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Abstract

Obesity and obesity-associated hepatic steatosis represent major metabolic health chal-
lenges, yet effective pharmacological interventions remain limited. Rosmarinic acid (RA),
a natural polyphenol, has been reported to exert anti-obesity effects; however, its specific
roles in restoring hepatic lipid homeostasis and modulating glucose metabolism under
diet-induced obesity remain unclear. In this study, we investigated the metabolic effects and
underlying mechanisms of RA in mice with high-fat diet (HFD)-induced obesity. RA signif-
icantly reduced body weight gain and adipose tissue mass without altering total energy in-
take, accompanied by increased nocturnal energy expenditure and fecal lipid excretion. RA
restored hepatic lipid homeostasis by improving circulating lipid profiles and markedly at-
tenuating hepatic steatosis, fibrosis, and hepatocellular injury. These effects were associated
with increased fecal lipid excretion, suppression of hepatic lipogenesis, and enhancement of
fatty acid oxidation-related markers. Furthermore, RA reduced fasting blood glucose levels
and modulated the expression of hepatic glucose metabolism-related genes. Pancreatic
immunohistochemistry showed morphological changes in insulin-positive and glucagon-
positive cells following RA supplementation. Collectively, these findings indicate that RA
ameliorates obesity-associated metabolic disturbances and hepatic steatosis through coor-
dinated regulation of lipid metabolism and hepatic glucose metabolism-related pathways,
highlighting its potential relevance for obesity-associated fatty liver conditions.

Keywords: rosmarinic acid; obesity; high-fat diet; hepatic steatosis; lipid metabolism;
glucose metabolism

1. Introduction
Metabolic dysfunction-associated steatotic liver disease (MASLD) is a common chronic

liver disease worldwide [1]. It is closely associated with obesity, insulin resistance, and
dyslipidemia and is characterized by hepatic fat accumulation in the absence of significant
alcohol consumption [2,3]. The global prevalence of MASLD is increasing in parallel with
the obesity epidemic [1,4], which in turn increases the risk of type 2 diabetes mellitus,
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cardiovascular disease, and liver-related morbidity and mortality [5,6]. Despite its clinical
significance, there is currently no approved pharmacological treatment for MASLD [7].
This emphasizes an urgent need to develop therapeutic strategies that address multiple
aspects of metabolic dysfunction.

Recently, there has been an increasing interest in naturally derived polyphenolic com-
pounds as potential agents for the treatment of metabolic diseases, mainly due to their
multi-targeted actions, including antioxidant, anti-inflammatory, and metabolic regulatory
effects [8,9]. Among these, rosmarinic acid (RA), a phenolic compound highly abundant
in rosemary, lemon balm, and perilla, has demonstrated promising anti-obesity and hep-
atoprotective effects in experimental models [10,11]. Previous studies have shown that RA
regulates lipid metabolism by reducing adipocyte hypertrophy and improving lipolysis [12],
as well as mitigates systemic inflammation and enhances insulin sensitivity [13,14].

However, the integrated effects of RA on hepatic steatosis, adipose tissue remodeling,
and glucose metabolism under high-fat diet (HFD)-induced obesity remain unknown.
Therefore, we investigated the metabolic effects of RA supplementation in a mouse model
of HFD-induced obesity, with particular attention to energy balance, lipid metabolism,
hepatic steatosis, and fasting glucose-related metabolic changes. We further examined the
expression of genes and proteins involved in lipogenesis, fatty acid oxidation, and hepatic
glucose metabolism to explore the molecular changes associated with RA supplementation.

Our findings demonstrate that RA attenuates obesity-associated hepatic steatosis and
metabolic disturbances by regulating lipid metabolism and hepatic glucose metabolism-
related pathways in HFD-fed mice, supporting its potential relevance for obesity-associated
metabolic disorders.

2. Results
2.1. RA Supplementation Reduced Body Weight and Adipose Tissue Mass by Enhancing Energy
Expenditure and Increasing Fecal Lipid Excretion in HFD-Fed Mice

To investigate the effect of RA on the progression of obesity, we first examined body
weight changes in mice fed an HFD for 12 weeks. HFD-fed mice exhibited considerably
higher body weight and body weight gain (BWG) compared with those fed a normal diet
(ND). However, RA markedly attenuated both body weight and BWG in HFD-fed mice
(Figure 1A,B). To determine whether these effects were due to altered energy intake, total
food consumption was measured. No significant differences were observed between the
HFD and RA groups (Figure 1C). However, the food efficiency ratio (FER) was significantly
lower in the RA-supplemented groups than in the HFD group (Figure 1D). These findings
suggest that RA mitigates weight gain independent of reduction in energy intake. Indirect
calorimetry was used for metabolic assessment. HFD-fed mice showed reduced energy
expenditure compared with ND-fed mice, particularly during the dark phase. Conversely,
RA supplementation significantly increased nocturnal energy expenditure compared with
the HFD group, indicating enhanced metabolic activity (Figure 1E). Fecal lipid analysis
showed that HFD increased fecal triglyceride excretion, which was further increased by
RA supplementation (Figure 1F). This indicates that RA enhances lipid excretion and/or
inhibits intestinal lipid absorption, thereby reducing systemic lipid accumulation.

Regarding lipid metabolism, RA significantly reversed HFD-induced elevated plasma
total cholesterol (TC) (Figure 1G), whereas plasma triglyceride (TG) levels did not show
significant alterations (Figure 1H). Plasma HDL-cholesterol (HDL-C) levels were higher in
the HFD group than in the ND group, and there was no significant difference between the
RA and HFD groups (Figure 1I). In contrast, RA significantly reduced non-HDL cholesterol
levels compared with the HFD group (Figure 1J). As shown in Figure 1K, HFD increased
the relative weights of several adipose depots when expressed as percentages of body
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weight. RA significantly reduced the relative weights of perirenal and subcutaneous WAT
compared with the HFD group. In contrast, the relative weights of epididymal WAT,
interscapular WAT, and total WAT did not significantly differ between the HFD and RA
groups. The relative weight of interscapular BAT was also significantly altered by RA sup-
plementation. The absolute adipose tissue weights are provided in Supplementary Figure
S3A. Histological analysis showed that adipocytes in the epididymal and subcutaneous
WAT of HFD-fed mice were considerably less hypertrophied in the RA-treated groups
(Figure 1L). These findings suggest that RA not only reduces adipose tissue mass but also
improves adipocyte morphology. Thus, RA effectively attenuates diet-induced obesity by
enhancing energy expenditure, improving blood and fecal lipid profiles, reducing adipose
tissue accumulation, and alleviating adipocyte hypertrophy, independent of energy intake.

Figure 1. Rosmarinic acid supplementation improved body weight, energy expenditure, and lipid
metabolism in HFD-fed mice. (A) Body weight, (B) body weight gain (BWG), (C) total energy
intake, and (D) food efficiency ratio (FER) after 12 weeks. (E) Energy expenditure during the day
and night periods assessed by indirect calorimetry. (F) Fecal triglyceride (TG) excretion expressed
as mg glycerol equivalents/day. (G) Plasma total cholesterol (TC). (H) Plasma triglyceride (TG).
(I) Plasma high-density lipoprotein cholesterol (HDL-C) levels. (J) Plasma non-HDL cholesterol
levels. (K) Relative weights of adipose tissues expressed as percentages of body weight, including
epididymal, perirenal, subcutaneous, and interscapular white adipose tissue (WAT), total WAT, and
interscapular brown adipose tissue (BAT). (L) Histological analysis of epididymal and subcutaneous
WAT stained with hematoxylin and eosin (H&E) (scale bar: 100 µm). Data are presented as mean
± SEM (n = 6 per group). Statistical significance was assessed using one-way ANOVA followed
by Tukey’s post hoc test. For variables measured at multiple time points, group differences were
analyzed separately at each time point using one-way ANOVA followed by Tukey’s post hoc test.
abc Means not sharing a common letter are significantly different among the groups (p < 0.05). ND,
normal diet (AIN-93G); HFD, high-fat diet (60 kcal% fat); RA, HFD + rosmarinic acid (0.0318%).
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2.2. RA Supplementation Improved Plasma Lipid Profiles and Adipokine Levels in HFD-Fed Mice

Because adipokine imbalance plays a critical role in obesity-related metabolic disor-
ders, we examined whether RA could restore circulating adipokine profiles in HFD-fed
mice. Compared with the ND group, HFD significantly decreased plasma adiponectin
levels while increasing leptin and resistin concentrations. The leptin-to-adiponectin (L:A)
ratio was also markedly elevated in HFD-fed mice (Figure 2A–D). RA supplementation
did not significantly alter adiponectin levels but significantly reduced leptin and resistin
levels, as well as the L:A ratio, compared with the HFD group. These findings suggest
that RA may alleviate adipokine imbalance and support metabolic homeostasis under
obesogenic conditions.

Figure 2. Rosmarinic acid supplementation improved adipokine profiles, reduced systemic inflam-
mation, and attenuated adipose tissue fibrosis in HFD-fed mice. (A) Plasma adiponectin, (B) leptin,
(C) and resistin levels, and (D) leptin-to-adiponectin ratio (L:A ratio). (E,F) Plasma levels of the
pro-inflammatory cytokines MCP-1 and TNF-α. (G) Masson’s trichrome staining of epididymal and
subcutaneous WAT showing fibrosis; green arrows indicate areas of collagen-positive areas (scale bar:
100 µm). Data are presented as mean ± SEM (n = 6 per group). Statistical significance was assessed
using one-way ANOVA followed by Tukey’s post hoc test. abc Means not sharing a common letter
are significantly different among the groups (p < 0.05). ND, normal diet (AIN-93G); HFD, high-fat
diet (60 kcal% fat); RA, HFD + rosmarinic acid (0.0318%).
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Next, we evaluated systemic inflammation by measuring the levels of pro-inflammatory
cytokines. Plasma levels of MCP-1 and TNF-α were significantly increased in the HFD
group, while RA supplementation significantly reduced TNF-α levels and showed a de-
creasing trend in MCP-1 compared with the HFD group (Figure 2E,F). These data demon-
strate the anti-inflammatory potential of RA in modulating adipose tissue inflammation in
diet-induced obesity. Histological analysis of epididymal and subcutaneous WAT using
Masson’s trichrome staining revealed notable collagen deposition (fibrosis) in the HFD
group. In contrast, the RA-supplemented groups showed significantly fewer fibrotic ar-
eas, suggesting that RA may alleviate adipose tissue remodeling and fibrosis associated
with chronic inflammation (Figure 2G). Together, these data provide evidence that RA
supplementation improves circulating adipokine levels and lowers inflammatory cytokine
generation while preventing adipose tissue fibrosis, thereby contributing to the metabolic
benefits observed in diet-induced obesity.

2.3. RA Supplementation Alleviated Hepatic Steatosis and Liver Injury-Related Markers in
HFD-Fed Mice

To investigate the effect of RA on hepatic lipid accumulation, we measured liver weight
and hepatic lipid content. HFD significantly increased relative liver weight, expressed as a
percentage of body weight, as well as hepatic non-esterified fatty acid (NEFA), triglycerides
(TG), and total cholesterol (CHOL) compared with the ND group. The relative liver weight
did not significantly differ between the HFD and RA groups. However, RA significantly
reduced hepatic NEFA and TG levels compared with the HFD group, whereas hepatic
CHOL levels were not significantly different between the ND and RA groups (Figure 3A–D).
The absolute liver weight is provided in Supplementary Figure S3B. To further investigate
hepatic function, we measured the plasma levels of liver enzymes, including glutamate
oxaloacetate transaminase (GOT) and glutamate pyruvate transaminase (GPT). HFD-fed
mice exhibited increased plasma GOT and GPT activities, indicative of hepatocellular
injury. RA significantly reduced plasma GPT activity, whereas plasma GOT activity did
not significantly differ between the HFD and RA groups (Figure 3E). Histological analysis
also supported these results. Hematoxylin and eosin (H&E) staining revealed that the HFD
group exhibited severe hepatic steatosis, characterized by numerous macrovesicular lipid
droplets and disrupted hepatocellular structure. However, RA supplementation markedly
reduced both the size and number of lipid droplets, and hepatic structure remained more
intact. Masson’s trichrome staining showed diet-associated histological alterations in liver
tissue, which appeared less pronounced in the RA-treated group (Figure 3G). Given the
absence of fibrosis-specific quantitative assessments, these histological findings were not
interpreted as definitive evidence of hepatic fibrosis or antifibrotic activity. At the molecular
level, RA regulated the expression of key genes involved in lipid metabolism. Hepatic
mRNA levels of the lipogenic markers Fas and Pparγ were significantly elevated in the
HFD group but were notably suppressed by RA. In contrast, the RA-treated group showed
significantly higher expression of genes associated with fatty acid β-oxidation, including
Pparα, Cpt2, and Cpt1α. Moreover, RA supplementation increased Prkag1 expression, which
encodes the AMPKγ1 subunit (Figure 3F). Western blot analysis showed similar changes
at the protein level, with reduced FAS and PPARγ expression and increased HSL, CPT2,
and CPT1α expression in the RA group compared with the HFD group (Figure 3H,I).
These findings indicate that RA attenuates obesity-associated hepatic steatosis by reducing
hepatic lipid synthesis, enhancing fatty acid oxidation, and preserving hepatic structural
integrity, thereby alleviating diet-induced hepatic steatosis and fibrosis.
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Figure 3. Rosmarinic acid ameliorated obesity-associated hepatic steatosis and fibrosis by regulating
lipid metabolism and enhancing fatty acid oxidation in HFD-fed mice. (A) Relative liver weight
expressed as percentage of body weight, (B) hepatic non-esterified fatty acid (NEFA), (C) hepatic
triglyceride (TG), and (D) hepatic total cholesterol (CHOL) contents. (E) Plasma liver enzymes
GOT and GPT, expressed as U/L. (F) Hepatic mRNA expression of Fas, Pparγ, Pparα, Cpt2, Cpt1α,
and Prkag1. (G) Representative hepatic histology: Hematoxylin and eosin (H&E) staining showing
hepatic steatosis, and Masson’s trichrome staining showing collagen deposition (fibrosis) (scale
bar: 100 µm). (H) Representative Western blot images of FAS, PPARγ, HSL, CPT2, CPT1α and
GAPDH. The expected molecular weights of the target proteins are shown in Supplementary
Figure S1. (I) Quantification of hepatic protein expression normalized to GAPDH. Data are pre-
sented as mean ± SEM (n = 6 per group). Statistical significance was assessed using one-way ANOVA
followed by Tukey’s post hoc test. abc Means not sharing a common letter are significantly different
among the groups (p < 0.05). ND, normal diet (AIN-93G); HFD, high-fat diet (60 kcal% fat); RA,
HFD + rosmarinic acid (0.0318%).

2.4. RA Supplementation Improved Fasting Blood Glucose Levels and Regulated Hepatic Glucose
Metabolism-Related Genes in HFD-Fed Mice

To examine the effects of RA on glucose-related metabolic parameters under obese
conditions, we measured fasting blood glucose levels. Mice in the HFD group showed
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increased fasting blood glucose levels for 12 weeks compared with those in the ND group.
In contrast, RA supplementation significantly reduced fasting blood glucose levels at week
12 compared with the HFD group (Figure 4A).

Figure 4. Rosmarinic acid reduced fasting blood glucose levels and modulated pancreatic en-
docrine cell morphology and hepatic glucose metabolism-related gene expression in HFD-fed mice.
(A) Fasting blood glucose levels measured at weeks 4, 8, and 12. (B) Immunohistochemical staining
of pancreatic insulin and glucagon. Brown staining indicates positive immunoreativity (scale bar:
100 µm). (C) Hepatic mRNA expression of Irs2, Creb, Pgc1α, and G6pc. (D) Hepatic mRNA expression
of Glut2, Gck, Hk2, Hk3, Pdhb, and Pkm2. Data are presented as mean ± SEM (n = 6 per group).
Statistical significance was assessed using one-way ANOVA followed by Tukey’s post hoc test. For
variables measured at multiple time points, group differences were analyzed separately at each time
point using one-way ANOVA followed by Tukey’s post hoc test. abc Means not sharing a common
letter are significantly different among the groups (p < 0.05). ND, normal diet (AIN-93G); HFD,
high-fat diet (60 kcal% fat); RA, HFD + rosmarinic acid (0.0318%).

Morphological analysis using immunohistochemical (IHC) staining showed changes
in insulin-positive β-cells and glucagon-positive α-cells in HFD-fed mice. RA supplemen-
tation attenuated these HFD-induced morphological changes in pancreatic endocrine cells
(Figure 4B).

To examine whether RA affected hepatic glucose metabolism-related gene expression,
we analyzed the mRNA expression of genes associated with insulin signaling-related
pathways, gluconeogenesis, glucose transport, glycolysis, and pyruvate metabolism. RA
restored the HFD-induced changes in Irs2, Creb, and Pgc1α expression and reduced the
expression of G6pc, a key gluconeogenic enzyme. In addition, RA modulated the expression
of genes associated with glucose transport, glycolysis, and pyruvate metabolism, including
Glut2, Gck, Hk2, Hk3, Pdhb, and Pkm2 (Figure 4C,D). These findings suggest that RA
reduced fasting blood glucose levels and influenced hepatic glucose metabolism-related
gene expression in HFD-fed mice.
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3. Discussion
Obesity and obesity-associated hepatic steatosis have emerged as major health chal-

lenges, driven by modern dietary patterns and insufficient physical activity [15,16]. How-
ever, effective therapeutic options remain limited. In this study, we investigated how RA, a
natural polyphenol compound, modulates metabolic alterations in a mouse model of HFD-
induced obesity [17,18]. The results suggest that RA exerts beneficial effects on body weight
regulation, lipid metabolism, hepatic steatosis, and fibrosis within this obesity-associated
metabolic context.

A notable finding of this study was that RA significantly reduced body weight and
adipose tissue mass in HFD-fed mice without altering total energy intake, suggesting
that RA’s anti-obesity effect is not attributable to appetite suppression. However, the
RA-supplemented group exhibited a significant increase in nocturnal energy expenditure
and fecal lipid excretion, suggesting increased energy expenditure and fecal lipid elimi-
nation [19]. The increased fecal triglyceride excretion observed in the RA-supplemented
group suggests that RA may reduce intestinal lipid absorption and/or enhance fecal lipid
elimination. Therefore, the body weight-lowering and hepatic lipid-lowering effects of RA
may not be explained solely by the direct regulation of hepatic lipid metabolism. Instead,
reduced intestinal lipid availability resulting from increased fecal lipid loss may have
contributed to the decrease in systemic lipid burden, adipose tissue accumulation, and
hepatic triglyceride deposition. This interpretation provides an additional mechanism by
which RA may protect against HFD-induced metabolic and hepatic alterations. In addition,
the improvement in the FER supports a shift in metabolism toward more efficient energy
utilization rather than energy storage [20].

RA supplementation also improved several systemic lipid parameters. RA signifi-
cantly reduced plasma TC and non-HDL cholesterol compared with the HFD group, had no
effect on plasma TG, and slightly reduced HDL cholesterol compared with the HFD group.
Although hepatic triglyceride content was significantly reduced by RA, plasma triglyceride
levels were not significantly altered. This apparent discrepancy may be explained by the
dynamic regulation of circulating triglycerides, which are influenced by hepatic VLDL-
triglyceride secretion, peripheral triglyceride clearance, intestinal lipid absorption, and
adipose tissue lipid mobilization. In addition, plasma ApoB levels were not significantly
different among the ND, HFD, and RA groups (Figure S2), indicating that RA supplementa-
tion did not increase circulating ApoB levels. Therefore, the unchanged plasma triglyceride
level was unlikely to be explained by a marked compensatory increase in ApoB-containing
lipoproteins. However, because VLDL secretion and triglyceride clearance were not directly
measured, further studies assessing VLDL secretion and triglyceride clearance will help
clarify this mechanism.

These changes in lipid profiles suggest a reduced risk of cardiovascular complications
associated with dyslipidemia [21–23]. These effects are likely associated with increased lipid
mobilization and mitochondrial fatty acid oxidation [24]. Molecular analyses in the liver
showed that RA downregulated genes (Fas, Pparγ) and proteins (FAS, PPARγ) associated
with lipid synthesis and upregulated genes and proteins (Pparα, Cpt1α, Cpt2) and lipolytic
factor (HSL) involved in β-oxidation of fatty acids [25,26]. This change in transcriptional
regulation promotes liver lipid metabolism, leading to a transition from lipid synthesis
and storage to lipid degradation and utilization, thereby alleviating lipid accumulation
in the liver. RA also increased hepatic Prkag1 mRNA expression, which encodes the
AMPKγ1 subunit. However, because AMPK phosphorylation and ACC phosphorylation
were not measured, this finding cannot be interpreted as direct evidence of AMPK pathway
activation. Further studies are required to determine whether AMPK signaling contributes
to the hepatic lipid-lowering effects of RA.
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In addition to lipid metabolism, RA improved adipokine balance and reduced sys-
temic inflammation, both of which are critical for metabolic dysfunction associated with
obesity [27]. Insulin resistance and chronic inflammation are often exacerbated by HFD
feeding [28], which typically results in decreased plasma adiponectin and increased lep-
tin and resistin levels [29,30]. Although RA supplementation did not affect adiponectin
levels, it effectively reversed this imbalance by reducing leptin and resistin levels and
thereby lowering the L:A ratio. Additionally, RA considerably reduced plasma TNF-α
levels and showed a decreasing trend in MCP-1 levels. These anti-inflammatory effects
were confirmed through histological investigation, revealing reduction in collagen deposi-
tion (fibrosis) in epididymal and subcutaneous WAT. Adipose tissue fibrosis, a hallmark
of chronic inflammation in obesity, interferes with normal function of adipocytes and
promotes insulin resistance [31,32]. Reduction in inflammation and fibrosis by RA may
contribute to improved adipose tissue function and metabolic homeostasis.

One of the most important findings of this study was that RA attenuated obesity-
associated hepatic steatosis and related liver injury markers. Mice fed an HFD exhibited
increased relative liver weight and elevated hepatic FA, TG, and CHOL levels. Furthermore,
HFD-fed mice showed elevated plasma GOT and GPT activities, indicative of hepatocellular
injury [33]. Although relative liver weight and plasma GOT activity did not significantly
differ between the HFD and RA groups, RA supplementation reduced hepatic FA and
TG levels and lowered plasma GPT activity. These findings support the hepatoprotective
potential of RA against lipid accumulation-associated liver damage. Histological analyses
further showed that RA treatment markedly attenuated hepatic steatosis and improved
liver histological alterations. Importantly, this hepatoprotective effect may be partly linked
to the increase in fecal triglyceride excretion. By promoting fecal lipid loss or limiting
intestinal lipid absorption, RA may reduce systemic lipid availability, thereby contributing
to the attenuation of hepatic triglyceride accumulation and steatosis. Collectively, these
findings suggest that RA has hepatoprotective potential against hepatic steatosis in an
obesity-associated metabolic setting.

RA also affected fasting blood glucose levels and hepatic glucose metabolism-related
gene expression. RA supplementation reduced fasting blood glucose levels in HFD-fed
mice, suggesting a partial improvement in fasting glycemic status. At the molecular
level, RA restored the HFD-induced changes in the expression of genes related to in-
sulin signaling-associated pathways and mitochondrial function, including Irs2, Creb, and
Pgc1α [34,35]. RA also reduced the expression of G6pc, a key gluconeogenic enzyme in-
volved in hepatic glucose production [36]. RA modulated the expression of genes associated
with glucose transport, glycolysis, and pyruvate metabolism, including Glut2, Gck, Hk2,
Hk3, Pdhb, and Pkm2 [37,38]. These findings suggest that RA may influence hepatic glucose
metabolism in HFD-fed mice. However, because GTT, ITT, plasma insulin/HOMA-IR,
and AKT phosphorylation were not assessed in this study, the present data do not allow a
direct conclusion regarding improved insulin sensitivity. Future studies incorporating these
analyses will help clarify whether RA directly improves insulin sensitivity and systemic
glucose homeostasis.

This study has several limitations. Although RA reduced fasting blood glucose levels
and modulated hepatic glucose metabolism-related gene expression, GTT, ITT, plasma
insulin/HOMA-IR, and AKT phosphorylation analyses were not performed. Therefore,
the present data do not allow a direct conclusion regarding improved insulin sensitivity. In
addition, hepatic gene expression was normalized using Gapdh as a single reference gene.
Although the raw Gapdh Ct values did not differ significantly among the experimental
groups, the use of an additional validated housekeeping gene would have strengthened
the reliability of the normalization, particularly for genes involved in glucose and gly-
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colytic metabolism. Moreover, although RA increased hepatic Prkag1 mRNA expression,
AMPK phosphorylation and ACC phosphorylation were not assessed; thus, AMPK path-
way activation cannot be directly inferred. Pancreatic IHC findings were interpreted as
morphological observations because beta-cell mass, C-peptide levels, and insulin secretion
were not measured. Furthermore, the RA dose used in this study was not determined
based on pharmacokinetic, tissue distribution, or dose–response analyses. Although the
estimated daily RA intake was approximately 29.7 mg/kg body weight/day, plasma RA
levels and hepatic or adipose tissue RA concentrations were not measured. Therefore,
systemic exposure and tissue distribution of RA could not be directly evaluated in the
present study. Future studies incorporating these functional and pharmacokinetic analyses
will help clarify the mechanisms underlying the metabolic effects of RA.

4. Conclusions
In conclusion, this study demonstrates that RA supplementation attenuated HFD-

induced hepatic lipid accumulation and metabolic alterations in mice. RA reduced body
weight gain and decreased the relative weights of selected adipose depots without decreas-
ing total energy intake, and these effects were accompanied by increased nocturnal energy
expenditure and fecal triglyceride excretion. RA also improved circulating lipid profiles
and reduced hepatic lipid accumulation and histological steatosis. These effects were asso-
ciated with the suppression of hepatic lipogenesis-related markers and the enhancement of
fatty acid oxidation-related markers. In addition, RA reduced fasting blood glucose levels
and modulated the expression of hepatic glucose metabolism-related genes. Although RA
increased hepatic Prkag1 mRNA expression, GTT, ITT, plasma insulin/HOMA-IR, AKT
phosphorylation, AMPK phosphorylation, and ACC phosphorylation were not assessed in
this study. Therefore, further studies are needed to clarify the direct effects of RA on insulin
sensitivity and AMPK signaling. Overall, these findings suggest that RA may protect
against HFD-induced hepatic lipid accumulation through coordinated regulation of lipid
metabolism, fecal lipid excretion, and hepatic lipid homeostasis.

5. Materials and Methods
5.1. Animal Experimental Design and Diet

C57BL/6J mice (four-week-old, male, n = 6) were obtained from Jackson Laboratories
(Bar Harbor, ME, USA) and housed under controlled conditions (22 ± 2 ◦C, 12-h light/dark
cycle, relative humidity 50 ± 10%), with free access to water and food. After one week of
adaptation, mice were randomly divided into three groups: normal diet (ND, AIN-93G,
n = 6), high-fat diet (HFD, n = 6, 60 kcal% fat), and HFD supplemented with rosmarinic
acid (R4033; Sigma-Aldrich, St. Louis, MO, USA) (0.0318%, n = 6). Mice were fed the
experimental diets for 12 weeks. RA was incorporated into the HFD at 0.0318% w/w during
diet preparation and thoroughly mixed to ensure homogeneous distribution in the diet.
Food intake was monitored daily by measuring the remaining diet, whereas water was pro-
vided ad libitum throughout the experimental period but was not quantitatively monitored.
The estimated daily intake of RA was calculated using the following formula: RA intake
(mg/kg body weight/day) = food intake (g/day) × 0.318 mg RA/g diet ÷ body weight
(kg). Based on food intake and body weight during the experimental period, the estimated
RA intake was approximately 29.7 mg/kg body weight/day. The detailed compositions of
the experimental diets are presented in Table 1. At the end of the experimental period, mice
were fasted for 12 h and anesthetized with isoflurane. Blood samples were collected from
the inferior vena cava into heparin-coated tubes and centrifuged to obtain plasma. Plasma
samples were stored at −80 ◦C until analysis of plasma lipid profiles, adipokine levels,
and hormone concentrations. The liver, muscle, and adipose tissues were dissected, rinsed
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with physiological saline, weighed, immediately frozen in liquid nitrogen, and stored at
−70 ◦C until further analysis. Animal studies were conducted in accordance with protocols
approved by the Kyungpook National University Industry Foundation (Approval No.
KNU 2017-0109).

Table 1. Diet composition for animal experiment.

Ingredient (g) ND HFD RA

Casein 200 265 265

Corn Starch 397.486 0 0

Sucrose 100 90 90

Maltodextrin 132 160 160

Cellulose 50 65.6 65.6

Soybean oil 70 30 30

Lard 0 310 310

Mineral mix 1 35 48 48

Vitamin mix 2 10 21 21

Calcium phosphate,
dibasic 0 3.4 3.4

TBHQ, antioxidant 0.014 0 0

L-Cystine 3 4 4

Cholin bitartrate 2.5 3 3

Rosmarinic acid 0.318

Total (g) 1000 1000 1000.318

Total energy (kcal) 4000 5220 5220
ND, normal diet (AIN-93G); HFD, high-fat diet (60% kcal fat); RA, rosmarinic acid (HFD + 0.0318% RA).
1 AIN-93G—Mineral Mix, 2 AIN-93G—Vitamin mix.

5.2. Measurement of Energy Expenditure

Energy expenditure was assessed using an indirect calorimeter (Oxylet; Panlab, Cor-
nella, Spain). Mice were individually housed in metabolic chambers at 25 ◦C with free
access to food and water. The O2 and CO2 analyzers were calibrated using high-purity
gases. Validation of O2 consumption (VO2) and CO2 production (VCO2) was monitored at
3-min intervals for 24 h using automated data acquisition software (Chart 5.2; AD Instru-
ment, Sydney, Australia). Energy expenditure (EE) for each mouse was calculated using
the following formula [39]:

EE (kcal·day−1·bodyweight−0.75) = VO2 × 1.44 × [3.815 + (1.232 × VCO2/VO2)

5.3. Morphology of Liver and Adipose Tissues

The liver, epididymal white adipose tissue (epiWAT), and subcutaneous white adipose
tissue (subWAT) were excised and fixed in a buffer solution containing 10% formalin. Fixed
samples were embedded in paraffin, sliced into 4 µm-thick sections, and stained with
hematoxylin and eosin (H&E) or Masson’s trichrome (MT). For immunohistochemistry
(IHC) staining of pancreatic insulin and glucagon, paraffin-embedded pancreatic sections
were incubated with primary antibodies against insulin (β-cells) and glucagon (α-cells),
followed by incubation with appropriate secondary antibodies. All stained sections were
examined under an optical microscope (Axioscope; Carl Zeiss, Oberkochen, Germany) at
200× magnification.
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5.4. Biochemical Parameters of Plasma, Hepatic, and Fecal Lipids

Plasma levels of triglycerides (TG), total cholesterol (TC), and high-density lipoprotein
cholesterol (HDL-C) were determined using a commercial kit (Asan Pharm Co., Seoul,
Republic of Korea). Non-HDL-C levels were calculated as follows: non-HDL-C = TC
− HDL-C. Hepatic and fecal lipid contents were calculated according to a previously
described method [40]. The dried lipid extracts were dissolved in 1 mL of ethanol, and
200 µL of each sample was emulsified by adding Triton X-100 (Sigma-Aldrich, St. Louis,
MO, USA) and sodium cholate solution in distilled water. Hepatic TG and cholesterol
contents were measured using the same enzymatic kits used for plasma lipid analysis.
Hepatic fatty acid content was measured using a Non-Esterified Fatty Acid (NEFA) assay kit
(FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan), and thus the reported values
represent non-esterified (free) fatty acids rather than the total fatty acid pool including
esterified lipid fractions.

5.5. Determination of Hormones and Adipokines in Plasma

Plasma adipokine (leptin and resistin) levels were measured using the MILLIPLEX®

MAP mouse metabolic magnetic bead panel (Merck; Rahway, NJ, USA) according to
the manufacturer’s protocol. Adiponectin concentrations were quantified using mouse
adiponectin/Acrp30 (R&D Systems, Bio-Techne, Minneapolis, MN, USA).

5.6. Fasting Blood Glucose Measurement

Fasting blood glucose (FBG) levels were measured from blood samples obtained from
the tail vein, collected after a 12-h fasting period, using a glucose analyzer (One Touch
Select Plus, LifeScan Inc., Malvern, PA, USA).

5.7. Determination of Hepatic Enzyme Activity

The plasma levels of glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic
transaminase (GPT) were determined using commercial assay kits (Asan Pharm Co., Seoul,
Republic of Korea) following the manufacturer’s instructions. Enzyme activities were
calculated using the manufacturer-provided calibration values and expressed as U/L.

5.8. Determination of Plasma Cytokine Concentrations

Plasma concentrations of monocyte chemoattractant protein-1 (MCP-1) and tumor
necrosis factor-alpha (TNF-α) were measured using the MILLIPLEX® MAP mouse cy-
tokine/chemokine magnetic bead panel (Merck) according to the manufacturer’s instructions.

5.9. Quantitative Real-Time PCR (RT-qPCR)

Total RNA was extracted from tissue samples using NucleoZOL reagent (Macherey-
Nagel, Düren, Germany) following the manufacturer’s instructions. Total RNA (1 µg) was
reverse-transcribed into cDNA using TOPscript RT DryMIX (dT18) (Enzynomics, Daejeon,
Republic of Korea). RT-qPCR was performed using TOPreal™ SYBR Green qPCR PreMIX
(Enzynomics) on a CFX Connect Real-Time System (Bio-Rad, Hercules, CA, USA). Gene-
specific primers for mouse targets are listed in Table 2. Relative gene expression levels were
normalized against Gapdh using the 2−△△Ct method.

Table 2. Primers used for quantitative real-time PCR.

Primer Primer Direction Primer Sequence (5′-3′)

Gapdh: Glyceraldehyde-3-phosphate
dehydrogenase

Forward
Reverse

AAGGTCATCCCAGAGCTGAA
CTGCTTCACCACCTTCTTGA
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Table 2. Cont.

Primer Primer Direction Primer Sequence (5′-3′)

Creb: cAMP response element-binding
protein

Forward
Reverse

GAAGAAGCAGCACGGAAGAGA
TCT CTTGCTGCCTCCCTGTT

Cpt1α: Carnitine palmitoyl-CoA transferase
1 alpha

Forward
Reverse

ATCTGGATGGCTATGGTCAAGGTC
GTGCTGTCATGCGTTGGAAGTC

Cpt2: Carnitine palmitoyl-CoA transferase 2 Forward
Reverse

CAACTCGTATACCCAAACCCAGTC
GTTCCCATCTTGATCGAGGACATC

Fas: Fatty acid synthase Forward
Reverse

GCTGCGGAAACTTCAGGAAAT
AGAGACGTGTCACTCCTGGACTT

G6pc: Glucose-6-phosphatase catalytic
subunit

Forward
Reverse

GGAGGAAGGATG GAGGAAGGAATG
GGTCAGCAATCACAGACACAAGG

Gck: Glucokinase Forward
Reverse

CAGGACAGTGGAGCGTGAAGAC
TTACAGGGAAGGAGAAGGTGAAGC

Glut2: Glucose transporter type 2 Forward
Reverse

GTCAGAAGACAAGATCACCGGA
AGGTGCATTGATCACACCGA

Hk2: Hexokinase 2 Forward
Reverse

GAGAACCGTGGACTGGACAA
CCAGGAAGGACACGTCACAT

Hk3: Hexokinase 3 Forward
Reverse

GAGAACCGTGGACTGGACAA
CCAGGAAGGACACGTCACAT

Irs2: Insulin receptor substrate 2 Forward
Reverse

CCCATGTCCCGCCGTGAAG
CTCCAGTGCCAAGGTCTGAAGG

Pdhβ: Pyruvate dehydrogenase E1 beta
subunit

Forward
Reverse

GGAGGGAATTGAATGTGAGG
CATCTCGTCACTGTGGAAG

Pgc1α: Peroxisome proliferator-activated
receptor gamma coactivator 1 alpha

Forward
Reverse

AAGTGTGGAACTCTCTGGAACTG
GGGTTATCTTGGTTGGCTTTATG

Pkm2: Pyruvate kinase M2 isoform Forward
Reverse

TGCCGTGACTCGAAATCCC
GGCCAAGTTTACACGAAGGTC

Pparα: Peroxisome proliferator-activated
receptor alpha

Forward
Reverse

CCTGAACATCGAGTGTCGAATAT
GGTCTTCTTCTGAATCTTGCAGCT

Pparγ: Peroxisome proliferator-activated
receptor gamma

Forward
Reverse

GCATGGTGCCTTCGCTGA
TGGCATCTCTGTGTCAACCATG

Prkag1: Protein kinase AMP-activated
non-catalytic subunit gamma 1

Forward
Reverse

TCTCCGCCTTACCTGTAGTGGA
GCAGGGCTTTTGTCACAGACAC

5.10. Western Blotting

Liver proteins were extracted using tissue protein extraction reagent (T-PER) buffer
(Thermo Fisher Scientific, Rockford, IL, USA) containing protease and phosphatase in-
hibitor cocktails. Protein concentrations were determined using the Bradford method and
subsequently subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) on 10% SDS polyacrylamide gel. The proteins were transferred onto polyvinylidene
fluoride membranes (Merck). Membranes were blocked with Tris-buffered saline contain-
ing 0.1% Tween-20 (TBST) supplemented with 5% bovine serum albumin (BSA) or 5% skim
milk for 1 h, followed by incubation with primary antibodies: rabbit anti-FAS (1:1000; Cell
Signaling Technology, Danvers, MA, USA, #3180), anti-PPARγ (peroxisome proliferator-
activated receptor gamma) (1:1000; Abcam, Cambridge, UK, ab209350), anti-LIPE (lipase E,
hormone-sensitive lipase, HSL) (1:1000; Abcam, ab45422), anti-CPT2 (carnitine palmitoyl
transferase 2) (1:1000; Abcam, ab181114), and anti-CPT1A (carnitine palmitoyl-CoA trans-
ferase 1-alpha) (1:1000; Abcam, ab128568). Glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) was used as a loading control and detected using mouse anti-GAPDH antibody
(1:1000; Santa Cruz Biotechnology, Dallas, TX, USA, sc-32233). The membranes were then
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incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies: rabbit
anti-IgG (1:3000; Cell Signaling, #7074S) or mouse anti-IgG (1:3000; Cell Signaling, #7076S).
Immunoreactive bands were visualized using the Westar Eta C Ultra 2.0 chemiluminescence
detection system (Cyanagen, Bologna, Italy), and band intensities were quantified using
ImageJ software (version 1.54t; National Insititutes of Health, Bethesda, MD, USA).

5.11. Statistical Analysis

All data are presented as mean ± standard error of the mean (SEM). Statistical analyses
were performed using the Statistical Package for Social Sciences (SPSS) software version
23.0 (SPSS Inc., Chicago, IL, USA). Data distribution was assessed using the Shapiro–
Wilk normality test prior to statistical comparisons. For comparisons among the three
experimental groups, one-way analysis of variance (ANOVA) followed by Tukey’s post
hoc test was performed. For variables measured at multiple time points, group differences
were analyzed at each time point using one-way ANOVA followed by Tukey’s post hoc test.
Statistical significance was set at p < 0.05. Different letters indicate significant differences
among groups.

Supplementary Materials: The following supporting information can be downloaded at: https:
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Abbreviations
The following abbreviations are used in this manuscript:

BAT Brown adipose tissue
CHOL Cholesterol
CPT1A Carnitine palmitoyl-CoA transferase 1A
CPT2 Carnitine palmitoyl-CoA transferase 2
EE Energy expenditure
epiWAT Epididymal WAT
FAO Fatty acid oxidation
FAS Fatty acid synthase
FER Food efficiency ratio
GOT Glutamic oxaloacetic transaminase
GPT Glutamic pyruvic transaminase
HSL Hormone-sensitive lipase
HDL-C High-density lipoprotein cholesterol
HFD High-fat diet
MASLD Metabolic dysfunction-associated steatotic liver disease
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MCP-1 Monocyte chemoattractant protein-1
ND Normal diet
NAFLD Nonalcoholic fatty liver disease
non-HDL-C Non-high-density lipoprotein cholesterol
PGC1-α Peroxisome proliferator-activated receptor gamma coactivator 1-alpha
PPARγ Peroxisome proliferator-activated receptor gamma
RA Rosmarinic acid
subWAT Subcutaneous white adipose tissue
TG Triglyceride
TNF-α Tumor necrosis factor-alpha
WAT White adipose tissue

References
1. Younossi, Z.M.; Koenig, A.B.; Abdelatif, D.; Fazel, Y.; Henry, L.; Wymer, M. Global epidemiology of nonalcoholic fatty liver

disease-Meta-analytic assessment of prevalence, incidence, and outcomes. Hepatology 2016, 64, 73–84. [CrossRef] [PubMed]
2. Marchesini, G.; Bugianesi, E.; Forlani, G.; Cerrelli, F.; Lenzi, M.; Manini, R.; Natale, S.; Vanni, E.; Villanova, N.; Melchionda, N.;

et al. Nonalcoholic fatty liver, steatohepatitis, and the metabolic syndrome. Hepatology 2003, 37, 917–923. [CrossRef] [PubMed]
3. Jornayvaz, F.R.; Samuel, V.T.; Shulman, G.I. The role of muscle insulin resistance in the pathogenesis of atherogenic dyslipidemia

and nonalcoholic fatty liver disease associated with the metabolic syndrome. Annu. Rev. Nutr. 2010, 30, 273–290. [CrossRef]
4. Younossi, Z.M.; Golabi, P.; Paik, J.M.; Henry, A.; Van Dongen, C.; Henry, L. The global epidemiology of nonalcoholic fatty liver

disease (NAFLD) and nonalcoholic steatohepatitis (NASH): A systematic review. Hepatology 2023, 77, 1335–1347. [CrossRef]
[PubMed]

5. Pi-Sunyer, X. The medical risks of obesity. Postgrad. Med. 2009, 121, 21–33. [CrossRef] [PubMed]
6. Vilarino-Garcia, T.; Polonio-Gonzalez, M.L.; Perez-Perez, A.; Ribalta, J.; Arrieta, F.; Aguilar, M.; Obaya, J.C.; Gimeno-Orna, J.A.;

Iglesias, P.; Navarro, J.; et al. Role of Leptin in Obesity, Cardiovascular Disease, and Type 2 Diabetes. Int. J. Mol. Sci. 2024, 25,
2338. [CrossRef] [PubMed]

7. Drescher, H.K.; Weiskirchen, S.; Weiskirchen, R. Current Status in Testing for Nonalcoholic Fatty Liver Disease (NAFLD) and
Nonalcoholic Steatohepatitis (NASH). Cells 2019, 8, 845. [CrossRef]

8. Zhang, S.; Xu, M.; Zhang, W.; Liu, C.; Chen, S. Natural Polyphenols in Metabolic Syndrome: Protective Mechanisms and Clinical
Applications. Int. J. Mol. Sci. 2021, 22, 6110. [CrossRef] [PubMed]

9. Dias, T.R.; Alves, M.G.; Casal, S.; Oliveira, P.F.; Silva, B.M. Promising Potential of Dietary (Poly)Phenolic Compounds in the
Prevention and Treatment of Diabetes Mellitus. Curr. Med. Chem. 2017, 24, 334–354. [CrossRef] [PubMed]

10. Nyandwi, J.B.; Ko, Y.S.; Jin, H.; Yun, S.P.; Park, S.W.; Kim, H.J. Rosmarinic Acid Exhibits a Lipid-Lowering Effect by Modulating
the Expression of Reverse Cholesterol Transporters and Lipid Metabolism in High-Fat Diet-Fed Mice. Biomolecules 2021, 11, 1470.
[CrossRef] [PubMed]

11. Balachander, G.J.; Subramanian, S.; Ilango, K. Rosmarinic acid attenuates hepatic steatosis by modulating ER stress and autophagy
in oleic acid-induced HepG2 cells. RSC Adv. 2018, 8, 26656–26663. [CrossRef]

12. Rui, Y.; Tong, L.; Cheng, J.; Wang, G.; Qin, L.; Wan, Z. Rosmarinic acid suppresses adipogenesis, lipolysis in 3T3-L1 adipocytes,
lipopolysaccharide-stimulated tumor necrosis factor-alpha secretion in macrophages, and inflammatory mediators in 3T3-L1
adipocytes. Food Nutr. Res. 2017, 61, 1330096. [CrossRef] [PubMed]

13. Runtuwene, J.; Cheng, K.C.; Asakawa, A.; Amitani, H.; Amitani, M.; Morinaga, A.; Takimoto, Y.; Kairupan, B.H.; Inui, A.
Rosmarinic acid ameliorates hyperglycemia and insulin sensitivity in diabetic rats, potentially by modulating the expression of
PEPCK and GLUT4. Drug Des. Dev. Ther. 2016, 10, 2193–2202. [CrossRef]

14. Rocha, J.; Eduardo-Figueira, M.; Barateiro, A.; Fernandes, A.; Brites, D.; Bronze, R.; Duarte, C.M.; Serra, A.T.; Pinto, R.; Freitas, M.;
et al. Anti-inflammatory effect of rosmarinic acid and an extract of Rosmarinus officinalis in rat models of local and systemic
inflammation. Basic Clin. Pharmacol. Toxicol. 2015, 116, 398–413. [PubMed]

15. Younossi, Z.; Tacke, F.; Arrese, M.; Chander Sharma, B.; Mostafa, I.; Bugianesi, E.; Wai-Sun Wong, V.; Yilmaz, Y.; George, J.; Fan, J.;
et al. Global Perspectives on Nonalcoholic Fatty Liver Disease and Nonalcoholic Steatohepatitis. Hepatology 2019, 69, 2672–2682.
[CrossRef] [PubMed]

16. Hassan, K.; Bhalla, V.; El Regal, M.E.; A-Kader, H.H. Nonalcoholic fatty liver disease: A comprehensive review of a growing
epidemic. World J. Gastroenterol. 2014, 20, 12082–12101. [CrossRef] [PubMed]

17. Guan, H.; Luo, W.; Bao, B.; Cao, Y.; Cheng, F.; Yu, S.; Fan, Q.; Zhang, L.; Wu, Q.; Shan, M. A Comprehensive Review of Rosmarinic
Acid: From Phytochemistry to Pharmacology and Its New Insight. Molecules 2022, 27, 3292. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146530

https://doi.org/10.1002/hep.28431
https://www.ncbi.nlm.nih.gov/pubmed/26707365
https://doi.org/10.1053/jhep.2003.50161
https://www.ncbi.nlm.nih.gov/pubmed/12668987
https://doi.org/10.1146/annurev.nutr.012809.104726
https://doi.org/10.1097/hep.0000000000000004
https://www.ncbi.nlm.nih.gov/pubmed/36626630
https://doi.org/10.3810/pgm.2009.11.2074
https://www.ncbi.nlm.nih.gov/pubmed/19940414
https://doi.org/10.3390/ijms25042338
https://www.ncbi.nlm.nih.gov/pubmed/38397015
https://doi.org/10.3390/cells8080845
https://doi.org/10.3390/ijms22116110
https://www.ncbi.nlm.nih.gov/pubmed/34204038
https://doi.org/10.2174/0929867323666160905150419
https://www.ncbi.nlm.nih.gov/pubmed/27593957
https://doi.org/10.3390/biom11101470
https://www.ncbi.nlm.nih.gov/pubmed/34680102
https://doi.org/10.1039/c8ra02849d
https://doi.org/10.1080/16546628.2017.1330096
https://www.ncbi.nlm.nih.gov/pubmed/28659738
https://doi.org/10.2147/dddt.s108539
https://www.ncbi.nlm.nih.gov/pubmed/25287116
https://doi.org/10.1002/hep.30251
https://www.ncbi.nlm.nih.gov/pubmed/30179269
https://doi.org/10.3748/wjg.v20.i34.12082
https://www.ncbi.nlm.nih.gov/pubmed/25232245
https://doi.org/10.3390/molecules27103292
https://www.ncbi.nlm.nih.gov/pubmed/35630768
https://doi.org/10.3390/ijms27146530


Int. J. Mol. Sci. 2026, 27, 6530 16 of 17

18. Azhar, M.K.; Anwar, S.; Hasan, G.M.; Shamsi, A.; Islam, A.; Parvez, S.; Hassan, M.I. Comprehensive Insights into Biological
Roles of Rosmarinic Acid: Implications in Diabetes, Cancer and Neurodegenerative Diseases. Nutrients 2023, 15, 4297. [CrossRef]
[PubMed]

19. Ijiri, D.; Nojima, T.; Kawaguchi, M.; Yamauchi, Y.; Fujita, Y.; Ijiri, S.; Ohtsuka, A. Effects of feeding outer bran fraction of rice on
lipid accumulation and fecal excretion in rats. Biosci. Biotechnol. Biochem. 2015, 79, 1337–1341. [CrossRef] [PubMed]

20. Reyer, H.; Oster, M.; Magowan, E.; Dannenberger, D.; Ponsuksili, S.; Wimmers, K. Strategies towards Improved Feed Efficiency
in Pigs Comprise Molecular Shifts in Hepatic Lipid and Carbohydrate Metabolism. Int. J. Mol. Sci. 2017, 18, 1674. [CrossRef]
[PubMed]

21. Miller, M. Dyslipidemia and cardiovascular risk: The importance of early prevention. QJM 2009, 102, 657–667. [CrossRef]
[PubMed]

22. Cavallini, D.C.; Manzoni, M.S.; Bedani, R.; Roselino, M.N.; Celiberto, L.S.; Vendramini, R.C.; de Valdez, G.; Abdalla, D.S.;
Pinto, R.A.; Rosetto, D.; et al. Probiotic Soy Product Supplemented with Isoflavones Improves the Lipid Profile of Moderately
Hypercholesterolemic Men: A Randomized Controlled Trial. Nutrients 2016, 8, 52. [CrossRef] [PubMed]

23. Zhang, Q.Q.; Lu, L.G. Nonalcoholic Fatty Liver Disease: Dyslipidemia, Risk for Cardiovascular Complications, and Treatment
Strategy. J. Clin. Transl. Hepatol. 2015, 3, 78–84. [CrossRef] [PubMed]

24. Karakas, S.E.; Khilnani, S.; Divens, C.; Almario, R.; Jen, K.L. Changes in plasma lipoproteins during lipolysis in vivo in the
hypertriglyceridemic state. Am. J. Clin. Nutr. 1994, 59, 378–383. [CrossRef] [PubMed]

25. Huang, H.; McIntosh, A.L.; Martin, G.G.; Petrescu, A.D.; Landrock, K.K.; Landrock, D.; Kier, A.B.; Schroeder, F. Inhibitors of Fatty
Acid Synthesis Induce PPARα-Regulated Fatty Acid β-Oxidative Genes: Synergistic Roles of L-FABP and Glucose. Ppar Res. 2013,
2013, 865604. [CrossRef] [PubMed]

26. Bougarne, N.; Weyers, B.; Desmet, S.J.; Deckers, J.; Ray, D.W.; Staels, B.; De Bosscher, K. Molecular Actions of PPARalpha in Lipid
Metabolism and Inflammation. Endocr. Rev. 2018, 39, 760–802. [CrossRef] [PubMed]

27. Shimizu, I.; Yoshida, Y.; Minamino, T. Maintenance of Subcutaneous Fat Homeostasis Improves Systemic Metabolic Dysfunction
in Obesity. Diabetes 2015, 64, 3984–3986. [CrossRef] [PubMed]

28. Lee, Y.S.; Li, P.; Huh, J.Y.; Hwang, I.J.; Lu, M.; Kim, J.I.; Ham, M.; Talukdar, S.; Chen, A.; Lu, W.J.; et al. Inflammation is necessary
for long-term but not short-term high-fat diet-induced insulin resistance. Diabetes 2011, 60, 2474–2483. [CrossRef] [PubMed]

29. Bullen, J.W., Jr.; Bluher, S.; Kelesidis, T.; Mantzoros, C.S. Regulation of adiponectin and its receptors in response to development
of diet-induced obesity in mice. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E1079–E1086. [CrossRef] [PubMed]

30. Lu, H.L.; Wang, H.W.; Wen, Y.; Zhang, M.X.; Lin, H.H. Roles of adipocyte derived hormone adiponectin and resistin in insulin
resistance of type 2 diabetes. World J. Gastroenterol. 2006, 12, 1747–1751. [CrossRef] [PubMed]

31. Crewe, C.; An, Y.A.; Scherer, P.E. The ominous triad of adipose tissue dysfunction: Inflammation, fibrosis, and impaired
angiogenesis. J. Clin. Investig. 2017, 127, 74–82. [CrossRef] [PubMed]

32. Li, S.; Gao, H.; Hasegawa, Y.; Lu, X. Fight against fibrosis in adipose tissue remodeling. Am. J. Physiol. Endocrinol. Metab. 2021,
321, E169–E175. [CrossRef] [PubMed]

33. Kobayashi, A.; Suzuki, Y.; Sugai, S. Specificity of transaminase activities in the prediction of drug-induced hepatotoxicity. J.
Toxicol. Sci. 2020, 45, 515–537. [CrossRef] [PubMed]

34. Besse-Patin, A.; Jeromson, S.; Levesque-Damphousse, P.; Secco, B.; Laplante, M.; Estall, J.L. PGC1A regulates the IRS1:IRS2 ratio
during fasting to influence hepatic metabolism downstream of insulin. Proc. Natl. Acad. Sci. USA 2019, 116, 4285–4290. [CrossRef]
[PubMed]

35. Jhala, U.S.; Canettieri, G.; Screaton, R.A.; Kulkarni, R.N.; Krajewski, S.; Reed, J.; Walker, J.; Lin, X.; White, M.; Montminy, M.
cAMP promotes pancreatic beta-cell survival via CREB-mediated induction of IRS2. Genes. Dev. 2003, 17, 1575–1580. [CrossRef]
[PubMed]

36. Chou, J.Y.; Mansfield, B.C. Mutations in the glucose-6-phosphatase-alpha (G6PC) gene that cause type Ia glycogen storage disease.
Hum. Mutat. 2008, 29, 921–930. [CrossRef] [PubMed]

37. Nevado, C.; Valverde, A.M.; Benito, M. Role of insulin receptor in the regulation of glucose uptake in neonatal hepatocytes.
Endocrinology 2006, 147, 3709–3718. [CrossRef] [PubMed]

38. Li, Y.; Lou, W.; Raja, V.; Denis, S.; Yu, W.; Schmidtke, M.W.; Reynolds, C.A.; Schlame, M.; Houtkooper, R.H.; Greenberg, M.L.
Cardiolipin-induced activation of pyruvate dehydrogenase links mitochondrial lipid biosynthesis to TCA cycle function. J. Biol.
Chem. 2019, 294, 11568–11578. [CrossRef] [PubMed]

https://doi.org/10.3390/ijms27146530

https://doi.org/10.3390/nu15194297
https://www.ncbi.nlm.nih.gov/pubmed/37836581
https://doi.org/10.1080/09168451.2015.1032883
https://www.ncbi.nlm.nih.gov/pubmed/25867004
https://doi.org/10.3390/ijms18081674
https://www.ncbi.nlm.nih.gov/pubmed/28763040
https://doi.org/10.1093/qjmed/hcp065
https://www.ncbi.nlm.nih.gov/pubmed/19498039
https://doi.org/10.3390/nu8010052
https://www.ncbi.nlm.nih.gov/pubmed/26797632
https://doi.org/10.14218/jcth.2014.00037
https://www.ncbi.nlm.nih.gov/pubmed/26357637
https://doi.org/10.1093/ajcn/59.2.378
https://www.ncbi.nlm.nih.gov/pubmed/8310988
https://doi.org/10.1155/2013/865604
https://www.ncbi.nlm.nih.gov/pubmed/23533380
https://doi.org/10.1210/er.2018-00064
https://www.ncbi.nlm.nih.gov/pubmed/30020428
https://doi.org/10.2337/dbi15-0013
https://www.ncbi.nlm.nih.gov/pubmed/26604172
https://doi.org/10.2337/db11-0194
https://www.ncbi.nlm.nih.gov/pubmed/21911747
https://doi.org/10.1152/ajpendo.00245.2006
https://www.ncbi.nlm.nih.gov/pubmed/17164441
https://doi.org/10.3748/wjg.v12.i11.1747
https://www.ncbi.nlm.nih.gov/pubmed/16586545
https://doi.org/10.1172/jci88883
https://www.ncbi.nlm.nih.gov/pubmed/28045400
https://doi.org/10.1152/ajpendo.00558.2020
https://www.ncbi.nlm.nih.gov/pubmed/34056922
https://doi.org/10.2131/jts.45.515
https://www.ncbi.nlm.nih.gov/pubmed/32879252
https://doi.org/10.1073/pnas.1815150116
https://www.ncbi.nlm.nih.gov/pubmed/30770439
https://doi.org/10.1101/gad.1097103
https://www.ncbi.nlm.nih.gov/pubmed/12842910
https://doi.org/10.1002/humu.20772
https://www.ncbi.nlm.nih.gov/pubmed/18449899
https://doi.org/10.1210/en.2005-1663
https://www.ncbi.nlm.nih.gov/pubmed/16644916
https://doi.org/10.1074/jbc.ra119.009037
https://www.ncbi.nlm.nih.gov/pubmed/31186346
https://doi.org/10.3390/ijms27146530


Int. J. Mol. Sci. 2026, 27, 6530 17 of 17

39. Lee, S.J.; Cho, S.J.; Kwon, E.Y.; Choi, M.S. Physcion reduces lipid accumulation and prevents the obesity in mice. Nutr. Metab.
2019, 16, 31. [CrossRef]

40. Folch, J.; Lees, M.; Sloane Stanley, G.H. A simple method for the isolation and purification of total lipides from animal tissues. J.
Biol. Chem. 1957, 226, 497–509. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/ijms27146530

https://doi.org/10.1186/s12986-019-0362-7
https://doi.org/10.1016/s0021-9258(18)64849-5
https://www.ncbi.nlm.nih.gov/pubmed/13428781
https://doi.org/10.3390/ijms27146530

	Introduction 
	Results 
	RA Supplementation Reduced Body Weight and Adipose Tissue Mass by Enhancing Energy Expenditure and Increasing Fecal Lipid Excretion in HFD-Fed Mice 
	RA Supplementation Improved Plasma Lipid Profiles and Adipokine Levels in HFD-Fed Mice 
	RA Supplementation Alleviated Hepatic Steatosis and Liver Injury-Related Markers in HFD-Fed Mice 
	RA Supplementation Improved Fasting Blood Glucose Levels and Regulated Hepatic Glucose Metabolism-Related Genes in HFD-Fed Mice 

	Discussion 
	Conclusions 
	Materials and Methods 
	Animal Experimental Design and Diet 
	Measurement of Energy Expenditure 
	Morphology of Liver and Adipose Tissues 
	Biochemical Parameters of Plasma, Hepatic, and Fecal Lipids 
	Determination of Hormones and Adipokines in Plasma 
	Fasting Blood Glucose Measurement 
	Determination of Hepatic Enzyme Activity 
	Determination of Plasma Cytokine Concentrations 
	Quantitative Real-Time PCR (RT-qPCR) 
	Western Blotting 
	Statistical Analysis 

	References

