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The Artemisia argyi oil reduces high-fat
diet-induced obesity by enhancing
thermogenesis in brown adipose tissue

Check for updates

Shuai Wang1,2,8, ShengLan Lin3,8, Fuan Xie4,8, Shuting Liu5, Ting He5, Kun Chen5, Zhengrong Huang1,
Wenlong Xie5, Hongqiu Cheng2, Jian Zhang6,7 & Weihua Li1

Amid growing global concerns over obesity, the identification of novel lipid resources with potential
health benefits has become a key focus in food science. Artemisia argyi, a traditional edible plant, is
valued for its bioactive volatile oils, yet the effects of Artemisia argyi oil (AAO) on lipid metabolism and
energy balance remain largely unexplored. Brown adipose tissue (BAT), which facilitates energy
dissipation via non-shivering thermogenesis, is a key target for dietary strategies to combat obesity.
Here, we demonstrate that AAO combats obesity by promoting BAT thermogenesis, resulting in
significant reductions in weight gain, body fat, and improved insulin sensitivity. Mechanistically, AAO
promotes Ucp1 transcription by directly activating ZFP516 expression and enhancing its interaction
with LSD1. These findings identify AAO as a natural dietary component with potential to improve
metabolic health through BAT activation, offering insights for its use in functional foods aimed at
energy balance and weight management.

The rising prevalence of obesity and associated metabolic disorders has
spurred global interest in dietary strategies to support energy balance and
healthy weight management1,2. Obesity is closely linked to diseases such as
type II diabetes, hypertension, cardiovascular conditions, certain cancers,
osteoarthritis, fatty liver3–5. Adipose tissue plays a crucial role inmaintaining
metabolic homeostasis and is typically categorized into three types: white
adipose tissue (WAT), beige adipose tissue, and BAT6,7. WAT pre-
dominantly stores excess energy as triglycerides (TG), whereas BAT and
beige adipose tissue dissipate energy to reduce TG accumulation during
high-fat diet (HFD) feeding8,9. BAT is rich in mitochondria, with uncou-
pling protein-1 (UCP1) located in the mitochondrial inner membrane,
where it catalyzes proton leakage to generate heat instead of ATP10–12. Stu-
dies have shown that human BAT activity is associated with a reduction in
bodyweight, and promoting the thermogenic function of BATmay offer an
effective strategy for combating obesity and metabolic diseases13,14. Tran-
scriptional regulators, such as peroxisome proliferator-activated receptor-

gamma coactivator-1 alpha (PGC-1α), Zinc finger protein 516 (ZFP516),
lysine-specificdemethylase 1 (LSD1), andPRdomain-containingprotein16
(PRDM16), play essential roles in regulating the thermogenic function of
BAT15–17. ZFP516, a cold-inducible transcription factor enriched in BAT,
promotes the transcription ofUCP1 and other BAT-enriched genes todrive
non-shivering thermogenesis and has emerged as a potential target for
obesity treatment17,18.

Driven by the growing emphasis on sustainable development and the
rise in health-conscious consumption demands, plant-based ingredients
have emerged as a cutting-edge focus in food innovation19.Artemisia argyi, a
traditional edible plant widely favored in East Asian cuisine, has seen its
leaves commonly used in local specialties such as green rice cakes andherbal
teas20,21. In recent years, it has also demonstrated unique value in the
development of functional baked goods, plant-based beverages, and dietary
supplements22. Artemisia argyi is rich in bioactive compounds such as
polysaccharides, flavonoids, and volatile oils20. Artemisia argyi extract
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demonstrates significant therapeutic efficacy in the treatment of both acute
and chronic gastritis, effectively ameliorating gastric mucosal erosion and
alleviating gastrointestinal symptoms, while exhibiting favorable safety and
tolerability profiles in patients23. Artemisia argyi oil (AAO), which contains
cineole and camphor, exhibits outstanding lipid solubility, thermal stability,
and broad-spectrum antimicrobial properties24,25. These attributes have
enabled its successful application in lipid-based food preservation systems
and flavor enhancement. At a gavage dose of 500mg/kg, mice showed no
changes in behavior or weight, and no macroscopic abnormalities were
observed in any organs, indicating the high safety profile of AAO26. Addi-
tionally, research indicates that water-soluble extracts from Artemisia argyi
can modulate lipid metabolism in high-fat diet models, reducing lipid
accumulation in adipocytes21. Furthermore, AAO can enhance hepatic fatty
acid β-oxidation efficiency, underscoring its potential to improve food
quality andpromote health27.However, the effects andmechanisms ofAAO
in BAT thermogenesis and energy homeostasis regulation, a critical aspect
of lipid catabolism, remain insufficiently explored. Investigating the inter-
actions betweenAAOandBAT-specific pathways is of great significance for
fully unlocking its potential as a novel functional lipid component in
metabolism-oriented food formulations.

In this study, we examined the effects of orally administered AAO in
conjunction with a HFD on obesity and metabolic dysfunction in mice.
AAO treatment effectively mitigated HFD-induced obesity, significantly
reducing body fat percentage, serum triglycerides, free fatty acids, and total
cholesterol levels, while improving metabolic function in mice. Mechan-
istically, AAOactivatedZFP516 expression inBAT,which in turn enhanced
UCP1 expression. Moreover, AAO strengthened the interaction between
ZFP516 and LSD1, further promoting UCP1 expression in BAT. Our
findings highlight the therapeutic potential of AAO in combating obesity
and metabolic disorders.

Results
Extraction, pharmacokinetics, and toxicological analysis of AAO
The hydrodistillation ofArtemisia argyi leaves using a Clevenger apparatus
yielded 0.96% (w/w) of essential oil on a dry weight basis, consistent with
previously reported ranges of 0.5–1.5% for this species. GC-MS analysis
identified 15 major volatile compounds in the extracted essential oil,
accounting for 91.65% of the total peak area (Table 1, Fig. S1). Mono-
terpenoidswere the predominant constituents, representing over 80%of the
composition, including cineole, camphor, and α-thujone (Table 1). Addi-
tionally, β-caryophyllene and 1-octen-3-ol were also identified as significant
components. These results are closely aligned with previous literature

reports, with minor compositional variations likely attributable to geo-
graphic or genetic influences on phytochemical profiles28.

Cineole is one of the major components of AAO and is known to
possess significant biological activity, making it a suitable marker for
reflecting the pharmacokinetic behavior of AAO in vivo26. As shown in
Table S1 and Fig. S2A, the mean AUC₀-t, Cmax, and Tmax values were
18.87 ± 1.87 μg/l*h, 6.18 ± 0.54 μg/l, and 1 h, respectively, following oral
administration of AAO (500mg/kg) to rats. Additionally, the plasma
elimination half-life (t₁/₂) and mean residence time (MRT₀-t) were
3.72 ± 0.68 h and 2.98 ± 0.35 h, respectively. Furthermore, liver exposure
results indicated that 1 h after oral administration of 500mg/kg AAO, the
maximum concentration of cineole in the liver reached approximately
4.8 μg/g (Fig. S2B).

Prior to exploring the anti-obesity effects in vivo, a toxicity study of
AAOwas conducted in mice on NCD. As shown in Fig. S3A, AAO did not
affect the survival rate of mice. The liver injury markers (alanine amino-
transferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase
(ALP)), kidney injurymarkers (bloodureanitrogen (BUN), creatinine), and
myocardial injury markers (cardiac troponin T (cTnT), cardiac troponin I
(cTnI), B-type natriuretic peptide (BNP)) in the serum of mice were all
unaffected byAAO (Fig. S3B–I). AAO also did not affect the activity level of
mice (Fig. S3J).We further examined themuscle phenotype in theAAOoral
group, but no apparent defects were observed (Fig. S3K). Furthermore, we
also evaluated the toxicity of AAO in vitro. As shown in Fig. S3L–O, AAO
did not significantly affect the proliferation of hepatocytes (LX2), renal cells
(HK-2), cardiomyocytes (H9c2), or skeletal muscle cells (C2C12). These
results suggest thatAAOdoesnot exhibit significant toxicity either in vivoor
in vitro.

AAO effectively counteracts obesity induced by HFD
We first compared the effects of AAO with established obesity treatments,
including pharmaceutical interventions (GLP-1 analogs) and well-
characterized plant-based thermogenic agents (capsaicin), in combating
high-fat diet-induced obesity (Fig. S4A).

At week 23, body weight and body fat percentage were significantly
reduced in the semaglutide, capsaicin, and AAO groups (Fig. S4B–C). And
mice in the oral AAO group exhibited lower body weight and body fat
percentage compared to those in the oral capsaicin group, while mice in the
semaglutide group had lower body weight and body fat percentage than
those in the AAO group (Fig. S4B–C). Additionally, serum levels of TG,
non-esterified fatty acids (NEFA), and total cholesterol (T-CHO) in the
AAO group were significantly lower than those in the capsaicin group (Fig.
S4D–F). However, serum T-CHO levels in the AAO group were sig-
nificantly higher than those in the semaglutide group (Fig. S4F). Further-
more, mice in the AAO group exhibited glucose tolerance and insulin
sensitivity similar to those in the semaglutide group (Fig. S4G–J). Finally, we
found that the rectal temperature of mice in the AAO and capsaicin groups
was approximately 38 °C at room temperature (RT). However, under acute
cold stimulation, the rectal temperature of mice in the AAO group was
higher than that ofmice in the capsaicin group (Fig. S4K–M).Basedon these
findings, we selected AAO for a comprehensive investigation.

To further evaluate the effects of different concentrations of AAO on
body weight in mice, we administered low, medium, and high concentra-
tions of AAO via gavage in conjunction with HFD and monitored body
weight weekly for each group (Fig. 1A). As shown in Fig. 1B, an increase in
AAO concentration resulted in a slower rate of body weight gain compared
to theHFDgroup.Atweek12, the bodyweight ofmice in theHAgroupwas
approximately 6 g less than that ofmice in theHFDgroup (Fig. 1B). Further
analysis of body composition showed that increasing concentrations of
AAO progressively decreased fat mass (Fig. 1C, D). Simultaneously, we
assessed the serum concentrations of TG, NEFA, and T-CHO. Serum TG,
NEFA, and T-CHO levels were significantly lower in the MA and HA
groups compared to the HFD group (Fig. 1E–G). However, there was no
difference in T-CHO levels between the LA group and theHFD groupmice
(Fig. 1G). To further evaluate the effect of AAO on liver function, we

Table. 1 | AAO component analysis by GC-MS

Peak number Rt (min) Compound mf Peak area (%)

1 6.22 Camphene C10H16 2.93

2 7.15 1-Octen-3-ol C8H16O 2.20

3 8.48 o-Cymene C10H14 0.42

4 8.74 Cineole C10H18O 35.95

5 9.86 γ- Terpinene C10H16 2.04

6 10.12 Cyclohexanol C6H12O 2.71

7 11.38 α1-(-)-Thujone C10H16O 11.05

8 11.71 (+)-Thujone C10H16O 0.96

9 12.87 Camphor C10H16O 14.66

10 13.61 (−)-Borneol C10H18O 10.50

11 13.85 Terpinen-4-ol C10H18O 2.21

12 14.39 α-Terpineol C10H16 1.63

13 15.2 (E)-Carveol C10H16O 0.71

14 17.33 Bornyl acetate C12H20O2 0.90

15 21.43 β-Caryophyllene C15H24 2.79
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measured serum levels of AST and ALT. As shown in Fig. S5A, B, serum
AST and ALT levels decreased gradually with increasing concentrations of
AAO. However, low-concentration AAO did not significantly reduce AST
levels compared to the HFD group (Fig. S5A). Additionally, serum LDL
levels decreased in a dose-dependent manner with AAO treatment com-
pared to the HFD group (Fig. S5C). Moreover, mice in the HFD group
exhibitedmore severe glucose intolerance and insulin resistance than those
on the NCD (Fig. 1H–K). Simultaneously, both medium and high con-
centrations of AAO improved insulin sensitivity and alleviated glucose
intolerance (Fig. 1H–K). These findings suggest that AAO effectively
counteracts obesity and improves insulin sensitivity in HFD.

AAOeffectively reduces lipid accumulation in adipose tissue and
the liver
Considering the significant reduction in body fat percentage with AAO, we
further examined the adipose tissue and liver weights in each group ofmice.
As depicted in Fig. 2A–D, the weights of iWAT, gWAT, BAT, and liver in
the MA and HA groups were notably lower compared to the HFD group.
However, there were no significant differences in iWAT and liver weights
between the LA and HFD groups (Fig. 2A–D). Further H&E staining
analysis showed that AAO effectively reduced lipid accumulation in adi-
pocytes and hepatocytes, especially at higher concentrations (Fig. 2E).
Moreover, TG content measurements were consistent with the H&E
staining results, indicating that TG levels in adipose and liver tissues ofmice
in theHA groupwere significantly lower than those in theHFD group (Fig.
2F–I). Overall, these findings demonstrated that AAO effectively reduced
lipid and TG accumulation in the adipose tissues and liver of mice fed a
high-fat diet.

AAO significantly facilitates thermogenesis of mice
Previous studies have shown that enhanced thermogenic capacity of BAT
can significantly counteract obesity induced by HFD29,30. To investigate
whetherAAOcan enhanceBAT thermogenesis, wemeasured the core body
temperature of mice in each group under both RT and acute cold exposure
(Fig. 3A). As shown in Fig. 3B, C, after 4 h of cold exposure at 4 °C, the body
temperature drop was significantly smaller in the MA and HA groups
compared to the HFD group. In contrast, mice treated with low-
concentration AAO did not show resistance to the cold-induced drop in
body temperature (Fig. 3B, C). Meanwhile, under RT conditions, the core
body temperatureof all groups remainedstable at approximately 38 °C,with
no significant differences observed (Fig. 3B). To further investigate the
impact of AAO on systemic metabolism in mice, we measured oxygen
consumption and heat production across all groups using a metabolic cage
system. As depicted in Fig. 3D, E, the administration of AAO did not alter
the food intake or physical activity of the mice. However, it led to a sig-
nificant increase in both oxygen consumption and heat production,
observed during both the day and night, when compared to theHFD group
(Fig. 3F–I). Notably, oral administration of low-concentrationAAOhad no
effect on oxygen consumption and heat production in mice, either during
the day or at night, compared to theHFDgroup (Fig. 3F–I). Taken together,
these results suggest that AAOnotably enhances thermogenesis and energy
expenditure in mice.

AAO is essential for promoting the expression of
thermogenic genes
Considering the enhanced capacity of AAO-treated mice to sustain body
temperature under acute cold exposure, we focused on examining the
influence of AAO on BAT. To further explore the impact of AAO on BAT
thermogenic function, we performed RNA-seq on BAT samples frommice
in both the HFD and HA groups. A clear separation was observed between
the HFD and HA groups, indicating substantial differences in gene
expression profiles (Fig. 4A). As shown in Fig. 4B, the HA group displayed
2284upregulatedgenes and990downregulated genes compared to theHFD
group.We further performedheatmap analysis on the genes thatwere either
upregulatedor downregulated.Asdepicted inFig. 4C, theupregulated genes

are predominantly involved in thermogenic processes (such as Ucp1, Dio2,
Zfp516, and Elovl3) and oxidative phosphorylation (including Cox8b,
Ndufa3, and Atp5e). Conversely, the downregulated genes are primarily
associated with lipid biosynthesis (such as Fasn, Fads6, Scd1, and Acly) and
pathways related to inflammation (including Nfkb1, Il6, Ccr1, and Tnfα)
(Fig. 4C). Functional enrichment analysis of the upregulated genes identi-
fied significant overrepresentation of pathways involved in thermogenesis,
oxidative phosphorylation, fatty acid metabolism, and TCA cycle (Fig. 4D).
In contrast, the downregulated genes were predominantly associated with
the inflammatory response, NF-kappa B signaling pathway, and lipid bio-
synthesis (Fig. 4E). These results suggest that AAO enhances the expression
of thermogenic genes in BAT while concurrently inhibiting the expression
of genes involved in lipid synthesis.

AAO enhances the expression of thermogenic and oxidative
phosphorylation genes in BAT
To further validate the results obtained from RNA-seq analysis, we per-
formed experimental validation by collecting BAT tissues from the NCD,
HFD, LA, MA, and HA groups, followed by western blot, immuno-
fluorescence, and qPCR analyses. The expression level of UCP1 in the BAT
of mice in the HFD group was significantly lower than that in the NCD
group, indicating the successful establishment of the mouse model (Fig.
5A and S6A). As the AAO concentration increased, the protein levels of
UCP1, PGC1α, PPARα, and PRDM16 in BAT were elevated, while AGT
levels decreased (Fig. 5A and S6A, B). The qPCR data further corroborated
the results obtained fromthewesternblot analysis (Fig. 5B–F). Furthermore,
the immunofluorescence results provided additional confirmation of the
alterations in UCP1 protein expression levels (Fig. 5G).

PGC-1α is a key regulator of mitochondrial biogenesis and function,
playing a crucial role in regulating mitochondrial density and oxidative
metabolism in BAT31–33. The increased expression of PGC1α in AAO-
treated mice prompted us to investigate whether AAO also affects genes
involved in mitochondrial oxidative phosphorylation and mitochondrial
content in BAT. As shown in Fig. 5H and Fig. S6C, AAO feeding effectively
enhanced the protein expression levels of COXII and COXIV in BAT,
particularly at the higher concentration of AAO. Furthermore, the mRNA
levels of Cox8b and Cox5b in the BAT of MA and HA groups were sig-
nificantly higher than those in theHFDgroup, while the expression levels in
the LA and HFD groups were comparable (Fig. 5I–J). Meanwhile, the
protein expression levels of Tom20, a mitochondrial marker, remained
comparable across all groups ofmice (Fig. S7A). Additionally, qPCR results
indicated that AAO did not affect mitochondrial content (Fig. S7B). In
summary, AAO promoted the expression of thermogenic and oxidative
phosphorylation genes in BAT in vivo.

AAO upregulates lipolysis-related genes and downregulates
genes associated with inflammation and lipogenesis in BAT
in vivo
To investigate the effect of AAO on lipolysis in BAT, we evaluated the
expression of ATGL and HSL at both the protein and mRNA levels. As
illustrated in Fig. 6A–C and Fig. S8A, the expression of HSL and ATGLwas
significantly elevated in the MA and HA groups compared to the HFD
group. Previous studies have suggested that the “whitening” of BAT is
associated with increased lipogenesis and inflammation within this tissue34.
To further explore this, we assessed the expression of lipogenesis-related
genes, including acetyl-CoA carboxylase (ACC) and fatty acid synthase
(FASN), in the BAT ofmice from all groups. As shown in Fig. 6A, D, E, and
Fig. S8A, increasing the AAO concentration progressively reduced the
expression levels of ACC and FASN in BAT. Additionally, we examined the
expression of key inflammatory markers, including tumor necrosis factor-
alpha (TNFα) and interleukin-6 (IL6), in BAT across all experimental
groups. AAO effectively diminished the expression of both IL6 and TNFα
(Fig. S9A–D). Taken together, these findings suggest that AAO enhances
lipolysis, and inhibits the expression of genes associated with inflammation
and lipogenesis.
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Fig. 1 | AAO effectivelymitigates obesity induced byHFD. AThe figure illustrates
the isolation and extraction of AAO, followed by oral administration to mice. B The
body weight of mice in each group (n = 6). At week 10.5, the average fat (C) and lean
(D) mass of the mice were evaluated using the Echo MRI composition analyzer
(n = 6). In week 12, TG (E), NEFA (F), and T-CHO (G) were measured in the mice
(n = 6). Blood glucose levels were measured during a glucose tolerance test (H) and

an insulin tolerance test (J). The area under the curve was plotted in (I) and (K),
respectively. * denotes the level of statistical significance. ns no significance,
*p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as mean ± SEM. Statistical
analyses were performed using one-way ANOVA followed by Tukey’s
test (C–G, I, K).
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Fig. 2 | AAO significantly attenuates lipid accumulation in adipose tissue and
the liver. Upon completion of the feeding regimen, mice were euthanized, and
tissues from iWAT (A), gWAT (B), BAT (C), and liver (D) were harvested and
weighed (n = 6). E Representative H&E staining of BAT, iWAT, gWAT and liver
from mice. Scale bar, 50 μm. At week 12, the mice from each experimental group

were euthanized, and the TAG levels in different tissues, including iWAT (F), gWAT
(G), BAT (H), and liver (I), were quantified (n = 6). * denote the level of statistical
significance. ns no significance, **p < 0.01, ***p < 0.001. Data are presented as
mean ± SEM. Statistical analyses were performed using one-way ANOVA followed
by Tukey’s test (A–D, F–I).
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AAO promotes thermogenic gene expression and increases
oxygen consumption in vitro
To further explore the role of AAO in regulating thermogenic gene
expression in BAT, we isolated BAT SVFs from the BAT and induced
differentiation intomature brown adipocytes. The cells were harvested after
treatment with AAO for subsequent experiments (Fig. 7A). We first eval-
uated the toxicity of AAOonBAT SVFs, and found that AAOdid not affect
theproliferationof these cells (Fig. S10).As shown inFig. 7B, theTGcontent
in the MA and HA groups was significantly lower than that in the control
cells (p < 0.05), while the TG content in the LA group was comparable to
that of the control group. Furthermore, after treatment with AAO, the
expression levels of UCP1 and PRDM16 were significantly higher than
those in the control group (Fig. 7C-E andS11A). In contrast, with increasing
concentrations of AAO, the expression levels of AGT and PPARγ gradually
decreased (Fig. 7C, F, G and S11B). Consistent with the increased ther-
mogenic genes, treatment with AAO significantly increased the basal and

maximum respiration rates of the cells (Fig. 7H–J). Taken together, AAO
promoted the expression of thermogenic genes and increased the respira-
tory rate of the cells in vitro.

AAO attenuates metabolic dysregulation in mice serum
To systematically analyze the impact of AAO on the metabolic profile of
mice under HFD, this part employed untargeted metabolomics to analyze
serum samples from both the HFD group and the AAO intervention group
(n = 8/group). A total of 220 metabolites were identified, including key
metabolic categories such as lipids, amino acids, and their derivatives
(Supplementary Table 1), detected in both positive and negative ionmodes.
OPLS-DAwas used to build a metabolite-group associationmodel, and the
results showed a significant separation in the metabolite distribution
between the AAO group and the HFD group (cross-validation ANOVA,
p = 0.0324; Fig. S12A), indicating that AAO intervention could reshape the
serummetabolic profile.Moreover, a permutation test validated themodel’s

Fig. 3 | AAO significantly facilitates thermogenesis of mice. A Schematic diagram
of the experimental design for cold tolerance and metabolic cage analysis. B, C The
body temperature of mice from different groups under room temperature and cold
exposure was measured (n = 6). During the 12-week period, the mice were housed
individually for 1 week prior to metabolic cage analysis. Data on food intake and

physical activity are presented in (D) and (E). Oxygen consumption (F,G) and heat
production (H, I) were measured during both the light and dark cycles (n = 6). *
denote the level of statistical significance. ns no significance, *p < 0.05, **p < 0.01,
***p < 0.001. Data are presented as mean ± SEM. Statistical analyses were per-
formed using one-way ANOVA followed by Tukey’s test (C, F–I).
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reliability (Fig. S12B), and principal component analysis (PCA) confirmed
the metabolic differences between the two groups (Fig. 8A).

Differential metabolite analysis identified 22 metabolites with sig-
nificant changes, of which 16were upregulated in theHFDgroup, including
lipid synthesis-related metabolites such as long-chain fatty acids and their
derivatives, as well as inflammation-related metabolites such as aromatic
amino acid metabolites (Fig. 8B). Conversely, 6 metabolites were down-
regulated in the HFD group, primarily involving intermediate products of
energy metabolism (Fig. 8B). Notably, after AAO intervention, the
expression of HFD-induced upregulated metabolites, such as long-chain

fatty acids, was significantly reduced, while some downregulated metabo-
lites, such as branched-chain amino acid metabolites, showed a trend
toward restoration (Fig. 8B). This pattern suggests that AAO may alleviate
HFD-inducedmetabolic disturbances by inhibiting lipid synthesis pathways
and regulating amino acid metabolism. KEGG pathway enrichment ana-
lysis further revealed that the differential metabolites were predominantly
enriched in the “biosynthesis of unsaturated fatty acids” and “biosynthesis of
phenylalanine, tyrosine, and tryptophan” pathways (Fig. 8C). The regula-
tion of lipid metabolites such as linoleic acid and palmitic acid, as well as
tryptophan-derived compounds such as serotonin and indole-3-lactic acid,

Fig. 4 | Impact of AAO on gene expression in BAT. RNA-seq analysis of BAT
samples from mice in the HFD and HA groups. A Principal component analysis
(PCA) of gene expression between the two groups of mice. B Quantification of
upregulated and downregulated genes in the two groups of mice. C A heatmap was

generated to illustrate the upregulated and downregulated differential genes between
theHFDandHAgroups. Functional enrichment analysiswas performedon both the
upregulated (D) and downregulated genes (E).
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may be closely related to the phenotypic improvements of AAO in alle-
viating fatty liver, suppressing inflammation, and enhancing insulin sensi-
tivity (Fig. 8D–L). Thus, the results confirm that AAO can alleviate
metabolic dysregulation in the serum of mice.

AAO promotes the expression of thermogenic genes by enhan-
cing the expression of ZFP516
Prior research has indicated that cold exposure induces brown fat remo-
deling and enhances thermogenic capacity in both mice and humans35,36.
We first compared RNA-seq data from HFD-HA BAT (Up-HFD-HA vs.
HFD) with data from cold-exposed BAT (Up-4 °C vs. RT, GSE162907).

Among the differentially expressed genes, 1183 were found to overlap,
including Zfp516, Ucp1, and Dio2 (Fig. S13). In parallel, we performed an
RNA-seq data analysis, which revealed that ZFP516 expression was sig-
nificantly elevated in the BATof theHAgroup compared to theHFDgroup
(Fig. 4C). As expected, genes upregulated by ZFP516 overexpression and
those upregulated by oral AAO treatment were both enriched in thermo-
genic pathways in mice (Fig. 4D)17.

Additionally, mice overexpressing ZFP516 exhibited elevated oxygen
consumption and improved resistance to obesity, a phenotype that mirrors
that observed in AAO-treated mice17. Therefore, we hypothesize that AAO
promotes thermogenic gene expression in BAT through ZFP516.

Fig. 5 | AAO enhances the expression of thermogenic and oxidative phosphor-
ylation genes in BAT in vivo. A Western blot analysis showing the expression of
UCP1, PGC1α, PPARα, PRDM16, and AGT in the BAT of mice from the NCD,
HFD, LA, MA, and HA groups. B–F The mRNA levels of Ucp1, Pgc1α, Pparα,
Prdm16, andAgt in the BATofmice (n = 6).G Immunofluorescence (IF) analysis for
theUCP1 expression inBATofmice. Scale bar, 50 μm.HProtein expression levels of

COXII and COXIV in BAT of mice. The mRNA levels of Cox8b (I) and Cox5b (J) in
BATwere determined by qPCR analysis. * denote the level of statistical significance.
ns no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as
mean ± SEM. Statistical analyses were performed using one-way ANOVA followed
by Tukey’s test (B–F, I–J).
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Compared to the HFD group, the expression level of ZFP516 gradually
increased with the rising concentration of AAO, while LSD1 expression
remained unchanged byAAO(Fig. 9A, B and S14A).Weperformed aVenn
analysis between the genes regulated by ZFP516 in ChIP-seq and those
upregulated after AAO treatment, revealing that Ucp1 is present in the
intersection (Fig. 9C). As demonstrated in Fig. 9D, ZFP516 specifically
interacted with the -1 kb promoter region ofUcp1, and its binding strength
was markedly enhanced following treatment with the AAO. To further
confirmwhether AAO promotes the binding of ZFP516 to the promoter of
Ucp1, we conducted ChIP assays. As shown in Fig. 9E, the binding
of ZFP516 to the promoter ofUcp1 increasedwith the higher concentration
ofAAO.Additionally, the -1 kbUcp1promoterwas found to be occupied by
ZFP516 and H3K27ac in BAT, followed by a FAIRE-qPCR assay (Fig. 9D).
As demonstrated in Fig. 9F, AAO effectively enhanced the accessibility of
the promoter of Ucp1 to ZFP516. LUC assays further demonstrated that
AAO could promote ZFP516-mediated activation of Ucp1 (Fig. 9G). To
investigate whether the activation of thermogenic genes by AAO relies on
ZFP516, we constructed a cell line with ZFP516 knockdown in BAT SVFs
(Figs. 9H and S14B). As shown in Fig. 9I, ZFP516 knockdown completely
inhibited the activation of Ucp1 by AAO. Analysis of protein-protein
interactions using the STRING database (version 12.0) revealed that
ZFP516 interacts with LSD1 (Fig. 9J). Interestingly, we found that AAO
promoted the interaction betweenZFP516andLSD1, further enhancing the
transcriptional activation of Ucp1 by the ZFP516-LSD1 complex (Fig.
9K–M). In summary, AAO promotes the expression of thermogenic genes
in BAT through ZFP516.

Discussion
Obesity is strongly associated with diseases like type II diabetes, hyper-
tension, cardiovascular issues, cancers, osteoarthritis, and fatty liver, and
enhancing thermogenesis of BAT activity is crucial for the treatment of
obesity37,38. In our study, AAO was extracted from Artemisia argyi leaves
via hydrodistillation using a clevenger apparatus, with its chemical
composition rigorously identified by GC-MS, ensuring batch consistency
and providing a chemical basis for subsequent experiments. AAO

administration significantly reduced body weight gain, fat mass, and
serum levels of TG, NEFA, and T-CHO in HFD-fed mice. Moreover,
AAO improved glucose tolerance and insulin sensitivity, indicating their
beneficial effects on overall metabolic health. This is consistent with
previous studies showing that AAO possess antioxidant, anti-inflamma-
tory, and hepatoprotective properties, whichmay contribute to their anti-
obesity effects by improving metabolic homeostasis21,39. These findings
suggest thatAAOcould serve as an effective functional food for combating
obesity. However, it is important to note that AAO exhibits significant
chemical variability, with both its composition and concentration being
influenced by genetic factors and environmental variables such as climate,
soil, harvest season, and processing methods40. Consequently, future
studies should systematically investigate the compositional differences in
AAO derived from different regions, seasons, and processing techniques.
This will help establish standardized protocols based on the “source—
process—dosage” framework, ensuring the reproducibility, compar-
ability, and clinical translation potential of its anti-obesity effects.

Notably, we found no significant differences in cold tolerance, heat
production, or oxygen consumption inmice administered a 100mg/kg dose
of AAO (LA group) compared to the control group. We hypothesize that
this lack of effect is due to the inability of the low AAO dose to sufficiently
upregulate ZFP516 expression, thereby failing to activate downstream
thermogenic genes regulated by ZFP516. Consistent with this hypothesis,
thermogenic genes in the BAT of the LA group, includingUcp1, Pgc1α, and
Prdm16, showed no significant differences relative to the control group. At
the 200mg/kg dose, a more pronounced effect was observed, with reduc-
tions in body weight, body fat percentage, serum T-CHO levels, and BAT
mass, as well as significant improvements in cold tolerance, oxygen con-
sumption. Furthermore, at doses exceeding 200mg/kg, cold tolerance,
oxygen consumption, andheat production continued to increasewith rising
AAO concentrations. At these higher doses, ZFP516 expression was sig-
nificantly upregulated, suggesting that ZFP516 may directly promote the
expression of thermogenic genes such asUcp1 and Pgc1α, and recruit LSD1
to form a transcriptional complex that further enhances thermogenesis.
Therefore, we hypothesize that the pharmacological threshold for AAO lies

Fig. 6 | AAO upregulates lipolysis-related genes and downregulates genes asso-
ciated with lipogenesis in BAT in vivo. A Protein expression levels of ATGL, HSL,
FASN, and ACC1 in the BAT from each group mice. B–E The mRNA expression
levels of Atgl,Hsl, Fasn, and Acc1 in the BAT (n = 6). * denote the level of statistical

significance. ns no significance, *p < 0.05, **p < 0.01, ***p < 0.001. Data are pre-
sented as mean ± SEM. Statistical analyses were performed using one-way ANOVA
followed by Tukey’s test (B–E).
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between 100 and 200mg/kg. Further investigation is needed to refine the
oral dosing regimen of AAO, with the goal of narrowing the pharmacolo-
gical threshold for optimal therapeutic efficacy. Defining the pharmacolo-
gical threshold of AAO is essential for refining dosing strategies in clinical
applications. These insights will not only optimize treatment costs but also
improve therapeutic efficacy and reduce adverse effects, ultimately enhan-
cing clinical outcomes.

In rodents and newborn humans, BAT is primarily distributed in the
interscapular, cervical, axillary, and perirenal regions, where it plays a key
role in maintaining body temperature through non-shivering
thermogenesis16,41. In adult humans, BAT is mainly located in the supra-
clavicular and cervical regions, and metabolically active BAT is associated
with a decline in body weight12,42. Consistent with humans, enhancing BAT
thermogenesis effectively counteracts HFD-induced weight gain in mice30.

Fig. 7 | AAO enhances the expression of thermogenic genes and increases oxygen
consumption in vitro. A The diagram illustrates that the BAT SVFs were isolated
and differentiated into mature brown adipocytes, followed by AAO treatment for
western blot analysis, qPCR, and OCR analysis. B The TG content in the cells of
each group.C The protein expression levels of UCP1, PRDM16, AGT, and PPARγ
in the cells of each group.D–GThemRNA expression levels ofUcp1, Prdm16,Agt,
and Pparγ.H–JBAT SVF cells were differentiated into brown adipocytes, followed

by treatment with AAO. Oligomycin, FCCP, and Rotenone/Antimycin were
added at the specified time points, indicated by the arrows, and the OCR data are
shown in (H). The average basal andmaximal respiration rates are presented in (I)
and (J). * denote the level of statistical significance. ns, no significance, *p < 0.05,
**p < 0.01, ***p < 0.001. Data are presented as mean ± SEM. Statistical analyses
were performed using one-way ANOVA followed by Tukey’s test (B, D–G, I, J).
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Our study demonstrates that AAO treatment enhances BAT thermogenesis
in mice, increasing oxygen consumption and heat production, which con-
tributes to its potential anti-obesity effects. Such evidence highlights the
potential of enhancing BAT thermogenesis as a promising strategy for the
treatment of obesity in humans. Additionally, AAO treatment significantly
upregulated the expression levels of thermogenic genes, lipolysis-related
genes, and mitochondrial oxidative phosphorylation genes. The increased
expression of thermogenic genes, lipolysis-related genes, and oxidative

phosphorylation genes, along with the decreased expression of lipogenic
genes, led to enhanced energy expenditure and reduced lipid accumulation.
Theprimary functionofBAT is to counteract cold andobesity throughnon-
shivering thermogenesis by oxidizing NEFA and glucose to generate
heat43,44. AAO enhances lipolysis, promoting the release of NEFA, which is
subsequently consumed by BAT, thereby reducing lipid accumulation.
Simultaneously, AAO improves glucose tolerance in mice, enabling brown
adipocytes to utilize glucose more efficiently and enhance the thermogenic

Fig. 8 | AAO attenuates metabolic dysregulation in mice serum. A PCA confirms
significant metabolic differences between the HA and HFD groups. B Differential
metabolite analysis identifies 23 metabolites with significant changes (n = 8).
C KEGG pathway enrichment analysis. D–L The intensity of the specified

metabolites detected by UPLC-HRMS. * denote the level of statistical significance,
***p < 0.001. Data are presented as mean ± SEM. Statistical analyses were deter-
mined by unpaired two-tailed Student’s ttest (D-L).
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function of BAT. Therefore, AAO may exert anti-obesity effects by pro-
moting BAT thermogenesis, aligning with the increasing demand for plant-
based ingredients that support energy balance and healthy weight
management.

Additionally, serum metabolomics analysis revealed that AAO sig-
nificantly reduced the levels of linoleic acid, palmitic acid, and tryptophan

metabolites. This suggests that AAO helps improve metabolic disorders by
inhibiting lipid synthesis pathways and modulating tryptophan metabo-
lism. These systemic metabolic alterations align with the upregulation of
lipolytic genes and the downregulation of inflammatory factors in BAT,
further reinforcing the anti-obesity mechanism of AAO through their
multi-target regulation of the energy metabolism network.
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Previous research has demonstrated that only acute cold stimulation
can increase the expression of ZFP516, after whichZFP516 recruits LSD1 to
the Ucp1 promoter, thereby enhancing the thermogenic function of
BAT17,18. Promoting the expression of ZFP516 and activating the ZFP516-
LSD1 complex are crucial for maintaining energy homeostasis and com-
bating obesity18. However, no studies have reported that any major con-
stituent of the oil or other relatednatural compounds are known to promote
the expression of ZFP516 and activate the ZFP516–LSD1 complex. In our
study, we present the novelfinding that AAO, as a natural extract, promotes
the expression of ZFP516 and enhances the activity of the ZFP516–LSD1
complex. The activation plays a critical role in promoting the thermogenic
capacity of BAT, marking the first report of a natural compound capable of
modulating this complex. Previous studies have shown that capsaicin, by
activating the TRPV1 receptor, increases energy expenditure and promotes
thermogenesis, potentially aiding in weight regulation and combating
obesity45. In addition to activating the ZFP516-LSD1 complex, AAO also
significantly enhances the expression of PPARα, a key regulator of lipid
metabolism and energy homeostasis46. We hypothesize that AAOmay also
stimulate thermogenesis in BAT through the activation of PPARα. Com-
bining AAO with capsaicin may enhance its metabolic benefits, offering a
novel strategy for combating obesity through dietary intervention. There-
fore, as a functional food and natural activator, AAO effectively targets the
ZFP516-LSD1 pathway, presenting a novel mechanism for its potent anti-
obesity effects.

Artemisia argyi extract (60mg) exhibits significant efficacy in the
clinical treatment of acute and chronic gastritis. It effectively improves
gastric mucosal erosion, promotes the healing of erosions, alleviates
hemorrhagic lesions, and relieves gastrointestinal symptoms. Furthermore,
Artemisia argyi extract demonstrates good safety, with no severe adverse
events or drug reactions observed, and patients show good tolerance to the
treatment23. Our study highlights the potential of AAOas a novel functional
lipid component in metabolism-oriented food formulations. GLP-1
receptor agonizts like semaglutide and liraglutide effectively control blood
glucose and reduce body weight through enhanced insulin secretion and
appetite suppression, but are associated with notable renal, gastrointestinal,
and pancreatic side effects47. Derived from a traditional plant, AAO may
have fewer side effects compared to synthetic drugs and could potentially be
used safely and effectively as a dietary supplement or functional food in
humans in the future. However, further studies are required to determine
the effective dosage of AAO for obese patients and to establish its bioa-
vailability, safety, and efficacy in humans. Additionally, the use ofmalemice
exclusively may limit the representativeness and generalizability of our
findings. Future studies should incorporate female mice to improve the
broader applicability of the conclusions.Meanwhile, future research should
investigate the potential synergies between AAO and other bioactive
compounds, such as dietaryfibers or probiotics, to developmulti-functional
food products for obesity prevention. Finally, the mechanisms underlying
the effects of AAO on other metabolic tissues, such as white adipose tissue
and liver, should be investigated to provide a comprehensive understanding
of their anti-obesity actions.

Methods
AAO extraction
TheArtemisia argyi leaves, obtained from a local market in Xiamen, Fujian,
were ground and subjected to hydrodistillation using a Clevenger apparatus
to extract AAO.The leaves were distilled overnight, and the essential oil was
dried with anhydrous sodium sulfate, aliquoted, sealed, and stored under
refrigerated, light-protected conditions. To ensure consistency, only one
batch ofAAOwas used in the animal experiments. The essential oil samples
were analyzed by GC-MS using a TR-5MS capillary column in electron
impact ionization mode (70 eV). The mass spectra were recorded in full-
scan mode (m/z 40–500) with helium as the carrier gas at 1.0mL/min. A
2 μL split injection was performed with a 1:10 split ratio. The temperature
programwas as follows: 60 °C for 2min, ramped to 170 °C at 5 °C/min, held
for 2min, then ramped to 250 °C at 20 °C/min and held for 2min. Volatile
compound identities were confirmed by comparing the spectra with
databases.

Animal experiment design
Mice were group-housed at a density of five per cage under controlled

environmental conditions, with a temperature range of 22–24 °C, relative
humidity maintained at 50–60%, and a 12-h light/dark cycle beginning at
07:30. In this study,we selectedmalemicedue to their stable hormone levels,
higher thermogenic capacity, and extensive precedent in BAT research,
ensuring the reproducibility and stability of the results48,49. Male C57BL/6
mice, age-matched for each experiment, were obtained from the Shanghai
Model Organisms Center or GemPharmatech. The high-fat diet was sup-
plied by Readydietech Co., Ltd. (Shenzhen, China), and the standard chow
diet by JiangsuXietongPharmaceutical Bio-engineeringCo., Ltd.Micewere
divided intofive groups: normal chowdiet (NCD), high-fat diet (HFD), and
high-fat diet with oral AAO at low (LA), medium (MA), or high (HA)
concentrations, with 10 mice in each group. The HFD group had unrest-
ricted access to the high-fat diet, while the LA,MA, andHAgroups received
100mg/kg, 250mg/kg, or 400mg/kg ofAAO.At the end of the experiment,
the mice were briefly anesthetized with 3–4% isoflurane and then eutha-
nized by gradual-fill CO₂ asphyxiation (30–70% chamber volume per
minute). Death was confirmed by the absence of cardiac and respiratory
activity for≥2min. Subsequently, intrascapular BAT,WAT, and liver tissue
of mice were immediately collected for further experiments. All animal
experiments were approved by the Institutional Animal Care and Research
Advisory Committee of Xiamen University (Permit No.
XMULAC20230105).

Pharmacokinetic and toxicological experiment
For the pharmacokinetic experiment, male Sprague–Dawley rats (weight
210 ± 15 g, n = 4 per group) were orally administered AAO at a dose of
500mg/kg. Blood samples (approximately 600 μL)were collected at 0, 0.5, 1,
2, 4, and 8 h, and plasma was separated. The concentration of cineole was
quantified using gas chromatography-flame ionizationdetection (GC-FID),
with cyclohexanone as the internal standard. Pharmacokinetic parameters
were calculated using a non-compartmental model and analyzed with DAS
3.0 software.

Fig. 9 | AAO promotes the expression of thermogenic genes through ZFP516
in BAT.Western blot (A) and qPCR (B) analysis of ZFP516 and LSD1 expression
levels in BAT from the NCD, HFD, LA, MA, and HA groups (n = 6). C Venn dia-
gram showing the intersection between genes regulated by ZFP516 in ChIP assays
and those upregulated by AAO treatment, with UCP1 identified as a common gene.
D We reanalyzed our ChIP-seq data along with the ChIP-seq results from the
GSE144188 database to examine the binding profiles of ZFP516 andH3K27ac on the
promoter of Ucp1. E ChIP assays reveal that the binding of ZFP516 to the UCP1
promoter is enhanced with increasing concentrations of AAO. F The chromatin
accessibility of mature brown adipocytes after AAO treatment was assessed by
FAIRE-qPCR. G The luciferase assay was used to assess the activation of the Ucp1
promoter in mature brown adipocytes after different treatments. (H) The protein
levels of ZFP516 in Zfp516 knockdown cells and control cells. I ZFP516 knockdown

in BAT SVF cells completely inhibited the activation ofUcp1 expression in response
to AAO treatment. J Protein interaction analysis with ZFP516 was performed using
the STRING database (version 12.0). K–M HEK293T cells were transfected with
Flag-ZFP516 and HA-LSD1 constructs. Forty-eight hours post-transfection, cells
were collected and subjected to IP using anti-Flag beads. The input and precipitated
fractions were subsequently analyzed by western blotting with the specified anti-
bodies (K,L). Transcriptional activity of the -1 kb region of the Ucp1 reporter under
different treatments (M). * denote the level of statistical significance. ns, no sig-
nificance, *p < 0.05, **p < 0.01, ***p < 0.001. Data are presented as mean ± SEM.
Statistical analyses were performed using one-way ANOVA followed by Tukey’s test
(B, E-G,M), two-way ANOVA followed by Tukey’s test (I), and unpaired two-tailed
Student’s t test (L).
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For the toxicity experiment, 8-week-old male mice were orally admi-
nistered AAO at doses of 100, 250, or 400mg/kg once a week. At the age of
30weeks, blood samples were collected tomeasureALT,AST,ALP (Jiangsu
Meimian Industrial Co., Ltd), BUN, creatinine, cTnT (LANSO, Cat#-
AE92646Mu), cTnI, and BNP levels (Shanghai Jinma Laboratory Equip-
ment Co., LTD). Then, the locomotor activity of the mice was monitored
using ametabolic cage system.At the end of the experiment,micewere then
euthanized, and skeletal muscle tissues were collected for histopathological
examination using H&E staining kit.

Body-composition analysis and metabolic cage analysis
Themice were immobilized in a designated container, and their fat and lean
mass were assessed using the composition analyzer (SUZHOU NIUMAG
Co., Ltd, Cat#QMR06-060H-PRO).Mice were individually housed at 22 °C
for 1week, followed by a 2-day acclimatization inmetabolic cages. The Sable
Promethion system was used to measure food intake, body weight, oxygen
consumption, heat production, and locomotor activity.

Glucose tolerance tests and insulin tolerance tests
For the glucose tolerance test (GTT), mice were fasted for 16 h and injected
intraperitoneallywith 1.0 g/kgD-glucose. In the insulin tolerance test (ITT),
mice were fasted for 6 h, then injected with 1.5 U/kg human insulin
(TargetMol, USA, Cat#T8221). Blood samples were collected from the tail
vein at the indicated time points post-injection to measure blood glucose
levels using a glucometer.

Serum analysis
Before euthanasia, blood was collected from the mice’s eyeballs and

allowed to clot at 4 °C for 4–6 h. The samples were then centrifuged at 1,
500 g for 10min at 4 °C (DLAB Scientific Co., Ltd, Cat#DM0436E), and the
supernatants were transferred to new tubes (LABLEAD Inc,
Cat#LXG0150). TG, T-CHO, NEFA, ALT, and AST levels were measured
using corresponding assay kits (Nanjing Jiancheng Bioengineering Institute
for TG, T-CHO, ALT, and ALT; Bioswamp, Cat#BTK026 for NEFA), fol-
lowing the manufacturer’s instructions.

Immunohistochemistry and immunofluorescence
For H&E staining, indicated tissues were collected and fixed in 4%

paraformaldehyde (PFA) at room temperature (RT) for 12 h. After fixation,
the tissues were dehydrated through an ethanol gradient, embedded in
paraffin, and sectioned into 3 μm thick slices. The tissue sections were then
stained using the H&E staining Kit (Wanleibio, Cat#WLA051a; Solarbio,
Cat#G1106) following the manufacturer’s instructions.

For immunofluorescence, antigen retrieval was performed using an
antigen retrieval solution (Keygen BioTECH, Cat# KGC3110). The slides
were blockedwith 2.5%Fetal Bovine Serum(FBS) (EXCellBio,Cat#FSP500)
and 0.15% Triton X-100 (HUAYUN, Cat#SHB50396) in PBS (Pricella,
Cat#PB180327) for 1.5 h. The slides were then incubated with primary
antibodies: anti-UCP1 (Abclonal, Cat#A5857) (dilution 1:100). Afterward,
the sections were incubated with secondary antibodies conjugated to
fluorescent dyes (Elabscience, Cat#E-IR-R119) for 1 h at RT in the dark. To
stain the nuclei, the slides were treated with 5 μg/ml DAPI (Mei5 Biotech,
Cat#MF681-plus-01) for 10min. Imagingwas carried out using aZeiss LSM
780 confocal microscope.

Serum Non-targeted Metabolomics
A 100 μL serum sample was mixed with 400 μL pre-chilled extraction solu-
tion (methanol: acetonitrile: water = 2:2:1) and magnetic beads, then incu-
bated at –20 °C for 1 h to precipitate proteins. After centrifugation, the
supernatant was dried under vacuum. For reconstitution, 200 μL of acet-
onitrile and 200 μL of water were added, followed by centrifugation and
filtration through a 0.22 μm filter (Schbio Biotechnology). Metabolite
detection was performed using a Dionex UltiMate 3000 UHPLC system
coupledwith aQExactivemass spectrometer,withWatersACQUITYUPLC
HSS T3 column and a 15-min gradient elution. Positive and negative ion
detection were carried out using specific mobile phases, and 2 μL of sample
was injected. Data were processed with Compound Discovery 3.3 software.

qPCR analysis and RNA-seq analysis
For qPCR analysis, total RNA was extracted from samples using TRIzol
reagent (Accurate Biology, Cat#AG21101) and isopropanol (Shanghai
Acmec Biochemical Technology Co., Ltd). For cDNA synthesis, a cDNA
synthesis kit (Abm, Cat#G592) was used, and reactions were carried out in
PCR tubes (Jet Biofil, Cat#PCR411200). Gene expression levels were
quantified using a real-timePCRsystem (Roche)with SYBRGreen (Yeasen,
Cat#11201ES08). To normalize the data, 18S mRNA was used as the
internal control. The primer sequences employed for qPCR are listed in
Supplementary Table 2.

For RNA-Seq analysis, total RNAwas extracted from samples using an
RNA Extraction Kit (Boxbio, Cat#AKNA001-1). RNA-Seq libraries were
constructed from 1 μg of RNA via poly (A) selection, cDNA synthesis,
adapter ligation, and amplification (YoungGen, Cat#RM103A). Sequencing
was performed using the Illumina HiSeq2500 platform, and subsequent
data analysis was conducted by Gene Denovo Biotechnology Co.
(Guangzhou, China).

Western blot analysis
Samples were lysed using RIPA buffer (APExBIO, Cat#K1120, Houston,
USA) supplemented with phosphatase and protease inhibitors (Tar-
getMol), and sonicated with an ultrasonic processor (SCIENTZ). Pro-
tein concentrations were determined using a BCA protein assay kit
(NCMBiotech, Cat#WB6501), and 40 µg of total protein was loaded per
sample. The samples were separated by SDS-PAGE (CYTOCH,
Cat#PW0002) in Tris-Glycine buffer (Boyi Biotech, China,
Cat#BR0148-01). Membranes were blocked with Fastest Blocking
Reagent (HYCEZMBIO, Cat#HYC00811) and incubated with primary
antibodies at the following dilutions: UCP1 (Diagbio, Cat#db9840)
(dilution 1:1000), PRDM16 (Santa, Cat#sc-517625) (dilution 1:1000),
PGC1α (SAB, Cat#37818) (dilution 1:1000), β-actin (Sino Biological,
Cat#109444-T36) (dilution 1:20000), FASN (BOSTER, Cat#PB9865)
(dilution 1:1000), PPARα (Biodragon, Cat#BD-PB4080) (dilution
1:1000), HSL (ZENBIO, Cat#344379) (dilution 1:1000), Flag (Sigma-
Aldrich, Cat#F7425) (dilution 1:1000), HA (Bioss, Cat#BMS0966M)
(dilution 1:1000), PPARγ (Bioworld, Cat#BS79617) (dilution 1:1000),
ATGL (Abways, Cat#CY8408) (dilution 1:1000), ACC1 (HABIO,
Cat#ET1609-77) (dilution 1:1000), IL10 (Solarbio, Cat#K009382P)
(dilution 1:1000), TNFα (ELK Biotechnology, Cat#EA251) (dilution
1:1000), ZFP516 (GenScript) (dilution 1:1000), and LSD1 (PTM BIO,
Cat#PTM-5960) (dilution 1:1000). After incubation with HRP-Goat
Anti-Mouse Recombinant Secondary Antibody (Shanghai Epizyme,
Cat#LF101) (dilution 1:5000) andHRP-Goat Anti-Rabbit IgGAntibody
(GenScript, Cat#A00098) (dilution 1:5000), protein signals were
visualized using enhanced chemiluminescence (Abbkine,
Cat#BMU101).

Plasmids, lentivirus packaging and infection
For lentiviral overexpression plasmid construction, mouse Zfp516 and
Lsd1 were amplified from a cDNA library derived from mouse BAT
and purified using the Fast PCR and Gel DNA Purification Kit (YALI
Biotech, Cat#YC48001-200). The purified fragments were then inser-
ted into the pLV-N-Flag/HA-XM vector using T4 DNA ligase
(CUSABIO, Cat#CSB-YP355583EDZ, https://www.cusabio.com). For
knockdown experiments, the corresponding shRNAs were cloned into
the pLKO.1 plasmid. The plasmid was amplified in Stbl3 competent
cells (Coolaber, Cat#CC518) and subsequently extracted using a SPI-
Neasy Plasmid Midiprep Kit (MP Biomedicals, Cat#116539025).
Lentiviral particles were generated by transfecting the constructed
plasmids into HEK293T cells, along with the pHR and pVSV-G plas-
mids, using EZ-Trans transfection reagent (Shanghai Life-iLab Bio-
tech, Cat#AC04L092) according to standard protocols50. Lentivirus
was collected and concentrated 48 h post-transfection (Cobetter,
Cat#ULRC1000150P). For infection, cells were cultured to 75% con-
fluence and infected with lentivirus in medium containing 10 μg/ml
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polybrene (HUAYUN, Cat#HYP490). After 36 h, the infected cells
were selected with 5 μg/ml puromycin for 1 week to establish stable
cell lines.

Immunoprecipitation
The cells were lysed in IP buffer (AMEKO, Cat#RC62370) supplemented
with protease and phosphatase inhibitors. The lysates were incubated with
FLAG Magnetic Beads (Shanghai EpiZyme, Cat#YJ007) at 4 °C for 8 h.
Afterward, the immunoprecipitated proteins were captured using a mag-
netic rack (QW-bio, Cat#666001) and analyzed by western blot using the
indicated antibodies.

Luciferase reporter assays
The Ucp1 promoter regions were amplified from mouse genomic DNA
(Novoprotein, Cat#NR005) and inserted into the pGL4.26 plasmid to
construct the luciferase reporter plasmid (Sevenbio, Cat#SM290). The
resulting luciferase reporter plasmids, along with β-galactosidase and other
specified plasmids, were transfected into cells using EZ-Trans transfection
reagent (AbBOX, Cat#KX0110055). After 48 h of transfection, cells were
collected for subsequent luciferase and β-galactosidase assays (Neo-
bioscience, Cat#LAS106.10).
Cell culture
HEK293T (Pricella) cells were cultured in high-glucose DMEM (Cytiva,
Cat#SH30285.01) supplemented with 1% non-essential amino acids
(NEAA) (IMMOCELL, Cat#IMC-D07), 1 mM sodium pyruvate (Bio-
channel, Cat#BC-CE-027), 100 U/ml penicillin, 100 µg/ml streptomycin
(BasalMedia Co., Ltd, Cat#S110JV), and 10% FBS (AMOBIO, Cat#FB-
SAB001) at 37 °C in a 5% CO2 atmosphere.

Brown stromal-vascular fraction cells (SVFs) were isolated from
interscapular BAT using 3mg/mL collagenase II (Sigma)30. The SVFs were
cultured in high-glucose DMEM (SUNNCELL, Cat#SNM-002A), supple-
mented with 20% FBS (CellMax, Cat#SA201) at 37 °C in an 8.8% CO2

atmosphere. When the cells reached 95% confluence in 6-Well Plate+6
Inserts, 1 μm Pore Size PET (Polyester) Membrane (Wuxi NEST Bio-
technology Co., Ltd, Cat#723431), then they were treated with Medium A,
containing 1 nM 3,3’,5-Triiodo-L-thyronine (T3) (Sigma-Aldrich,
Cat#T2877), 0.125mM indomethacin (Sigma-Aldrich, Cat#I7378), 1 μM
rosiglitazone (GLPBIO, Cat#GC16444), 5 μM dexamethasone (Sigma-
Aldrich, Cat#D1756), 850 nM insulin (MCE, Cat#HY-P0035), and 0.5mM
3-isobutyl-1-methylxanthine (IBMX) (Sigma-Aldrich, Cat#I5879) for 48 h.
Subsequently, cells were cultured in Medium B, which contained 1 nM T3,
1 μMrosiglitazone, and 850 nM insulin, withmediumchanges every 2 days.
On day 6, mature brown adipocytes were treated with AAO at concentra-
tions of 10 μg/ml, 20 μg/ml, and 30 μg/ml, designated as low, medium, and
high concentrations, respectively. After 16 h of treatment, the cells were
harvested for further analysis.

Chromatin immunoprecipitation (ChIP) assay
Brown preadipocytes were infected with lentiviruses expressing pLV-
Flag-empty or pLV-Flag-ZFP516 constructs. After infection, the cells
were cultured to full confluence and differentiated into mature brown
adipocytes in culture plates (CellPro Biotechnology, Cat#803006). The
cells were fixed with 1% PFA at 37 °C for 15min in a centrifuge tube
(SAINING Biotechnology, Cat#3031111). The cells were then lysed using
lysis buffer (MP Biomedicals, Cat#116544050) for 15min on ice. The
DNAof the cells was fragmented to a range of 200–800 base pairs using an
ultrasonic processor (SCIENTZ, Cat#SCIENTZ08-IIIA). The super-
natant was then incubated with FLAG Magnetic Beads (Biolinkedin,
Cat#L-1011) overnight at 4 °C. The experiment was performed according
to the provided manual instructions (GZSC Bio Co., Ltd, Cat#KT101).
DNA enrichment was assessed by qPCR and normalized to the input
sample (CWBIO, Cat#CW0957H). Primer sequences are listed in Sup-
plementary Table 2.

Oxygen consumption rate (OCR) assay
Brown adipocytes were differentiated into mature brown adipocytes and
seeded onto an XFe96 cell culturemicroplate. OCRwasmeasured using the
XF96 Extracellular Flux Analyzer according to the manufacturer’s
instructions. The culture medium was replaced with Seahorse XF DMEM
(Eallbio, Beijing china; Cat#03.1001C), supplemented with 25mM glucose
(AoRuiCell Bio, Cat#ORCPB0418), 1mM sodium pyruvate (Keygen Bio-
TECH, Cat#KGL2313-10), and 2mM glutamine. During the OCR assay,
sequential injections of 2 µM oligomycin (Shandong Sparkjade Bio-
technology Co., Ltd, Cat#SJ-MA0524), 2.3 µM FCCP, and 1 µM rotenone/
antimycin were added to measure uncoupled respiration, maximal
respiration, and non-mitochondrial respiration, respectively. OCR data
were normalized to protein content.

CCK8 assay
Cellswere seeded in 96-well plates (Bioland,Cat#CCP06-096) at a density of
3500 cells per well and allowed to adhere for 12 h. Subsequently, the cells
were treated with AAO at concentrations of 10 μg/ml, 20 μg/ml, and 30 μg/
ml, referred to as low, medium, and high concentrations, respectively. Prior
to eachmeasurement, 10 μL of CCK-8 reagent (Biolight, Cat#CCK001) was
added to each well, followed by incubation at 37 °C for 2 h. Absorbancewas
measured at 450 nm using a microplate reader (Bio-Rad). All experiments
were conducted in triplicate.

Formaldehyde-assisted isolation of regulatory elements
(FAIRE) assay
Cells were grown to 95% confluence and fixed with 1% PFA at room
temperature for 10min in centrifuge tubes (PakGent). After fixation, cells
were lysed with SDS buffer on ice for 10min. DNA was fragmented to
200–1000basepairs by sonicationunder optimized conditions.The samples
were centrifuged, and the supernatants were collected and treated with
RNase A at 37 °C for 1 h. The samples were split into two portions: one for
de-crosslinked DNA (control) and one for non-de-crosslinked DNA. For
the de-crosslinked fraction, proteinase K (Macklin, Cat#P6321) was added,
and incubation occurred at 37 °C for 8 h, followed by 6 h at 65 °C. Both
fractions were purified using phenol-chloroform extraction. Chromatin
accessibility was assessed by qPCR using primers listed in Supplementary
Table 2, and data were analyzed using the FAIRE-PCR method.

Quantification and statistical analysis
Statistical analysis was performed using GraphPad Prism 8.0.2, with results
expressed as mean ± SEM. Data normality was assessed using the Ander-
son-Darling, D’Agostino-Pearson, Shapiro-Wilk, or Kolmogorov-Smirnov
tests, depending on the data type. For comparisons between two groups, an
unpaired two-tailed Student’s t test was used. For multiple group compar-
isons, one-wayor two-wayANOVAfollowedbyTukey’s testwas applied, as
indicated in thefigure legends.Mouse age and sample sizes are alsoprovided
in the figure legends. Immunoblotting assays were analyzed using ImageJ
software (National Institutes of Health). Statistical significance was con-
sidered at *p < 0.05, **p < 0.01, and ***p < 0.001, ns no significance.
Experimenterswerenot blinded to groupassignmentduringdata collection.

Data availability
The datasets supporting this study are available as follows: RNA-Seq data:
Gene Expression Omnibus GSE162907; ChIP-Seq data: Gene Expression
Omnibus GSE144188. All data necessary to evaluate the conclusions of the
paper are included within themanuscript and/or SupplementaryMaterials.
Additional data related to this study can be requested from the corre-
sponding author.

Code availability
The code used to support the results of this study is available from the
corresponding author upon request.
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