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Research Article

Abstract | Background: White adipose tissue, particularly the epididymal depot, regulates energy homeostasis in mice by synthe-
sizing and secretion of adipokines, which impact insulin sensitivity, lipid metabolism, and inflammatory processes, such as lipoly-
sis, which can lead to metabolic disease. Omega-3 fatty acids (DHA, EPA, ALA) have been shown to exert beneficial effects on 
metabolic health. However, while numerous studies have demonstrated the beneficial effects of omega-3 fatty acids on adipokine 
modulation and metabolic outcomes, the majority of this research has been conducted in models of obesity or metabolic pathology. 
Consequently, the precise mechanisms underlying their influence on adipokine gene expression in healthy physiological conditions 
remain incompletely understood. Aim: This study investigates the differential effects of fish oil (FO) and chia seed oil (CSO) on 
adipokine gene expression related to metabolic regulation (Fabp4, Lep, Adipoq) and epididymal white adipose tissue (eWAT) char-
acteristics of healthy mice. Method: Healthy mice (n=6/group) were randomly assigned to three groups: control, FO, and CSO. 
Each oil treatment was delivered orally 5 µl/gBW for 4 weeks (28 days). Body weight was monitored during last week. At the end 
of the intervention period, mice were euthanized, and eWAT was collected for weight measurement, histological analysis, and gene 
expression analysis using RT-qPCR. Results and Discussion: The results indicated that neither oil significantly affected body weight 
(p = 0.545 > 0.05), eWAT weight (p = 0.5129 > 0.05), or adipocyte number (p = 0.6575 > 0.05). FO resulted in an observed increase 
in Fabp4 gene expression (1.32-fold), while CSO showed a tendency for decrease (0.24-fold) compared to the control group (p = 
0.9306 > 0.05); Both FO and CSO supplementation exhibited a trend of reduced expression of Adipoq (0.01-fold in FO; 0.03-fold 
in CSO) and Lep (0.21-fold in FO; 0.26-fold in CSO) though changes were not statistically significant for Lep (p = 0.0836 > 0.05) 
and Adipoq (p = 0.1006 > 0.05). Conclusion: Short-term supplementation with whole fish oil or chia-seed oil modulates expression 
pathways in healthy mice, influencing early transcriptional changes linked to metaflammation and metabolic homeostasis without 
promoting adipose tissue expansion. These results support the safety and potential contribution of whole-oil dietary strategies for 
maintaining adipose tissue health and understanding early molecular events leading to metabolic disease.
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INTRODUCTION

White adipose tissue (WAT), particularly the epididy-
mal depot (eWAT) in mice, is a central regulator 

of systemic energy balance through the secretion of adi-
pokines, signaling molecules like hormones secreted by 
adipose tissue, that affect metabolism adipokines, such 
as fatty acid binding protein 4 (FABP4), leptin, and adi-
ponectin (Hafiane, 2024; Kamareddine et al., 2021). These 
adipokines orchestrate metabolic processes including in-
sulin sensitivity, lipid metabolism, and their dysregulation 
are implicated in the pathogenesis of metabolic disorders 
(Hanifah et al., 2024; Recinella et al., 2020). Among them, 
FABP4, which is highly expressed in eWAT, has emerged 
as a critical intracellular lipid chaperone and its unique role 
in fatty acid transport and metabolism within adipocytes 
makes it a key target for understanding dietary lipid effects 
on adipose tissue function (Furuhashi, 2019). FABP4 is a 
novel predictive biomarker for metabolic syndrome (Mets), 
a cluster of cardiovascular risk factors including central 
obesity, insulin resistance, dyslipidemia, and hypertension. 
Beyond that, FABP4 contributes to the pathogenesis of 
numerous other conditions, such as atherosclerotic dis-
eases, heart failure, non-alcoholic steatohepatitis, ischemic 
stroke, liver fibrosis, lupus, thalassemia, and various cancers 
(Fianza et al., 2021; Hamijoyo et al., 2021; Li et al., 2021). 
While preclinical studies show promising results for target-
ing FABP4 therapeutically, its clinical implications remain 
unclear, with some paradoxical findings suggesting a need 
for further research into FABP4 expression and inhibition 
in both animal models and humans to confirm its reliability 
as a biomarker and therapeutic target (Li et al., 2021).

In metabolic disorders, elevated leptin from increased fat 
mass leads to leptin resistance and promotes metaflamma-
tion-a chronic, low-grade inflammatory state in metabol-
ic tissues that underlie Mets, insulin resistance, and oth-
er metabolic diseases (Xiong et al., 2023), by stimulating 
pro-inflammatory cytokines, contributing to insulin resist-
ance and cardiovascular disease. Conversely, adiponectin, 
an anti-inflammatory and insulin-sensitizing adipokine, is 
reduced in these conditions and offers protection against 
metabolic dysfunction. The crucial balance between these 
two, reflected by an increased leptin/adiponectin ratio, sig-
nifies dysfunctional adipose tissue, heightened inflamma-
tion, and greater metabolic risk, correlating more strongly 
with insulin resistance and metabolic syndrome severity 
than individual adipokine levels (Kamareddine et al., 2021; 
Kobayashi et al., 2020; Raman and Khanal, 2021). 

Dietary oils from animal and plant sources are important 
modulators of adipokine gene expression. Fish oil, rich in 
eicosapentaenoic acid (EPA) and docosahexaenoic acid 
(DHA), and chia-seed oil, high in alpha-linolenic acid 
(ALA), differ in fatty acid composition, metabolic conver-

sion, and biological effects (Rodway et al., 2023; Wang et 
al., 2024). Although both EPA/DHA and ALA are ome-
ga-3 fatty acids, their conversion efficiency, membrane in-
corporation, and downstream signaling diverge, resulting in 
distinct metabolic responses (Hanifah et al., 2024). While 
numerous studies have demonstrated the beneficial effects 
of omega-3 fatty acids on adipokine regulation and met-
abolic outcomes, the majority of this research has been 
conducted in models of obesity, metabolic syndrome, or 
other pathological states (Dao et al., 2024; Hanifah et al., 
2024; L. Hill et al., 2020; Pauls, 2020). As a result, there 
is a significant gap in our understanding of how animal- 
and plant-derived omega-3 oils influence adipokine gene 
expression and adipose tissue function under healthy phys-
iological conditions.

Syamsunarno et al. (2019) highlighted that adipose tissue 
gene regulation and metabolic flexibility are influenced by 
health status and dietary context, suggesting that identical 
nutrients may yield different outcomes in healthy versus 
unhealthy individuals. However, the mechanisms by which 
EPA/DHA and ALA modulate adipokine gene expres-
sion, especially in healthy models, remains unclear, with 
inconsistent findings reported between plant- and ani-
mal-derived omega-3s (Khodadustan et al., 2020; Napier et 
al., 2019; Pauls et al., 2020).

These inconsistencies may stem from differences in experi-
mental models, health status, and the complex composition 
of dietary oils beyond their omega-3 content (Michaeloud-
es et al., 2023). For example, plant-based oils such as chia-
seed oil and virgin coconut oil contain a variety of bioac-
tive components that can influence lipid metabolism and 
inflammation independently of omega-3s (Hanifah et al., 
2024; Hiroyuki et al., 2022). This underscores the impor-
tance of studying whole oils rather than isolated fatty acids.

Another layer of complexity is introduced by metaflam-
mation. Even in healthy states, changes in adipokine gene 
expression may signal early shifts in the inflammatory and 
metabolic environment of adipose tissue. Previous work 
by Syamsunarno et al. (2019 and 2021) and others have 
underscored the importance of metabolic context and in-
tervention timing in shaping these responses (Hanifah et 
al., 2024; Hiroyuki et al., 2022; Syamsunarno et al., 2021, 
2019), but direct comparative studies in healthy models are 
rare. 

Chia-seed oil, notable for its high ALA content among 
plant-based oils, and fish oil, as a source of EPA/DHA, 
provide an opportunity to examine these differences 
(Ofori-Mensah et al., 2020). While ALA requires enzy-
matic conversion to EPA/DHA (Wang et al., 2024; Wu et 
al., 2019), the efficiency of this process is limited, and the 
physiological effects of each whole oil in general remain 
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incompletely understood, particularly regarding their influ-
ence on Fabp4 gene expression and the metabolic response 
in healthy states. 

To address these knowledge gaps, this study aims to com-
pare the effects of sub-chronic (4-week) administration of 
salmon fish oil (FO, rich in DHA/EPA) and chia seed oil 
(CSO, rich in ALA) on Fabp4, Lep, and Adipoq mRNA ex-
pression in eWAT of healthy mice. By elucidating the dif-
ferential gene regulatory effects of these oils, this research 
seeks to advance our understanding of how animal- and 
plant-based dietary fats modulate metabolic and inflamma-
tory pathways in healthy adipose tissue, with implications 
for primary prevention of metabolic disease. We hypothe-
sized that both FO and CSO would influence adipokine 
gene expression.

MATERIALS AND METHODS

Materials
Animal-based and plant-based oils: Animal-based 
oil used in this treatment is salmon fish oil (FO) from 
Wellness manufacture, Indonesia. For Plant-based oil used 
chia-seed oil (CSO) from Tamba Sanji Wani manufacture, 
Indonesia. Each oil treatment was delivered orally 5 µl/
gBW for each mouse based on optimization for optimum 
dose which can give the impact to metabolic changes from 
the previous studies (Syamsunarno et al., 2019).

Experimental design: A laboratory experiment with a 
complete-randomized design (CRD) to study the effect 
of fish oil and chia-seed oil given to healthy mice was 
conducted at the Animal Laboratory of the Faculty of 
Medicine, Universitas Padjadjaran. This experiment was 
approved by the Research Ethics Committee, Faculty of 
Medicine, Universitas Padjadjaran with Protocol No. 1379/
UN6.KEP/EC/2023. 

Three oil-treatment group will be assigned to the mice: 
group FO (fish oil 5 µl/gBW/day + standard diet), group 
CSO (chia seed oil, 5 µl/gBW/day + standard diet ), and 
group Control (distilled water, 5 µl/gBW/day + standard 
diet). The rationale for the dosage was to prevent the stom-
ach from being full, which would lower mouse hunger and 
increase the resultant bias (Syamsunarno et al., 2019). Af-
ter a 6-hour fast, distilled water and oil were administered 
via oral gavage (at 1 p.m.). The treatment was administered 
daily for 4 weeks (28 days). Body weight was recorded on 
the last week. On the 28th day, animals were anesthetized 
with ketamin then euthanized by cervical-dislocation, and 
the epididymal white adipose tissue (eWAT) was carefully 
dissected, weighed, and immediately stored for subsequent 
gene expression and histological analyses. The tissue sam-
ples were then processed according to standard protocols 

to perform RT-qPCR and histological analysis. All pro-
cedures were conducted in accordance with institutional 
guidelines for the care and use of laboratory animals.

Animals: A total of 30 swiss-webster mice aged 4-6 weeks 
were obtained from PT. Biofarma Bandung, Indonesia. 
Swiss Webster mice are widely used in metabolic disease 
research due to their susceptibility to diet-induced obesity 
and metabolic syndrome (Logan et al., 2020). Male Swiss 
Webster mice are more prone to diabetes, while females 
show protection against hyperglycemia despite developing 
hepatic steatosis and adipose fibrosis (Chan et al., 2021). 
Animals sent to the Faculty of Medicine, Universitas 
Padjadjaran, where they will be acclimatized in cages at 
the controlled-temperature room, 12/12 light/dark cycle, 
for 7-14 days and fed and watered ad libitum until they 
reach an inclusion criteria which healthy and weighing 20-
25 grams. Mice that meet the inclusion criteria (18 mouse, 
n=6/group) will then be randomized and a cage map will be 
made based on treatment group. 

RNA isolation and gene expression: Tissues were 
isolated and stored at -80°C. eWAT were minced and isolated 
using Zymo Research Quick RNA Miniprep plus (No. 
catalog R1057T) kit. mRNA concentration was measured 
using a Nanodrop 2000 Thermo Scientific LGM-EIII-06. 
mRNA was synthesized into cDNA following to Meridian 
Bioscience (SensiFast cDNA Synthesis) kit procedure. 
Two-step RT-qPCR was performed for gene expression 
according to Meridian Bioscience (SensiFast Sybr No-
Rox) kit procedure and using mice-specific primers against 
the genes (Fabp4) FABP4 (NM_024406); (Lep) leptin 
(NM_008493); (Adipoq) adiponectin (NM_009605); and 
(Gapdh) GAPDH (NM_008084) as housekeeping gene 
control. RT-qPCR analysis was conducted using triple 
replicates (triplo) for each sample (n=6). Furthermore, 
the expression levels of Fabp4, Lep, and Adipoq genes were 
normalized to the transcription level of the Gapdh gene 
using the Livaks formula. All primer used are listed in the 
Table 1.

Table 1: Primer used for gene expression.
Gene PRIMER REF.
Fabp4 F: tttggtcaccatccggtcag

R: cccgccatctagggttatga
(Choi and Lee 
2021)

Adipoq F: agggagagaaaggagatgcag
R: cagacttgggctcccacctc

(Schmid et al. 
2021)

Lep F: aggatctgaggggtgatgtg
R: aggtgaccaaggtggcatag

(Schmid et al. 
2021)

Gapdh
(as reference gene)

F: tgtccgtcgtggatctgac
R: agggagatgctcagtgttgg

(Schmid et al. 
2021)

Histological analysis of eWAT: The epididymal white 
adipose tissue fixed in 10% neutral-buffered formalin 
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solution. After fixation, the tissue is dehydrated through 
a graded ethanol series, cleared with xylene, and infiltrated 
with molten paraffin at 60°C in multiple changes. The 
tissue is then embedded in paraffin molds and allowed to 
solidify. Thin sections (~5 µm) are cut using a microtome, 
floated on a warm water bath, and mounted onto 
adhesive-coated slides. Slides are dried overnight before 
deparaffinization with xylene and rehydration through 
descending ethanol concentrations. The staining technique 
using Haematoxylin-eosin (HE) dye. Histological sections 
were examined under a light microscope (40x) using 
OPTIKA microscope and six images per field of view were 
captured by OPTIKA Pro View software. Subsequently, 
image processing was conducted using ImageJ software. 
Adipocytes were manually selected from these images. 
Adipocytes counted automatically using ADIPOQ-
Analyzer plugin in ImageJ according to the software’s 
protocol (Sieckmann et al., 2022). The adipocyte count was 
then normalized by dividing it by the cross-sectional area 
of the observed region to obtain cells per area2.

Statistical Analysis
All data were tabulated and statistically analyzed using 
One-Way ANOVA test and Tukey test. If the paramet-
ric test requirements (normality and/or homogeneity) are 
not met, then the data is analyzed with the Kruskal-Wallis 
non-parametric test, then can be continued with Dunn’s 
test by between groups. The value of meaningfulness or test 
significance results is expressed with p<0.05 (Kang, 2021; 
Syamsunarno et al., 2019). GraphPad Prism v9.5.1 was 
used as the software for analysis. The experimental design 
is shown in Figure 1.

Figure 1: Experimental design.

RESULT AND DISCUSSION

Research on the comparison of salmon fish oil (FO) and chia 
seed oil (CSO) has been conducted. Body weight was meas-
ured last week to see changes in body weight due to treatment.

Figure 2 summarizes the effect of fish oil and chia-seed 
oil supplementation on body weight over a four-week pe-

riod. Figure 2 did not reveal any significant differences in 
body weight (p = 0.545 > 0.05) between the control group 
(34.83 ± 1.2 g) and either the FO (33 ± 1.6 g) or CSO 
groups (33.33 ± 0.6 g) suggested that neither FO nor CSO 
administration significantly impacted body weight in the 
mice under these experimental conditions. This finding 
suggests that both FO and CSO can be safely consumed 
routinely without significant weight gain concerns. This in-
dicates that both fish oil and chia-seed oil do not increase 
body weight.

Figure 2: Effect of fish oil and chia-seed oil on body weight 
at last intervention period week-4). Note: Mice were fed 
by standard (Control), fish oil (FO), or chia-seed oil (CSO) 
and sacrificed at week 4. All data are means ± SEM; n = 6. 
No significanly different for one-way ANOVA from any 
treatment.

Figure 3 demonstrates the impact of fish oil (FO) and chia-
seed oil (CSO) supplementation on epididymal white ad-
ipose tissue (eWAT) in mice. Quantification of adipocyte 
cell density (2A) showed no significant differences between 
the Control (8,091±1,667 cells/area²), FO (7,650±0,669 
cells/area²), and CSO (8,337±1,352 cells/area²) groups 
(p=0.6575 > 0.05). This lack of significant change was 
further supported by panel 2B, which demonstrated that 
epididymal white adipose tissue (eWAT) weight did not 
substantially differ across the treatment groups (p=0.5129 
> 0.05). Visual examination of hematoxylin-eosin stained 
eWAT sections (2C) revealed a slight qualitative difference 
in adipocyte size distribution between the Control and 
CSO groups. However, this visual trend did not result in 
statistically significant quantitative changes in adipocyte 
cell density, as indicated in Panel A. Overall, these results 
suggest that neither fish oil (FO) nor chia seed oil (CSO) 
supplementation, at the tested dosage and duration in 
healthy mice, significantly impacted eWAT adipocyte cell 
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density or organ weight over the four-week experimental 
period.

Figure 3: Effect of fish oil and chia-seed oil on epididymal 
white adipose tissue (eWAT) weight and number of 
adipocyte. Note: Mice were fed by standard (Control), fish 
oil (FO), or chia-seed oil (CSO) and sacrificed at week 4. 
Adipocyte number were calculated by ADIPOQ-Analyzer 
plugin (A). eWAT organs evaluated after sacrificed (B). All 
data are means ± SEM; n = 6. Hematoxylin-eosin staining 
for morphometry of adipocytes (C) as evaluated in (A). Bar 
represents 200 µm and observed at 40x magnification (C). 
No significanly different for one-way ANOVA from any 
treatment.

Based on Figure 4, FO supplementation increased Fabp4 
gene expression 1,32-fold, while CSO supplementation 
decreased its expression 0,24-fold compared to the con-
trol group. Despite observed alterations in gene expression, 
statistical analysis revealed these changes were not signif-
icant (p=0.9306 > 0.05). Both FO and CSO supplemen-
tation reduced the expression of Adipoq (0,01-fold in FO; 
0,03-fold in CSO) and Lep (0,21-fold in FO; 0,26-fold in 
CSO). Statistical analysis showed that although changes 
in gene expression were seen, they were not significant for 
Lep (p=0.0836 > 0.05) and Adipoq (p=0.1006 > 0.05). These 
results suggest that dietary supplementation with fish oil 
and chia-seed oil may have distinct regulatory effects on 
genes associated with adipocyte function and metabolism. 
Although these observed changes did not reach statistical 
significance within the scope of this study. The inverse re-
lationship observed in the FO group, where Fabp4 expres-
sion showed an increase while Adipoq expression showed 
a decrease, hints at a potential regulatory connection be-
tween these two genes. Conversely, in the CSO group, the 
expression of Fabp4, Lep, and Adipoq all showed a tendency 

for decrease. Moreover, although both FO and CSO exhib-
ited a trend of reduced Lep expression, the magnitude of 
this reduction did not directly correspond to the observed 
changes in Fabp4 expression, which was observed to be up-
regulated by FO but remained observed to be unchanged 
by CSO.

Figure 4: Gene expression of Fabp4, Adipoq, and Lep 
in epididymial white adipose tissue (eWAT) of mice fed 
with oil treatment. Note: Data were normalize to the 
reference gene, Gapdh in (A,B,C), and expressed relative to 
(Control) group. Fish oil treatment group (FO). Chia-seed 
oil treatment group (CSO). Data are means ± SEM; n = 
4-5 (A,B,C). Data are box plot median (C). No significant 
different for one-way ANOVA from any treatment.

This study provides new evidence that sub-chronic supple-
mentation with fish oil (FO, rich in EPA/DHA) and chia-
seed oil (CSO, rich in ALA) differentially modulate the 
gene expression of Fabp4, Lep, and Adipoq in epididymal 
white adipose tissue (eWAT) of healthy mice, without sig-
nificantly affecting body weight, eWAT mass, or adipocyte 
number.

Effects on Body Weight, eWAT Weight and 
Adipocyte Number
Neither FO nor CSO supplementation resulted in signif-
icant changes in body weight, eWAT weight, or adipocyte 
number over the four-week intervention. This aligns with 
previous studies indicating that omega-3 supplementation, 
particularly in healthy or non-obese models, does not nec-
essarily induce weight gain or loss but may exert subtler 
effects on metabolic health (Rodway et al., 2023; Syamsu-
narno et al., 2019). The absence of significant changes in 
adipocyte cell density or eWAT weight suggests that both 
oils, at preventive doses, do not promote adipose tissue hy-
perplasia or hypertrophy in healthy animals. This is consist-
ent with reports that short-term omega-3 supplementation 
does not promote hyperplastic expansion under physio-
logical conditions (Hiroyuki et al., 2022; Syamsunarno et 
al., 2019). Hyperplasia, defined as an increase in adipocyte 
number is a physiological adaptation that can help accom-
modate excess energy storage and is generally considered 
metabolically favorable compared to hypertrophy (Xiong 
et al., 2023). Our findings indicate that FO and CSO does 
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not drive excessive adipose tissue remodeling or expansion 
under non-pathological conditions, supporting their safety 
for routine preventive use.

The four-week intervention period in this study is relevant 
to the early phases of metaflammation, while the present 
study did not directly measure inflammatory mediators, the 
observed changes in adipokine gene expression may reflect 
subtle shifts in the adipose tissue microenvironment that 
precede overt inflammatory remodeling. Recent research 
suggests that even in the absence of overt inflammation, 
dietary omega-3 fatty acids can influence the expression of 
genes involved in immune signaling and metabolic regula-
tion, contributing to the maintenance of metabolic home-
ostasis (Kalupahana et al., 2020). 

Differential Modulation of Adipokine Gene 
Expression by Dietary Oils and Interplay of 
Pathways
The gene expression changes observed in this study reflect 
the complex interplay between omega-3 fatty acids, nucle-
ar receptor activation, and metabolic signaling pathways. 
The adipokines Fabp4, Lep, and Adipoq are central to lipid 
metabolism, adipogenesis, and inflammatory processes in 
adipose tissue, and their expression is broadly regulated 
by the peroxisome proliferator-activated receptor (PPAR) 
signaling pathway and key transcription factors such as 
PPARγ, CCAAT/enhancer-binding protein (C/EBP), 
Activating Protein 2 alpha (AP2α) (Lin Y et al., 2023; Liu 
et al., 2020; Zargar et al., 2023). While our study did not 
include direct measurements of protein levels or signaling 
pathway activation, the observed patterns provide insights 
into the potential differential effects of fish oil (FO) and 
chia seed oil (CSO) at the transcriptional level. 

Fish oil, rich in preformed eicosapentaenoic acid (EPA) 
and docosahexaenoic acid (DHA), directly activates nucle-
ar receptors like PPARγ, which can influence lipid metab-
olism and inflammation (Calder, 2020; Fisk et al., 2022). 
This direct action may explain the observed tendencies in 
gene expression. The observed increase in Fabp4 expression 
with FO could be linked to an enhanced fatty acid oxida-
tion or mobilization within adipocytes, as Fabp4 acts as a 
lipid chaperone facilitating fatty acid transport and is se-
creted from adipocytes via a non-classical pathway, partici-
pating in metaflammation (Furuhashi, 2019). Concurrently, 
the observed decrease in Adipoq expression by FO is par-
ticularly intriguing given that although PPARγ activation 
is generally associated with increased Adipoq expression, 
high doses or specific types of fatty acids can have complex, 
sometimes paradoxical effects on PPARγ activity, poten-
tially leading to suppressing Adipoq (Martins et al., 2020). 
This inverse relationship suggests that FO’s effects may 
involve complex regulatory feedback or distinct signaling 
cascades. For instance, while Fabp4 upregulation might 

indicate increased lipid flux or a subtle pro-inflammatory 
signal, the concomitant Adipoq reduction could reflect early 
responses to transient metabolic or inflammatory stress, as 
Adipoq is known for its anti-inflammatory properties and 
its role in regulating glucose and fatty acid breakdown, typ-
ically downregulated by inflammatory signaling pathways 
(DasNandy et al., 2022). This highlights that different fatty 
acids or their metabolites may selectively impact distinct 
signaling cascades within adipocytes. 

In contrast, chia-seed oil, primarily a source of alpha-lino-
lenic acid (ALA), requires enzymatic conversion to EPA 
and DHA, a process with limited efficiency in mice (Ta-
kic et al., 2022). Therefore, CSO’s effects are likely driv-
en more by ALA itself or its specific metabolic products 
and other bioactive components present in the whole oil 
(e.g., polyphenols, phytosterols), which can influence lipid 
metabolism and inflammation independently of omega-3s 
(Hiroyuki et al., 2022). The observed tendency for decrease 
in Fabp4, Lep, and Adipoq expression with CSO suggests 
a different regulatory mechanism compared to FO. Lep is 
crucial for regulating energy balance by inhibiting hunger 
and is involved in inflammatory responses and adipocyte 
differentiation (Lin Y et al., 2023; Reis et al., 2024; Sug-
iyama et al., 2022). The synchronized tendency for down-
regulation of all three adipokines with CSO might point 
to a broader, more suppressive effect on general adipokine 
synthesis or secretion, possibly through a different modu-
lation of PPAR/sterol regulatory element-binding protein 
(SREBP) pathways or other yet-to-be-identified mecha-
nisms by ALA or its co-components. This contrasts with 
FO’s seemingly opposing effects on Fabp4 and Adipoq. This 
supports the notion that evaluating the physiological ef-
fects of whole oils, rather than isolated fatty acids, more 
accurately reflects real-world dietary exposures and out-
comes, as also suggested by Hiroyuki et al. (2022).

Overall, the observed differential patterns in Fabp4, Lep, 
and Adipoq expression suggest that fish oil and chia-seed 
oil, due to their distinct fatty acid profiles and accessory bi-
oactive compounds, interact uniquely with adipocyte met-
abolic and inflammatory pathways. This phenomenon may 
reflect complex regulatory feedback, compensatory mech-
anisms, or alterations in lipid turnover involving adipokine 
genes and other metabolic mediators (Lin X et al., 2023). 
These findings underscore that while both oils may con-
tribute to metabolic health, their specific mechanisms at 
the gene expression level appear to diverge, influencing the 
intricate cross-talk among these critical adipokines.

Study Implications and Limitations
Overall, these results suggest that both FO and CSO can 
modulate adipokine gene expression in healthy adipose 
tissue without inducing adverse morphological changes. 
This is consistent with the concept of metabolic flexibil-
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ity, where nutrient signaling and gene regulation are in-
fluenced by both health status and dietary composition 
(Syamsunarno et al., 2019). While our findings contrib-
ute to understanding early transcriptional responses, fur-
ther evidence linking the observed changes to functional 
metabolic improvements is needed before making direct 
claims about preventive strategies for metabolic disease, es-
pecially considering that some gene expression alterations 
did not reach statistical significance. Future studies should 
include longer intervention periods, female and metabol-
ically challenged models, and assessment of circulating 
adipokine and metabolic outcomes such as protein level, 
insulin sensitivity and lipid profiles. Further investigation 
into molecular mechanisms, including post-transcriptional 
regulation and signaling pathways, is warranted to deep-
en understanding. Additionally, assessing inflammatory 
cytokines (e.g., TNF-α, IL-6, MCP-1) and adipose tissue 
immune cell markers could clarify the mechanistic links 
between omega-3 supplementation, adipokine gene regu-
lation, and adipose remodeling, particularly under meta-
bolic stress conditions.

CONCLUSIONS AND 
RECOMMENDATIONS

In conclusion, this study demonstrates that 4-week sup-
plementation with fish oil or chia-seed oil (5 µl/gBW) 
elicits differential modulation of Fabp4, Lep, and Adipoq 
gene expression in healthy mice, mediated through nuclear 
receptor pathways and influenced by both PUFA profiles 
and other bioactive components. These findings under-
score that even short-term dietary interventions can initi-
ate early transcriptional changes linked to metaflammation 
and metabolic homeostasis, highlighting their potential to 
influence regulate adipokine signaling pathways essential 
for metabolic health. By clarifying how whole oils-beyond 
isolated fatty acids-affect key adipogenic and inflammato-
ry genes, this work advances the understanding of the po-
tential for dietary oils in early metabolic disease prevention 
strategies, particularly through targeting adipokine-related 
mechanisms. Importantly, neither oil induced excessive 
adipose tissue remodeling or expansion, confirming their 
safety for preventive use in healthy conditions.
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