraceae NK4A136, stercobilin, phytosphingosine,
arachidonic acid, and Icosa-2,4,6-trienoic acid and negatively
correlated with Erysipelatoclostridium, Turicibacter,
Enterorhabdus, cervonoyl ethanolamide, and acetoxystachybo-
trydial acetate. These results suggest that the aforementioned
genera and metabolites can be considered biomarkers for
hyperlipidaemia. In conclusion, CA and CM may alleviate
hyperlipidaemia by modulating the gut microbiota and meta-
bolic pathways.

Discussion

Hyperlipidaemia, a global public health issue, is a risk factor
for various chronic diseases.3 Cinnamon holds promise as a
feasible alternative for the prevention and alleviation of
obesity and lipid metabolism disorders.25 However, the poten-
tial of its main active components, CA and CM, in preventing
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and treating hyperlipidaemia remains unclear. In this study,
we evaluated the effects of CA and CM on the phenotypes, gut
microbiota, and metabolites of hyperlipidaemic mice, as well
as potential associations. The findings may provide an
effective approach for functional food interventions targeting
hyperlipidaemia. In this study, mice were fed a control diet
(15.8% of calories from fat) or a high-fat diet (HFD, 40% of cal-

ories from fat) supplemented with CA or CM to investigate the
causal relationships among CA, CM, the gut microbiota, and
hyperlipidaemia. The results demonstrated that the daily
gavage of 20 mg kg−1 CA and CM has significant potential in
alleviating HFD-induced hyperlipidaemia in mice. These
effects included reduced body weight, improved glucose and
lipid metabolism, alleviated inflammation, enhanced anti-

Fig. 5 Effects of CA and CM on the gut metabolite profiles of HFD-fed mice. PLS-DA in (A) positive mode and (B) negative mode comparing the
NC, HC, CA and CM groups. Volcano plot depicting the differentially abundant metabolites (C) between the HC and NC groups, (D) between the CA
and HC groups, and (E) between the CM and HC groups. (F) Heatmap of all the differentially abundant metabolites. Metabolic pathway enrichment
analysis (G) between the HC and NC groups, (H) between the CA and HC groups, and (I) between the CM and HC groups in positive and negative
ionization modes. (J) Spearman’s correlation analysis between the metabolites and the core microbiota. The data are presented as means of biologi-
cal replicates ± SEMs (n = 8). Differences between groups were analysed using one-way ANOVA followed by Tukey’s post hoc test. Statistical signifi-
cance was set at p < 0.05. Different letters indicate significant differences between groups. NC, normal control group; HC, hyperlipidaemic group;
CA, cinnamic acid group (HFD and 20 mg kg−1 CA); CM, cinnamaldehyde group (HFD and 20 mg kg−1 CM); ANOVA, analysis of variance.
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Fig. 6 Metabolic network based on differentially abundant metabolites and pathway analysis. The red and blue arrows represent metabolites regu-
lated by a HFD and CA/CM, respectively.

Fig. 7 Spearman’s correlation (A) heatmap and network among (B) serum and liver lipids, (C) the serum inflammatory index, and (D) the hepatic oxi-
dative stress index, the gut microbiota, and differentially abundant metabolites. Red nodes represent biochemical indicators, blue nodes represent
the gut microbiota, and green nodes represent differentially abundant metabolites. The red lines indicate positive correlations, whereas the blue
lines indicate negative correlations.
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oxidant capacity, and modulation of the gut microbiota and
metabolites (experiment 1). Furthermore, faecal microbiota
transplantation experiments confirmed that the therapeutic
effects of CA and CM may be mediated through their regu-
lation of the gut microbiota and metabolites (experiment 2).

Studies have shown that CA can improve weight gain and
serum lipid distribution in HFD-fed rats and that CA deriva-
tives have antioxidant and lipid-lowering effects on hyperlipi-
daemic rats.26 CM can decrease serum lipid, oxidative stress,
and inflammatory factor levels in HFD-fed rats, exerting an
anti-atherosclerotic effect.27 In this study, we found that sup-
plementation with CA and CM reduced the levels of total TC,
TG, and LDL-C in serum, while HDL-C levels did not signifi-
cantly increase. Among them, the improvement of serum TG
levels by CA and CM was similar to that of SV, while CM
showed a better effect on LDL-C improvement compared to SV.
After supplementation with CA and CM, the serum GLU, FINS,
LPS, and inflammatory cytokine (TNF-α, IL-6, and IL-1β) levels
significantly decreased. These effects were superior to those of
supplementation with SV. The decrease in these biochemical
indicators was closely related to the reversal of gut microbiota
dysbiosis by CA and CM, affecting the core gut microbiota and
metabolites. For example, the F/B ratio was reduced, and the
growth of lipid metabolism-related genera (such as
Enterorhabdus, Turicibacter, and Romboutsia) was inhibited,
whereas the growth of beneficial bacteria (such as Roseburia,
Oscillospiraceae, and Colidextribacter) was promoted.

Research has shown that gut microbiota dysbiosis, includ-
ing abnormalities in composition, structure, and function, is
closely associated with various chronic metabolic diseases,
such as obesity, diabetes, and cardiovascular diseases.28

Promoting or inhibiting the growth of specific microorganisms
is an effective way to influence the host phenotype. Roseburia
can stimulate the differentiation of Treg cells through the pro-
duction of butyrate, alleviating inflammation, enhancing the
intestinal barrier, and reducing the risk of obesity; it is also
negatively correlated with BMI, blood glucose, and blood
lipids.29 Oscillospiraceae is involved in the synthesis of butyrate
and other SCFAs, which typically help maintain gut homeosta-
sis and host health. A prospective study has shown that
Oscillospira is negatively correlated with body weight, blood
lipids, and inflammation.30 Colidextribacter is a beneficial
anti-inflammatory bacterium.31 Studies have shown that
Colidextribacter has a positive effect on mice with nonalcoholic
fatty liver disease (NAFLD) induced by a HFD.32 In this study,
supplementation with CA and CM promoted the growth of
Roseburia, Oscillospiraceae, and Colidextribacter, which were
negatively correlated with lipids (TC and TG) and inflamma-
tory factors (IL-6, IL-1β, TNF-α, and LPS) and positively corre-
lated with oxidative stress markers (SOD, GSH, CAT, and
GSH-PX). Notably, the characteristic genera of the HFD group
were Enterorhabdus, Turicibacter, Eubacterium fissicatena and
Romboutsia, which are generally considered harmful bacteria.
The increase in Enterorhabdus may be associated with glucose
and lipid metabolism, as well as fat accumulation, suggesting
that Enterorhabdus may promote the occurrence of metabolic

abnormalities.33 An increased abundance of Turicibacter can
exacerbate intestinal damage and lead to severe compli-
cations.34 Eubacterium fissicatena and Romboutsia are con-
sidered potential pathogens in the gut and are associated with
colonic inflammation and oxidative stress levels.35

Ruminococcus torques, Colidextribacter, and Marvinbryantia
were characteristic differential genera in the CA group,
whereas Blautia and Lachnospiraceae NK4A136 were character-
istic differential genera in the CM group and generally con-
sidered beneficial bacteria. Among them, Marvinbryantia has a
relatively high abundance in healthy populations and is nega-
tively correlated with liver cirrhosis.36 Blautia has the ability to
biotransform compounds, regulate host health, and alleviate
metabolic syndrome.37 Lachnospiraceae NK4A136 positively
impacts the host’s overall metabolic health by promoting gut
barrier function, regulating glucose and lipid metabolism, and
alleviating inflammation.38 Notably, in the present study, sup-
plementation with CA and CM reduced the increase in the
abundance of harmful bacteria such as Turicibacter,
Romboutsia, Eubacterium fissicatena, and Enterorhabdus com-
pared with those in the HC group, but increased the relative
abundance of beneficial bacteria such as Roseburia,
Oscillospiraceae, and Colidextribacter. These results suggest
that supplementation with CA and CM is associated with pro-
moting or inhibiting the growth of beneficial or harmful bac-
teria related to lipid metabolism, which may explain how CA
and CM reshape the gut microbiota to alleviate hyperlipidae-
mia. However, further research is needed to confirm the roles
of these genera in the development of hyperlipidaemia.

The metabolic products of the gut microbiota, such as lipo-
polysaccharides (LPS), SCFAs, and secondary bile acids, are
important regulatory factors for host physiological functions.
These metabolites can enter the bloodstream through the per-
meability of the intestinal barrier, affecting the metabolic func-
tions of various tissues and organs and reflecting the host
health status.39 Through pathway analysis, this study identified
five lipid metabolism pathways affected by a HFD, among which
CA and CM regulate linoleic acid metabolism, glycerophospholi-
pid metabolism, arachidonic acid metabolism, alpha-linolenic
acid metabolism, and sphingolipid metabolism. Studies have
shown that CA and CM inhibited the increase in Lysopc (15:0),
Lysopc (P-18:1(9Z)/0:0), Lysopc (17:0/0:0), Lysopc (0:0/16:0),
Lysopc (20:1(11Z)/0:0), Pc (14:0/P-18:1(11Z)), Pc (18:0/0:0), and Pc
(22:0/16:0) induced by a HFD. These metabolites were positively
correlated with blood lipids (TC and TG) and inflammatory
factors (IL-6, IL-1β, TNF-α, and LPS) and negatively correlated
with oxidative stress markers (GSH, GSH-PX, CAT, and SOD).
Supplementation with CA and CM reversed the decreases in lino-
leic acid, Pgp (20:4(5Z,8Z,11Z,14Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)),
phytosphingosine, and stercobilin, which were positively corre-
lated with blood lipids (TC and TG) and inflammatory factors
(IL-6, IL-1β, TNF-α, and LPS) and negatively correlated with oxi-
dative stress markers (GSH, GSH-PX, CAT, and SOD).

Phosphatidylcholine (PC) plays important roles in lipid
metabolism, cell signalling, and gut health.40 Zhang et al.
reported that, compared with those in a blank group (ND), the
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levels of 10 PC species in ApoE−/− mice fed a HFD were signifi-
cantly greater than those in the ND group, a finding that is
consistent with the results of our research.41 LysoPCs are
minor components of the cell membrane, and are formed by
the hydrolysis of PC, and have the ability to regulate LDL-C
metabolism. They are involved in atherosclerosis induced by
sterols and may also damage endothelial cells by inducing
lipid peroxidation of the cell membrane.42,43 According to the
research by Yu et al., a HFD increases lipid profiles such as
PC, LysoPCs, and fatty acids; in particular, they suggested that
LysoPCs could be considered potential biomarkers for chronic
HFD intake in nonobese individuals.44 Linoleic acid is known
to promote lipid metabolism and alleviate inflammation,
which is beneficial for chronic diseases such as obesity and
hyperlipidaemia.45 P-glycoprotein (Pgp), an important mem-
brane transporter, plays a key role in various physiological and
pathological processes. Studies have shown that in Pgp-
deficient mice fed a high-fat diet, body weight, fat mass,
serum insulin, and glucose levels are greater, and metabolic
disorders develop earlier.46

This result was consistent with our findings, where Pc (14:0/
P-18:1(11Z)), Pc (22:0/16:0), linoleic acid, Lysopc (17:0/0:0),
and Pgp (20:4(5Z,8Z,11Z,14Z)/22:6(4Z,7Z,10Z,13Z,16Z,19Z)) were
negatively correlated with TC, TG, Erysipelatoclostridium,
Enterorhabdus, Romboutsia ilealis, Turicibacter, and Eubacterium
fissicatena and positively correlated with potentially beneficial
bacteria such as Lachnospiraceae and Oscillospiraceae. These
findings suggest that CA and CM may regulate linoleic acid,
alpha-linolenic acid, and glycerophospholipid metabolism by
increasing beneficial gut microbiota and reducing harmful bac-
teria, thereby decreasing lipid synthesis; this could also be one
of the reasons for the reduction in serum and liver total chole-
sterol levels.

This study revealed that a HFD induced an increase in AA,
PGE2, and LTC4 in the intestines of mice. CA and CM reversed
this trend. Arachidonic acid is considered an important driver
of the inflammatory response and is associated with the occur-
rence and development of many metabolic diseases, such as
obesity, fatty liver disease and hyperlipidaemia.47,48 In
addition, a HFD can significantly promote the formation of
oxidative derivatives of arachidonic acid (proinflammatory
molecules such as prostaglandins, thromboxins and leuko-
trienes), which aggravate oxidative stress and the inflammatory
response.49 PE2, by binding to specific prostaglandin recep-
tors, activates downstream signalling pathways that promote
the release of inflammatory factors (such as IL-6 and TNF-α),
increase vascular permeability, and exacerbate inflammation.50

Similarly, LTC4 also increases vascular permeability, promot-
ing the leakage of plasma proteins and white blood cells to the
site of inflammation, thereby worsening the local inflam-
matory response.51 This finding is consistent with the results
of our study, which revealed that AA, PGE2, and LTC4
were positively correlated with IL-6, IL-1β, TNF-α, LPS,
Erysipelatoclostridium, Enterorhabdus, Romboutsia ilealis,
Turicibacter, and Eubacterium fissicatena. These findings
suggest that these genera may accelerate the synthesis of AA,

PGE2, and LTC4, promoting inflammation in the body,
whereas CA and CM may alleviate the inflammatory response
in hyperlipidaemic mice by reducing the abundance of these
genera and metabolites.

There is interplay among lipid metabolism, inflammation,
and oxidative stress. The dysregulation of lipid metabolism,
especially the oxidation of fatty acids, promotes the generation
of reactive oxygen species (ROS), which triggers oxidative
stress. Oxidative stress further damages lipid components of
cell membranes, leading to lipid peroxidation and the for-
mation of harmful substances such as oxidized lipids. These
substances not only disrupt cellular structures but also activate
inflammatory pathways, promoting the release of pro-inflam-
matory cytokines such as IL-6 and TNF-α. Moreover, inflam-
mation itself can exacerbate oxidative stress by increasing ROS
levels within cells, creating a vicious cycle. This process is a
key pathological mechanism in various metabolic diseases,
such as obesity, hyperlipidaemia, and diabetes, induced by
HFDs.52 Obtusastyrene is an effective antimicrobial agent with
anti-inflammatory and antioxidant properties.53 Linoleic acid
can activate transcription factors such as PPARs and SREBP,
regulating fatty acid synthesis and oxidation processes, influ-
encing fat storage and energy metabolism, and thereby impact-
ing obesity.54 This study revealed that liver SOD, GSH-PX, CAT,
and GSH levels were negatively correlated with AA, PGE2, and
LTC4 levels and positively correlated with linoleic acid, Lysopc
(17:0/0:0), Pc (14:0/P-18:1(11Z)), and Pc (22:0/16:0) levels.
These results suggest that CA and CM may regulate lipid metab-
olism and inflammatory responses by modulating the gut
microbiota and metabolites, thereby alleviating oxidative stress
and delaying the onset and progression of hyperlipidaemia.

This study employed a comprehensive approach, including
analyses of blood lipid levels, blood glucose, inflammatory
factors, and oxidative stress; histopathology; 16S rDNA sequen-
cing; and metabolomics, to elucidate the therapeutic effects of
CA and CM on hyperlipidaemia. The results showed that CA
and CM effectively alleviated body weight and organ weight
increases induced by a HFD in mice and reduced hyperlipidae-
mia-related dyslipidaemia, inflammation, oxidative stress, and
liver damage. Additionally, through FMT, we confirmed that
the therapeutic effects of CA and CM were largely mediated by
the modulation of the gut microbiota and metabolites.
Notably, supplementation with CA and CM reversed gut dys-
biosis, lowered the F/B ratio, and primarily affected specific
bacteria (Romboutsia, Eubacterium fissicatena, Oscillospiraceae,
and Colidextribacter) and related metabolites (linoleic acid,
PCs, Lysopcs, and AA), thereby alleviating hyperlipidaemia
(Fig. 8). In conclusion, this study provides theoretical support
for the potential of CA and CM as functional foods to improve
lipid metabolism. In addition, we conducted a preliminary
investigation of the relationships between biochemical
markers, the gut microbiota, and metabolites using
Spearman’s correlation analysis, aiming to identify potential
associations or common trends in their changes, which may
provide clues for subsequent mechanistic studies. However,
correlation analysis only reveals the associations between

Food & Function Paper

This journal is © The Royal Society of Chemistry 2025 Food Funct., 2025, 16, 4399–4414 | 4411

Pu
bl

is
he

d 
on

 0
2 

M
ay

 2
02

5.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

26
 1

1:
27

:4
3 

PM
. 

View Article Online

https://doi.org/10.1039/d5fo00384a


these variables and cannot directly prove causal relationships
or the direct impact of one feature on the changes in another.
Therefore, further research is needed to gain a deeper under-
standing of how these factors interact and collectively influ-
ence physiological processes.

Conclusion

This study employed a comprehensive approach, including ana-
lyses of blood lipid levels, blood glucose, inflammatory factors,
and oxidative stress; histopathology; 16S rDNA sequencing; and
metabolomics, to elucidate the efficacy of CA and CM in hyperli-
pidaemia. The results indicate that CA and CM effectively
reduce body weight and organ weight in HFD-fed mice, miti-
gating blood lipid abnormalities, inflammation, oxidative
stress, and liver damage associated with hyperlipidaemia.
Furthermore, we confirmed through FMT that the therapeutic
effects of CA and CM are largely mediated by the regulation of
the gut microbiota and metabolites. Notably, supplementation
with CA and CM reversed gut microbiota dysbiosis and reduced
the F/B ratio, which may activate lipid metabolism-related path-
ways to alleviate hyperlipidaemia. In conclusion, this study pro-
vides theoretical support for the improvement of glucose and
lipid metabolism and inflammatory factors in hyperlipidaemic
mice by CA and CM. However, the specific associations between
the beneficial effects of CA and CM and the intestinal micro-
biota they regulate as well as the metabolites of these micro-
biota still need to be further studied and confirmed.
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Fig. 8 Possible mechanism by which CA and CM alleviate hyperlipidaemia in mice by regulating the gut microbiota genera and metabolites.
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