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Amoderate lard-included diet reduces fat
deposition and inflammation in the
adipose tissue

Check for updates

Xiangyan Liu1, Sha Liu1, Jingwen Wang1, Liu Xu1, Zhaoqing Hou1, Yule Deng1, Rui Zhang1, Qiurong Xu1,
Sisi Yan2, Xiaowen Li3, Lixin Wen1,4 & Ji Wang1

A diet high in animal fat is often linked to metabolic diseases like obesity. Nonetheless, the potential
benefits associated with moderate consumption of animal fats are often underestimated. Here, we
sought to compare the effects of moderate consumption of three types of fats/ oils—lard, camellia
seed oil, and peanut oil—on body fat deposition. Unlike studies on high-fat diets, moderate lard intake
significantly decreased lipid accumulation compared with vegetable oils in mice. Mechanistically,
moderate lard intake elevated the level of serum taurocholic acid (TCA), which promoted the
expression of genes related to lipolysis and the polarization of M2 macrophages in adipose tissue. In
vitro experiments further confirmed the molecular mechanism underlying TCA’s ability to attenuate
lipid accumulation in adipocytes while promoting macrophage polarization. These results challenge
traditional views on animal fats, showing that consuming lard at recommended levels can benefit
metabolism by maintaining adipose tissue balance.

Obesity and its associated comorbidities have emerged as a global health
crisis, with overweight and obesity ranking as the fifth leading mortality
risk factor worldwide1,2. Obesity is strongly influenced by lifestyle, par-
ticularly excessive or imbalanced fat intake. Although high-fat diets are
often linked to obesity, the prior research suggests that high-carbohy-
drate, low-fat diets may induce even more significant hepatic cholesterol
deposition than high-fat, high-calorie diets3. Additionally, purified diets
in animal models have long been a cornerstone of obesity research.
However, evidence reveals significant inconsistencies compared with
studies using whole-food diets4. These discrepancies suggest that flawed
dietary model designs, such as ultra-high-fat short-term protocols, and
inappropriate feed choices, including both purified and whole-food diets,
may contribute to contradictory research conclusions. Despite long-
standing recommendations in dietary guidelines for Chinese residents to
replace saturated fatty acids (SFAs) with unsaturated fatty acids (USFAs),
obesity rates in China have continued to rise alongside declining con-
sumption of animal fats5. Similarly, comparative studies on ethnic diets
reveal paradoxical trends: populations consuming traditional pork- and
lard-based diets show significantly lower obesity and diabetes prevalence
than those on plant-based or vegetarian diets6,7. This paradox highlights
the imperative for a more comprehensive understanding of the metabolic

impacts of specific dietary fats and necessitates a critical reevaluation of
prevailing nutritional guidelines.

In obesity, adipose tissue dysfunction is marked by enlarged adipo-
cytes, ectopic lipid deposition, and persistent low-grade inflammation,
driven by macrophage infiltration and pro-inflammatory cytokine
secretion8. Enlarged adipocytes undergo metabolic shifts, favoring lipid
storage over oxidation, while hypoxia and endoplasmic reticulum stress
further exacerbate inflammatory responses9. Notably, the interplay between
dietary lipids and adipose tissue inflammation remains poorly understood.
While high-fat diets typically promote metabolic dysfunction, emerging
evidence suggests that certain lipid sources may, paradoxically, alleviate
inflammation and enhance metabolic health10,11.

Our prior study showed that rising dietary oil consumption and
alterations in its composition have contributed to the increased obesity rate
in China over recent decades. Notably, a mixture of lard, high in saturated
fatty acids (SFAs), and soybean oil, rich in polyunsaturated fatty acids
(PUFAs), demonstrated significant anti-obesity effects and mitigated non-
alcoholic fatty liver disease (NAFLD)6,12. Further studies revealed that, in
comparison to lard, soybean oil alone exacerbates neuroinflammation
under high-fat dietary conditions through gut-brain axis activation11.
Additionally, we found that olive oil induced more severe hepatic lipid
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deposition under high fat conditions than lard and rapeseed oil. These
findings demonstrate that dietary oils with distinct fatty acid profiles have
significantly different effects on body lipid metabolism. Consequently, we
selected three oils with high MUFAs content—lard (which is rich in both
SFAs andMUFAs), camellia seed oil (predominantly MUFAs), and peanut
oil (abundant in both PUFAs andMUFAs)—to evaluate and compare their
effects on lipid deposition in adipose tissue. Furthermore, whole-food diets
were used in this study. Although purified diets (e.g., AIN-93) offer better
nutritional standardization, we adopted food-grade fat sources to better
simulate moderate human consumption patterns, where fat is ingested as
part of the entire food matrix rather than an isolated purified component.
Therefore, whole-food diets were chosen to reduce the deviation of con-

clusions caused by the “disconnect between the experimental model and
real-world scenarios.

Results
Dietary lard at 25% energy level reduces adipose tissue accu-
mulation, promotes lean body mass gain, and attenuates
oxidative damage
In this study, we detected the fatty acid components of lard (Lar), camellia
seed oil (Cam) and peanut oil (Pea) (Table 1 and Fig. 1A), which were as
follows: Lar contained 39.47% SFAs (primarily palmitic acid, 24.23%, and
stearic acid, 14.28%), 40.47% MUFAs (mainly oleic acid, 38.04%), and
19.82% PUFAs(mainly linoleic acid, 18.77%); Cam contained 11.34% SFAs
(primarily palmitic acid, 8.08%), 81.28% MUFAs (mainly oleic acid,
80.61%), and 7.38% PUFAs(mainly linoleic acid, 7.32%); Pea contained
23.04% SFAs (primarily palmitic acid, 10.29%), 47.66% MUFAs(mainly
oleic acid, 46.71%), and 29.3% PUFAs(mainly linoleic acid, 29.17%). Fur-
ther analysis of PUFA subtypes revealed that n-6 PUFAs accounted for the
majority of total PUFAs in all three oils, Pea had the highest n-6 PUFA
content (29.23%). In comparison, n-3 PUFAswere present at extremely low
levels across all oils, with Lar showing a slightly higher proportion (0.14%).
Correspondingly, then-3/n-6PUFAratiowashighest inLar. In addition,we
revealed significant differences in body weight and lean body mass among
the groups. Specifically, the body weight of mice in the Lar group was
markedlyhigher comparedwith those in theCamgroup (Fig. 1B) (P < 0.05).
However, the lean body mass/body weight (%) in the Lar group was sig-
nificantly greater than in Cam groups (Fig. 1C) (P < 0.05). Despite the
absence of a statistically significant difference in thepercentage of body fat in
all groups, a noticeable trend towards a decrease was observed in the Lar

Table 1 | Fatty acid composition of oils/fats in groups

Lar Cam Pea

Fatty acid The percentage of total fatty acids

SFAs 39.47 11.34 23.04

MUFAs 40.47 81.28 47.66

PUFAs 19.82 7.38 29.30

n-3 PUFAs 0.14 0.03 0.05

n-6 PUFAs 18.88 7.35 29.23

n-3/n-6 0.007 0.004 0.002

Lar Lard, Cam Camellia seed oil, Pea Peanut oil, SFA Saturated Fatty Acids,MUFAs
Monounsaturated Fatty Acids, PUFAs Polyunsaturated Fatty Acids.

Fig. 1 | Dietary lard at 25% energy level reduces adipose tissue accumulation and
promotes lean body mass. A Fatty acid composition. B Body weight. C Lean body
mass/body weight (%)D Body fat/ body weight (%). E Gross view of the mouse and
adipose tissue. F HE staining of subcutaneous fat (200×). G Abdominal fat/ /body
weight (%). H Adipose weight. I Adipose cell cross-sectional area.

J Immunofluorescence detection of ROS in the subcutaneous fat (100×). K ROS
content of the adipose tissue. L Fluorescence intensity statistics of ROS. M SOD
activity assay of adipose tissue. N GSH activity assay of adipose tissue. O MDA
activity assay of adipose tissue. Lar Lard, Cam Camellia seed oil, Pea Peanut oil.
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group (Fig. 1D).Grossfigures andhistological examinationof adipose tissue
show that lard can reduce the size of adipose cells (Fig. 1E-I) (P < 0.01).
Excessive fat accumulation induced by unbalanced dietary lipids triggers
oxidative stress13. Immunofluorescence analysis revealed that ROS levels
were significantly higher in the Cam and Pea groups comparedwith the Lar
group (Fig. 1J, L), consistent with the data shown in Fig. 1K (P < 0.01).
Notably, the Lar group exhibited a marked increase in SOD and GSH
activities, along with a significant decrease in MDA activity (Fig. 1M-O)
(P < 0.01, P < 0.05), suggesting that lard supplementation enhances anti-
oxidant capacity and mitigates oxidative stress.

Dietary lard at 25% energy level promotes macrophage M2
polarization and reduces adipose tissue inflammation
Excessive fat accumulation can further induce adipose inflammation, which
is closely associated with macrophages. Our immunofluorescence analysis
revealed distinct effects of dietary oils on macrophage polarization (Fig. 2A
and B). Compared with the Lar and Pea groups, the expression of M1
macrophagemarker CD86was significantly elevated in the Cam group, but
the fluorescence intensity of M2 macrophage marker CD206 was sig-
nificantly higher in the Lar group than in the Cam and Pea groups (Fig. 2C
and D) (P <0.01), although there was no significant difference in CD11c
expression, the CD206/CD11c ratiowas significantly higher than that in the
Cam group (Fig. 2E and F) (P <0.01). M1-related genes (Inos, Il1b and Tnf)

were significantly up-regulated in the Cam and Pea groups, while Il6
expression was highest in the Pea group and significantly lower in the Lar
group (Fig. 2G) (P <0.05). Conversely, the Lar group showed enhanced
expression of the anti-inflammatory cytokine Il10 and M2 polarization
markers (Arg1,Mrc1,Mrc2) (Fig. 2H) (P <0.05). These findings collectively
indicate that lard preferentially promotes an anti-inflammatory M2 mac-
rophage phenotype, potentially contributing to reduced adipose tissue
inflammation.

Dietary lard at 25% energy level increases energy metabolism
and promotes lipolysis
The Cam group exhibited a significant up-regulation of key lipogenesis
genes, such as Cebpa, Fasn, Scd1, and Dgat2, all of which were sig-
nificantly higher than in the Lar and Pea groups. The Pea group showed
significantly higher Srebp1c expression than the Lar group (Fig. 3A) (P
<0.01). In contrast, the expression of lipolysis-related genes Atgl, Hsl,
Cat, and Acs in the Lar group was significantly higher than that in the
Cam and Pea groups. The expression of Cpt1 was significantly higher
than that in the Cam group, suggesting that lard may contribute to the
reduction of fat accumulation (Fig. 3B). The results were further con-
firmed in immunofluorescence (Fig. 3D-F). Regarding non-shivering
thermogenic genes in subcutaneous fat, the Cam group showed sig-
nificantly lower expression of Ucp1, Ampk, Ppargc1a, Prdm16, and

Fig. 2 | Dietary lard at 25% energy level promotes macrophage M2 polarization
and reduces adipose tissue inflammation. A Immunofluorescence detection of
CD86 in the subcutaneous fat (100×). B Immunofluorescence double staining of
CD11c and CD206 (100×). C Fluorescence intensity statistics of CD86.

D, E Fluorescence intensity statistics of CD11c and CD206. F CD206/CD11c radio.
G Relative expression of genes characteristic of M1 polarization. H Relative
expression of genes characteristic of M2 polarization. Lar Lard, Cam Camellia seed
oil, Pea Peanut oil.
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Fndc5 than the Lar and Pea groups. The Pea group showed significantly
higher expression of Ucp1, Prdm16 and Fndc5 than the Lar group, but
lowerAmpk and Ppargc1a expression (Fig. 3C) (P <0.01). Furthermore,
in brown adipose tissue, the Cam group showed a significantly lower
Ucp1 expression than the Lar group (P <0.01), and a significantly lower
Ppargc1a and Prdm16 expression than both the Lar and Pea groups (P
<0.05, P <0.01).Western blotting results confirmed that compared with
the Cam group, the Lar group downregulated the expression of
lipogenesis-related proteins (FASN and DGAT2); compared with the
Pea and Cam groups, the Lar group upregulated the expression of
lipolysis-related proteins (ATGL, P-ATGL, HSL, and P-HSL) (Fig. 3H-
I) (P <0.05). Collectively, these findings indicate that lard controls fat
accumulation by promoting lipolysis and non-shivering
thermogenesis.

Non-targeted metabolomics reveals significant differences in
serummetabolites between groups
To investigate the potential mechanisms of different dietary oils on lipid
metabolism. Metabolomics analysis was performed, and the results are
shown in Fig. 4. We found differences in the composition of metabolites
among the three groups (Fig. 4A-F). In view of the positive effect of lard
on inhibiting lipid accumulation in the above results, we next performed
KEGG pathway enrichment analysis using 85 metabolites with sig-
nificantly higher abundance in the Lard group vs. the Cam group or the
Pea group as the metabolite set (Fig. 4G). Further metabolite classifica-
tion analysis revealed that lipids and lipid-like molecules accounted for
83.05% of the total metabolites, of which 49 metabolites were particularly

enriched in the lard group (Fig. 4H). A hierarchical cluster analysis of the
top 40 metabolites by abundance (Fig. 4I) showed distinct metabolic
profiles in the Lard group vs. the Cam and Pea groups, leading to the
screening of 12 typical metabolites (Fig. 4J-U). Notably, TCA, a bile acid,
is often supplemented into the diet to study its effects on fish and
mammals. Exogenous TCA supplementation may modulate bile acid
metabolism by enhancing bile acid reabsorption, thereby reducing lipid
accumulation14. Based on this, we hypothesized that lard in reducing lipid
accumulation may be mediated by TCA.

TCA promotes lipolysis and M2 macrophage polarization
Next, we further explored the role of TCA in reducing lipid accumu-
lation and alleviating adipose tissue inflammation associated with lard
consumption. By correlating differential metabolites with phenotypes
related to lipid metabolism and adipose inflammation, we observed
that TCA was significantly negatively correlated with adipose cell
cross-sectional area (CSA), body fat mass, and subcutaneous fat mass.
Conversely, it exhibited a significant positive correlation with lean
body mass and genes associated with lipolysis (Fig. 5A). Additionally,
levels of reactive ROS, Il1b, the CD11c/CD206 ratio, and Inos
expression were negatively correlated with TCA levels. In contrast, the
expression levels of genes related to macrophage M2 polarization and
the anti-inflammatory cytokine Il10 were positively correlated with
TCA levels (Fig. 5B). These findings suggest that TCA may play a
crucial role in mitigating lipid accumulation and adipose tissue
inflammation in lard by modulating lipid metabolism and inflamma-
tory responses.

Fig. 3 | Dietary lard at 25% energy level increases energy metabolism and pro-
motes lipolysis. A The relative expression of genes for lipogenesis. B The relative
expression of genes for lipolysis. C The relative expression of genes related to non-
shivering thermogenesis in subcutaneous fat tissue. D The relative expression of
genes related to non-shivering thermogenesis in brown adipose tissue.

E Immunofluorescence double staining of FASN and CPT1 (200×).
F, G Fluorescence intensity statistics of FASN and CPT1. H, I Relative protein
expressions of FASN, DGAT2, ATGL, P-ATGL, HSL, P-HSL. Lar: Lard, Cam:
Camellia seed oil, Pea: Peanut oil. Superscript letters (a, b, c and d) indicate sig-
nificant differences between groups at P <0.05.
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Fig. 4 | Non-targetedmetabolomics reveals significant differences and functional
enrichment analysis of serummetabolites between groups. APartial least squares-
discriminant analysis (PLS-DA). B Venn analysis in positive ion mode. C Venn
analysis in negative ionmode. Volcano plot analysis forDCamO vs Lard, E PeaO vs
Lard, F CamO vs PeaO. CamO: Camellia seed oil, PeaO: Peanut oil. G KEGG
pathway enrichment analysis. H Metabolites classified by HMDB database.

I Hierarchical clustering analysis of metabolites. Relative metabolite abundances of
J Taurocholic acid. K Cohibin A. L Cholic acid. M 11-Dodecenoic acid. N PC
(20:2(11Z,14Z)/0:0). O PC (20:2/0:0). P Enantio-PAF C-16. Q PC (20:0/0:0). R PC
(16:0/18:2(9Z,12Z)). SPC (16:0/18:3(9Z,12Z,15Z)). (T) 3-O-Acetylepisamarcandin.
U PC (18:2/0:0). Lar Lard, Cam Camellia seed oil, Pea Peanut oil.

https://doi.org/10.1038/s41538-025-00657-8 Article

npj Science of Food |           (2026) 10:18 5

www.nature.com/npjscifood


TCApromotesLPS-inducedpolarizationofRAW264.7 fromM1to
M2 type
To explore the impact of TCA on macrophage polarization, we initially
assessed the effect of different concentration gradients of TCA on the via-
bility of RAW264.7 cells and found that the highest cellular metabolic
activity was observed at 12.5 and 25 μM concentrations (Fig. 6A). Using
1 μg/ml LPS to induceM1polarization, we examinedTCA’s effect (12.5 and
25 μM). TCA significantly decreased the levels of IL-1β and NO in
RAW264.7 cells after LPS induction (Fig. 6B and C) (P <0.05). Immuno-
fluorescence showed TCA reversed LPS-induced CD86 upregulation and
enhanced CD206 fluorescence (Fig. 6D-F). Additional analyses revealed
that TCAmarkedly suppressed the expression of pro-inflammatory factors
in M1macrophages, including Il1b, Il6, Tnf, and Inos (Fig. 6H-J) (P <0.05),
and promoted the expression of markers associated withM2macrophages,
such asArg1 and Il10 (Fig. 6K-L) (P<0.05).Molecular docking showedTCA
bound to ARG1 with a high binding affinity (-8.594 kcal/mol) (Fig. 6G).
Collectively, these findings suggest that TCA facilitates the transition ofM1
macrophages into an anti-inflammatory M2 phenotype.

TCA inhibits lipogenesis in 3T3-L1 cells
To further investigate the inhibitory effect of TCA on lipid accumulation,
3T3-L1 cellswere treatedwithTCAat 0, 1, 6.25, 12.5, 25, and 50 μM.TCAat
12.5 and 25 μM significantly enhanced cell metabolic activity (Fig. 7A) (P
<0.05). During 3T3-L1 differentiation, TG content decreased in a dose-
dependent manner with increasing TCA, and the TCA-25 group showed
the most significant reduction (Fig. 7B). Microscopic observation revealed
that TCA significantly reduced the accumulation of lipid droplets (Fig. 7C-
E) (P <0.05).

For gene and protein expression analysis, immunofluorescence
showed TCA reduced FASN fluorescence intensity and increased CPT1
intensity in a dose-dependent manner (Fig. 7F-H) (P <0.05). Western blot
and qPCR results confirmed TCA down-regulated lipogenesis-related
genes/proteins and up-regulated lipolysis-related genes/proteins (Fig. 7I-K)
(P<0.05).Molecular docking analysis revealed thatTCAbound toCPT1 via

stable hydrogen bonds and electrostatic interactions (Fig. 7L), with a high
binding affinity (-8.148 kcal/mol). Collectively, these findings indicate that
TCA modulates lipid metabolism and inhibits lipogenesis in 3T3-L1 cells.

Dissusion
Research indicates a positive correlation between dietary fat intake and
obesity15. Our study explored the effects of three MUFA-rich dietary oils,
lard, camellia seed oil, and peanut oil, on lipid metabolism. Despite their
similar high MUFA content, the animal fat (lard) and vegetable oils
(camellia seed oil and peanut oil) exhibited significant differences in reg-
ulating body weight and fat mass, which may be attributed to specific var-
iations in fatty acid composition (e.g., SFA proportion, n-3/n-6 PUFA ratio,
and PUFA subtype content) and bioactive components. Lard, a traditional
animal fat in China, was found in our previous research to reduce obesity
incidence when combined with soybean oil6. Although lard contains high
MUFAs (40.47%, primarily oleic acid), it also provides a substantial amount
of SFAs (39.47%, palmitic acid and stearic acid). Lard is abundant in SFAs
andMUFAs, whichmay improve insulin sensitivity and help regulate blood
glucose levels16. More importantly, from the perspectives of inflammation
and lipid deposition, lard also has a relatively higher n-3/n-6 ratio (0.007)
compared with camellia seed oil (0.004) and peanut oil (0.002). Since n-6
PUFAs serve as the main precursors of proinflammatory lipid mediators
(e.g., prostaglandins, leukotrienes) and excessive n-6 intake exacerbates
tissue inflammation17, lard’s favorable n-3/n-6 ratio suggests it provides
fewer proinflammatory n-6 precursors under the same energy intake,
potentially reducing inflammatory signal activation. This advantage is
further supported by our prior findings: an appropriate mixture of lard and
sunflower oil (high in n-6 PUFAs) significantly reduced hepatic triglyceride
accumulation, serum free fatty acid levels, and adipose tissue hypertrophy—
exhibiting better anti-lipid deposition effects than sunfloweroil alone18. This
confirms that lard’s fatty acid profile, when used in a certain proportion,
inhibits excessive lipid accumulation and alleviates lipid overload-induced
inflammation. In contrast, camellia seed oil supplementation led to reduc-
tions in both bodyweight and leanmass. Camellia seed oil contains a higher

Fig. 5 | Phenotype-metabolite association analysis. A Association between adipose tissue metabolism and serum metabolites; B Association between adipose tissue
inflammation and serum metabolites.
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MUFAs proportion of oleic acid (OA) (81.28%) and lower SFAs content
(11.34%), which may alter energy partitioning and affect muscle metabo-
lism, but the weight reduction may benefit from high OA levels19. Notably,
however, camellia seedoil’sn-6PUFAsaccount for 99.6%of its total PUFAs,
with extremely low n-3 PUFA content—resulting in an n-3/n-6 ratio lower
than that of lard. This makes it likely to provide more proinflammatory
precursors during long-term high intake, which may explain why camellia
seed oil intake increased lipid deposition inmice compared with lard in our
study. Peanut oil showed less pronounced changes in body weight and lean
mass compared with the other two oils. It is worth noting that peanut oil
supplementation resulted in an intermediate phenotype for some para-
meters. For instance, its effect on reducing leanmass was less dramatic than
that of camellia seed oil, which might be partially related to its linoleic acid
content (29.17%). In vivo studies have reported that supplementing the diet
of colon-26 adenocarcinoma-bearing mice, a model for cancer cachexia,
with conjugated linoleic acid helps maintain gastrocnemius muscle mass20.
However, it is critical to distinguish that the high level of standard linoleic
acid in peanut oil may not recapitulate the same effects, and our data do not
support a protective effect of peanut oil on lean mass superior to lard.
Although Yang et al.21 reported that a high-fat diet containing 60%MUFAs
maintained blood lipid levels and potentially inhibited lipid deposition in
obese hamsters by enhancing lipolytic enzyme activity. Notably, in our
study, comparedwith lard, the intake of Camellia seed oil increased the lipid
deposition in mice. Different from the short-term feeding with a high-fat
diet in most studies, this study employed long-term feeding with a

moderate-low fat diet, which may explain the observed phenotypic
differences.

Obesity is characterized by excessive lipid accumulation in white adi-
pose tissue (WAT), primarily caused by an energy intake and expenditure
imbalance. Lipid synthesis in mammals is strictly regulated by the sterol
regulatory element-binding proteins (SREBPs) family22. SREBP-1c pri-
marily induces the expression of genes related to fatty acid synthesis in
mammals23,24. This study found that Srebp-1c gene expression in the
Camellia seed oil group was markedly increased. The upregulation of
SREBP-1c expression can also significantly increase the expression of FASN
and SCD1, further promoting lipid deposition25,26, which is consistent with
the results of this study. Adipolysis breaks down TG stored in adipocytes,
releasing fatty acids and glycerol. The mobilization of adipose tissue is
mainly mediated by ATGL, HSL, and monoglyceride lipase (MGL)27. Fatty
acid β-oxidation is the primary decomposition pathway in the body, with
CPT1 serving as the rate-limiting enzyme for this process28. ACS enzymes
activate fatty acids into acyl-CoA, facilitating mitochondrial oxidation29.
Notably, lard intake significantly upregulates Hsl, Atgl, Cat, Cpt1, and Acs
mRNA levels, thereby reducing lipid deposition.

Obesity induces systemic oxidative stress, causing the accumulation of
ROS and an inflammatory response30,31. In this study, lard intake enhanced
in vivo antioxidant capacity, reduced oxidative stress, andmitigated adipose
inflammation. Emerging evidence highlights a close link between adipose
inflammation and macrophages, particularly in obesity-related metabolic
disorders32–34. Adipose tissue contains various immune cell populations,

Fig. 6 | TCA promotes LPS-induced polarization of RAW264.7 from M1 to
M2 type. A CCK8 cell viability assay. B IL-1β content. C NO content.
D Immunofluorescence double staining of CD86 and CD206 (200×).
E, F Fluorescence intensity statistics of CD86 and CD206.G 3D interactions of TCA

and ARG1 protein.H–M Relative genes expressions of Il1b, Il6, Tnf, Inos, Arg1, Il10.
Superscript letters (a, b, c, d and e) indicate significant differences between groups at
P <0.05.
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among which macrophages are the most predominant and are specifically
termed adipose tissue macrophages (ATMs). Under normal conditions,
macrophagesmake up 5% to 10% of adipose tissue, and this proportion can
increase to 50% or more in extremely obese humans and mice35,36. Within
adipose tissue, activated macrophages are classified into two phenotypes:
M1 macrophages and M2 macrophages. In the adipose tissue of lean mice,
M2 macrophages predominate, producing anti-inflammatory cytokines
such as IL-10 and transforming growth factor-β (TGF-β), contributing to
the resolution of inflammation. However, in obese mice, adipose tissue
recruits a large number of M1 macrophages, which secrete pro-
inflammatory factors, leading to inflammation and metabolic dysfunction
in adipose tissue37–39.Our study showed thatCamellia seedoil andpeanut oil
promoted ATM polarization toward the M1 phenotype, upregulating Inos,
Il6, Il1b, and Tnf. Conversely, lard promoted M2 polarization, increasing
Il10, Arg1, Mrc1, and Mrc2. Consequently, Camellia seed oil-fed mice
exhibited higher CD86 expression and a lower CD206/CD11c ratio than
lard- and peanut oil-fed groups. However, from the overall results, peanut
oil presented a mixed profile. While it did not induce the severe lean mass
loss seen with camellia seed oil, it consistently underperformed compared
with lard in key aspects of adipose tissue homeostasis. As it possesses the
highest n-6 PUFA content (29.23%) among the three oils, its pro-
inflammatory potential was evident. This was corroborated by our adipose

tissue inflammation results, which showed its anti-inflammatory effect was
inferior to that of the lard group, with elevated ROS production, increased
the expression level of Il6 and a reduced presence of M2macrophages (e.g.,
lower CD206). Furthermore, histological analysis revealed increased adi-
pocyte size in peanut oil-fedmice compared with the lard group, indicating
exacerbated adipose tissue hypertrophy. These findings indicate that lard
mitigates adipose inflammation by promoting M2 polarization, whereas
chronic Camellia seed oil intake enhances lipid deposition, inducing sub-
sequent adipose inflammation. In contrast,while peanut oil’s effects differed
from those of camellia seed oil in some aspects (e.g., lean mass), its overall
metabolic profile was less favorable than lard’s and did not exhibit the same
compelling, multi-faceted advantage that warranted an in-depth mechan-
istic exploration. We aimed to prioritize the investigation of the fat source
thatmost effectivelymaintained adipose tissue homeostasis, whichwas lard.
The newly identified mechanism involving TCA provides a novel expla-
nation for lard’s superior effects.

TCA is a conjugated form of cholic acid with taurine, and it is also a
dominant conjugate form of bile acids in humans40. TCA is significant as an
antidiabetic medication in T1D management. The incorporation of TCA
into G-microcapsules exerted positive effects on cell viability and glycemic
control in Type-1 diabetic animals41. Under hyperglycemia, TCA also
assisted Probucol, a lipophilic drug in an animal model of T2D, to enhance

Fig. 7 | TCA inhibits lipogenesis in 3T3-L1 cells. ACCK8 cell viability assay. B TG
content. C Cell morphology observation (100×). D Oil Red O Staining (100×).
E Lipid accumulation was quantified by measuring the absorbance at 510 nm.
F Immunofluorescence double staining of FASN and CPT1 (100×).
G, H Fluorescence intensity statistics of FASN and CPT1. I, J Relative protein

expressions of FASN, CPT1, DGAT2, ATGL, P-ATGL, HSL, P-HSL. K Relative
genes expressions of Atgl, Hsl, Acs, Cpt1, Srebp1c, Cebpa, Fasn, dgat2. L 3D inter-
actions of TCA and CPT1 protein. Superscript letters (a, b, c and d) indicate sig-
nificant differences between groups at P < 0.05.
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stability, improve β-cell survival, reduced the pro-inflammatory cytokine
TNF-α, and desirable targeted release properties of probucol42. Another
study found that TCA supplementation in the paraventricular nucleus of
spontaneously hypertensive rats can mitigate inflammation and oxidative
stress, inhibits neuron activation, and reduce hypertension43. In our results,
TCA is the key differential metabolite in lard group.We used LPS to induce
inflammation in RAW 264.7 macrophages, pretreatment with TCA sig-
nificantly reduced the expression of M1 macrophage markers, while sig-
nificantly increased the expression of M2 macrophages marker in the
supernatant of LPS-induced RAW264.7 cells. Bile acids have been shown to
enhance energy expenditure, boost insulin sensitivity, and reduce fasting
lipemia44. Long-term taurine feeding reduces plasma cholesterol and bile
acid levels and effectively prevents hypercholesterolemia45. We speculate
that TCA can reduce lipid deposition. Our study observed an increase in
lipid droplet numbers, mRNA expression levels of Srebp-1c, Fasn, Scd1,
Dgat2, and Cebpa, along with TG content in untreated cells during differ-
entiation. TCA treatment led to a reduction in these parameters, alongside
significantly elevated mRNA expression of Atgl, Hsl, Cpt1, and Acs. The
findings indicate that TCA potentially suppresses adipogenesis by mod-
ulating the expression of transcription factors related to adipocyte differ-
entiation and lipid deposition.

In addition to the tissue-specific alterations observed, it is essential to
consider how adipocyte-derived metabolites influence whole-body home-
ostasis. The surge in lipolysis induced by the dietary oils leads to elevated
circulating free-fatty acids (FFAs), which are readily taken up by the liver
and skeletal muscle, where they can be re-esterified into triglycerides, con-
tributing to hepatic steatosis and intramyocellular lipid accumulation—key
drivers of insulin resistance46,47. Moreover, excess FFAs act as ligands for
Toll-like-receptor 4 and other pattern-recognition receptors, promoting a
shift towardpro-inflammatoryM1macrophage polarization and the release
of cytokines such as TNF-α and IL-6. These inflammatory signals further
impair insulin signaling pathways, creating a vicious cycle of metabolic
dysfunction48,49. Our data show that lard uniquely raises serum TCA, a
molecule reported to dampenM1 activation and enhance M2 polarization,
thereby partially offsetting the deleterious systemic impact of heightened
FFAs. Conversely, camellia seed oil and peanut oil, with their low n-3/n-6
ratios and predominance of n-6 polyunsaturated fatty acids, generate an
FFA profile that favorsM1 polarization and oxidative stress, suggesting that
their adipose-tissue benefits may be outweighed by adverse systemic effects.
This underscores the necessity of evaluating dietary interventions not only
for local adipose outcomes but also for their broader metabolic repercus-
sions. We will investigate the effects of lard intake on lipid accumulation in
liver and skeletal muscle, systemic insulin sensitivity and serum lipid

spectrum, which will help to clarify whether the benefits of adipose tissue
translate into systemic metabolic health.

In the dietary pattern where dietary fat constitutes 25% of energy
intake, lard consumption, as opposed to camellia seed oil and peanut oil,
significantly elevates plasma TCA levels. This elevation subsequently
enhances the expression of genes related to lipolysis and promotes the
polarization of M2 macrophages within adipose tissue, thereby markedly
reducing inflammatory markers and lipid accumulation. While peanut oil
exhibits a certain advantage in maintaining muscle mass, the proin-
flammatory effects caused by its high n‑6 PUFA ratio limit its overall
metabolic benefits. These findings challenge the conventional view of ani-
mal fats and demonstrate that consuming lard at the recommended level
(with dietary fat providing 25% of energy) can confer metabolic benefits by
regulating adipose tissue homeostasis (Fig. 8). This study provides evidence-
based insights into the selection and consumption levels of dietary oils.

Methods
Chemicals and reagents
Table S1 contains a list of the main reagents and antibodies used.

Animals, diets, and experimental procedure
The 7w male C57BL/6 mice (purchased from Hunan SJA Laboratory
Animal Co., Ltd, Hunan, China) (SCXK (Xiang) 2019-0004)) were
maintained in a specific pathogen-free animal facility. All mice were kept
under aseptic conditions with free access to food and water. After a week
of adaptive feeding, the mice were randomly divided into three experi-
mental groups (n = 9 each). Lard, Camellia seed oil, and peanut oil were
used as experimental oils, and the mice were fed with a whole food diet
containing 25% fat energy, respectively, for 24 weeks. The mice were
sacrificed after fasting for 6 hours. All animal experiments followed the
Animal Welfare and Use Guidelines of China and were approved by the
Animal Welfare Committee of Hunan Agricultural University (Approval
Number: 43322108). Whole food diets were produced by Trophic Ani-
mal Feed High-Tech Co., Ltd. (Nantong, China). Refer to Table S2 for the
diet formulas.

Sample collection
Mice were weighed before dissection. Before sacrifice via cervical disloca-
tion, the mice were anesthetized intraperitoneally with a 1.25% sodium
tribromoethanol solution (MeilunBio, Dalian, China) at a dose of 0.2 mL/
10 g bodyweight. Subsequently, orbital blood samples, white adipose tissues
(including epididymal fat, perirenal fat, and subcutaneous fat), and brown
adipose tissue were harvested. The tissues were preserved at -80°C for
subsequent analysis.

Fatty acid composition detection
Oil samples (100mg) were hydrolyzed with HCl/ethanol (80°C, 45min),
and then transesterified with KOH/methanol. Fatty acid methyl esters
(FAMEs) were extracted with hexane and analyzed by GC-MS (Agilent
8860/5977B; HP-88 column; 140–240°C gradient). Peaks were identified
using FAME standards and quantified via external calibration. Method
validation showed good reproducibility (RSD < 5%) and sensitivity (LOD
0.01-0.05 μg/mL).

Histology staining for adipose tissue
Fixed subcutaneous fat samples were dehydrated, paraffin-embedded, and
sectioned (3–5 μm thickness). Sections were stained with hematoxylin and
eosin (H&E) following standard protocols. Histomorphometric analysis
was performed using light microscopy and quantified with ImageJ
software10.

Biochemical assays for oxidative stress markers
Adipose tissue samples stored at−80°C were thawed, and Reactive Oxygen
Species (ROS) levels were measured using a commercial ELISA kit. Addi-
tionally, Malondialdehyde (MDA), Superoxide Dismutase (SOD) and

Fig. 8 |Mechanismbywhich amoderate lard-included diet reduces fat deposition
and inflammation in the adipose tissue. The upward arrow indicates positive
correlation, while the downward arrow indicates negative correlation (By Figdraw).
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Reduced glutathione (GSH) activities were determined following the
manufacturer’s instructions50.

Metabolomics analysis
Serummetaboliteswere extractedwith 400 μLmethanol: acetonitrile (1:1, v/
v) and analyzed by UHPLC-Q Exactivemass spectrometry (Thermo Fisher
Scientific). Metabolites were identified by matchingMS/MS spectra against
HMDB, METLIN, and Majorbio’s internal database. Data were processed
on the Majorbio Cloud Platform51.

Cell culture and differentiation
3T3-L1 pre-adipocytes were sourced from the Second Xiangya Hospital
of Central South University (Changsha, China) and cultured in DMEM
containing 10% FBS and 1% antibiotics. To promote adipocyte differ-
entiation, 3T3-L1 cells at full confluency (day 0) treated with MDI
induction medium (containing 0.5 mM isobutylmethylxanthine (IBMX)
1 μM dexamethasone, and 10 μg/mL insulin) for 48 hours, then main-
tained in DMEM-High Glucose medium with 10 μg/mL insulin for an
additional 48 hours. The cells were cultured in standard growth medium,
with the medium containing 10 μg/mL insulin replaced every two days,
until they fully differentiated into mature adipocytes by day 8. The
experiment was divided into the following groups: control, positive,
TCA-12.5 μM, and TCA-25 μM. For the TCA intervention study, cells
were treated with various concentrations of TCA (12.5 and 25 μM)
simultaneously with adipogenic induction at the beginning of differ-
entiation. The positive control group received an equal volume of
complete medium without TCA, while undergoing adipogenic induction
simultaneously, and thus served as the positive control for adipocyte
differentiation. In contrast, the control group was given an equal volume
of complete medium without TCA, with no adipogenic induction
applied.

RAW 264.7 cells were sourced from the Institute of Subtropical
Agriculture, Chinese Academy of SciencesNational (Changsha, China) and
cultured in 1640 containing 10% FBS and 1% antibiotics. Experiments
commenced when RAW 264.7 cells, seeded in 6-well plates, achieved 70-
80% confluence. TCA at concentrations of 12.5 and 25 μM was pre-
activated for 2 hours before adding 1 μg/mL of LPS solution to each well for
a 24-hour co-stimulation to induce theM1 phenotype. The experiment was
divided into the following groups: control, TCA-12.5 μM, TCA-25 μM,
LPS+ TCA-12.5 μM, and LPS+ TCA-25 μM, with a total treatment
of 24 h.

Cell viability
Cell viability at each TCA density (0, 1, 6.25, 12.5, 25, 50 μM)was evaluated
using a cell counting kit. After seeding the cells on a 96-well culture plate for
24 h, the cellswerewashedwith PBS.Add freshmediumcontaining 0.1 mL/
ml CCK-8, incubation for 1 h, the intensity was measured at a wavelength
of 450 nm.

Oil red O staining
On day 8 after differentiation induction, 3T3-L1 cells underwent PBS
washing, 20-minute fixation with 10% formalin, followed by a wash with
60% isopropyl alcohol. Oil red O staining followed the manufacturer’s
guidelines. Photomicrographs were obtained using an inverted micro-
scope (Nikon, Tokyo, Japan). Subsequently, 300 μL of pure isopropyl
alcohol was added to each well for lipid extraction, followed by a 20-fold
dilution, and the absorbance was measured at 510 nm using a microplate
reader.

Measurement of intracellular triglyceride levels
On day 8, after differentiation induction, cells were disrupted using lysis
buffer. The intracellular triglyceride (TG) content was measured using a
TG determination kit in accordance with the manufacturer’s instruc-
tions. The absorbance was measured at 500 nm using a microplate
reader.

Generation of nitric oxide and IL-1β level assays
According to the NO detection kit and the enzyme-linked immunosorbent
assay (ELISA) kits ofmouse IL-1β, RAW264.7 cells were cultured overnight
in 96-well plates, and then exposed to different concentrations of TCA and
LPS (1 μg/mL) individually or in combination for 24 h. The absorbance of
each groupwasmeasured at 550 nm forNOdetection. The plates were read
at 450 nm for IL-1β detection.

Immunofluorescence staining for adipose tissue, 3T3-L1cell and
RAW 264.7cell
Cells were fixed with 4% paraformaldehyde for 15minutes at room tem-
perature and washed with PBS 3 times. Following dewaxing to water for
paraffin-embedded sections of adipose tissue, antigen retrieval was per-
formed in citrate antigen retrieval buffer. After blocking both the adipose
tissue andcells, theprimary antibodywas applied, followedby the secondary
antibody. After incubation, DAPI staining solution was added to counter-
stain the nuclei for 10minutes and visualized using fluorescent microscopy
(Olympus, Tokyo, Japan). Fluorescence imageswere captured using Image-
J software, with five different fields per sample analyzed for quantification

qPCR
Total RNA was extracted from subcutaneous adipose tissue, 3T3-L1 and
RAW 264.7cells by TRIzol, and RNA was reverse transcribed into cDNA
using a PrimeScript RT reagent kit with gDNA Eraser. Genes were selected
(Table S3) for qPCR analyses: Actb, Fasn, Dgat2, Cebpa, Scd1, Srebp1c,Hsl,
Cat, Atgl, Acc, Cpt1, Ucp1, Fndc5, Prdm16, Ppargc1a, Ampk, Inos, Il6, Tnf,
Il1b, Il10, Arg1, Mrc1, Mrc2. The details of total RNA extraction, cDNA
preparation and qPCR assays are described in the previous study4.

Western blotting
Western blottingwas performed as describedpreviously52. Finally, detection
was visualized by using the ECL chemical luminescent detection kit, and the
bands were further analyzed using Image-J software. Antibodies are shown
in Table S1.

Molecular docking
To analyze the binding affinities andmodes of interaction between the drug
candidate and their targets, AutodockVina 1.2.2, a silico protein–ligand
docking software, was employed. The molecular structures of TCA were
retrieved fromPubChemCompound (https://pubchem.ncbi.nlm.nih.gov/).
The 3D coordinates of CPT1 (PDB ID, 6YG3; resolution, 2.05 Å) and
ARG1(PDB ID, 8E5M; resolution, 1.84 Å) were downloaded from the PDB
(http://www.rcsb.org/pdb/home/home.do). For docking analysis, all pro-
tein and molecular files were converted into PDBQT format with all water
molecules excluded and polar hydrogen atoms were added. The grid box
was centered to cover the domain of each protein and to accommodate free
molecular movement. Molecular docking studies were performed by
Autodock Vina 1.2.2 (http://autodock.scripps.edu/).

Statistical analyses
All quantitative data are presented asmeans ± standarddeviation (SD) from
three independent replicates. Data were tested for normality using the
Shapiro−Wilk test. Normally distributed datawere analyzed using one-way
analysis of variance (ANOVA). Non-normally distributed data were ana-
lyzed using the Kruskal−Wallis rank-sum test. Differences between two
groups were analyzed using Student’s t test. GraphPad Prism (version 9;
GraphPad Software, CA, USA) was used for data analysis. P < 0.05 was
considered to be significant.

Data availability
The authors declare that the data supporting the findings of this study are
available within the article.
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