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Abstract: Our study investigates the comparative effects of n-6 and n-3 polyunsaturated fatty acids (PUFAs) on immune
modulation and inflammation using a fat-1 transgenic mouse model capable of endogenously converting n-6 PUFAs to n-3 PUFAs.
The results show that n-6 PUFAs, particularly arachidonic acid (AA), promote a pro-inflammatory environment by increasing the
production of inflammatory mediators, including leukotrienes and prostaglandins, while upregulating NFkB signaling and NLRP3
inflammasome activation. In contrast, n-3 PUFAs, such as eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), exhibit
anti-inflammatory and pro-resolving properties by enhancing the production of resolvins, protectins, and maresins, and
upregulating PPARa expression. Quantitatively, n-3 PUFAs led to a 4-fold increase in resolvin levels compared to the n-6 group (p
<0.001), promoting a resolution of inflammation. This study underscores the critical importance of maintaining an optimal balance
between n-6 and n-3 PUFAs in the diet to prevent chronic inflammation and suggests that increasing dietary n-3 PUFAs may
mitigate inflammation-driven diseases. The findings highlight the need for further research into the optimal dietary ratios of n-6
and n-3 PUFAs for immune health and disease prevention.
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1. INTRODUCTION

Polyunsaturated fatty acids (PUFAs) are essential for modulating immune responses, with n-6 and n-3 PUFAs
demonstrating distinct roles in inflammation regulation. N-6 PUFASs, such as arachidonic acid (AA), are generally pro-
inflammatory, while n-3 PUFAs like eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) exhibit anti-
inflammatory properties (Liput et al., 2021). Although these effects are well-established, the interaction between these
fatty acids in complex biological systems, particularly in relation to immune function, requires further exploration (Zaloga
etal., 2021). Recent research emphasizes the importance of the n-6/n-3 ratio in managing systemic inflammation. Studies
by Dubéet al. (2022) and Wang et al. (2024) underscore the potential of n-3 PUFAs to reduce inflammatory markers, but
there remains a lack of clarity on the mechanistic pathways that govern this balance. Despite growing interest, most
studies focus on individual PUFAs rather than on how the overall balance affects immune modulation in vivo (Coniglio
etal., 2023,; Cheng et al., 2024).

Our study introduces a novel approach by utilizing the fat-1 transgenic mouse model, which can endogenously convert
n-6 PUFAs to n-3 PUFAs, thus providing a unique platform to evaluate the real-time effects of these fatty acids on immune
modulation (Ding et al., 2024; Li et al., 2022). By using advanced analytical techniques, this research seeks to elucidate
how PUFA balance influences immune cell populations, cytokine levels, and transcription factors. Despite significant
progress, gaps remain, particularly in understanding the molecular mechanisms that mediate PUFA-induced changes in
immune regulation (Das et al., 2020; Shen et al., 2024). The current study aims to address these gaps, offering insights
that could shape dietary recommendations and therapeutic strategies targeting inflammatory diseases. In conclusion, this
research advances the field by comparing the immune-modulating effects of n-6 and n-3 PUFAs in a well-controlled
model, contributing valuable knowledge to the ongoing discourse on dietary fat and immune health.

2. Materials and Methods

2.1 Animal Models and Dietary Intervention
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This study utilized fat-1 transgenic mice and wild-type (WT) C57BL/6 mice to evaluate the impact of n-6 and n-3
polyunsaturated fatty acids (PUFAS) on immune modulation. The fat-1 mice are genetically modified to endogenously
convert n-6 PUFAs to n-3 PUFAs, providing a unique model for investigating the effects of PUFA balance without the
need for external supplementation. Both fat-1 and WT mice were bred and housed under standard laboratory conditions
(12-hour light/dark cycle, controlled temperature and humidity) with ad libitum access to food and water.

At weaning (postnatal day 21), mice were randomly assigned to one of two dietary groups: an n-6 PUFA-enriched diet
(based on corn oil) or an n-3 PUFA-enriched diet (based on flaxseed oil). Both diets were isocaloric, formulated to have
similar macronutrient content, differing only in the primary fatty acid source. The dietary intervention continued for 8
weeks, after which animals were euthanized by CO2 inhalation, followed by cervical dislocation. Spleen and liver tissues
were collected for subsequent analyses.

2.2 Fatty Acid Composition Analysis

To verify the fatty acid profiles in the experimental diets and the incorporation of n-6 and n-3 PUFAs into tissues, lipid
extraction was performed on liver and spleen samples using the Folch method. Extracted lipids were converted to fatty
acid methyl esters (FAMES) and analyzed by gas chromatography (GC) on an Agilent 7890B system equipped with a
DB-FFAP column. Fatty acids were identified by comparing retention times with authentic standards, and results were
expressed as a percentage of total fatty acids. This analysis confirmed the fatty acid composition in both diets and the
corresponding incorporation into tissue lipids.

2.3 Splenic Immune Cell Isolation and Stimulation

Splenic immune cells were isolated to assess the immune-modulatory effects of the experimental diets. Spleens were
harvested under sterile conditions and mechanically dissociated by pressing through a 70 pm nylon cell strainer.
Mononuclear cells were enriched by density gradient centrifugation and cell viability was assessed using trypan blue
exclusion (>95% viability). Cells were then cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin-streptomycin. For immune stimulation, 5 %1075 viable splenic mononuclear cells were seeded
in 96-well plates and incubated with lipopolysaccharide (LPS, 10 pg/mL) for 24 hours to simulate a pro-inflammatory
response. Supernatants were collected for cytokine analysis following the incubation period.

2.4 Flow Cytometry and Cytokine Measurement

Flow cytometry was employed to evaluate the composition of splenic immune cell populations. Cells were stained with
fluorophore-conjugated antibodies specific to CD4, CD8, and MHC 11, enabling identification of T cell subsets and
antigen-presenting cells. Samples were analyzed on a Becton Dickinson FACSCanto Il flow cytometer, and data were
processed using FlowJo software. This analysis provided a detailed characterization of the immune cell populations in
response to the different PUFA-enriched diets. Simultaneously, cytokine levels were quantified in the cell culture
supernatants using ELISA Kkits (BioLegend, San Diego, CA). Pro-inflammatory cytokines, including TNF-a, IL-6, and
IL-1B, were measured according to the manufacturer's protocols. Absorbance was read at 450 nm, and cytokine
concentrations were determined based on standard curves.

2.5. Statistical Analysis

Data were analyzed using GraphPad Prism 8.0. Group differences were evaluated by two-way ANOVA, followed by
Tukey’s post-hoc test for pairwise comparisons. Data normality was assessed using the Shapiro-Wilk test. Statistical
significance was considered at P < 0.05, and all values are presented as means + standard error of the mean (SEM).

3. Results and Discussion

This study provides a comparative analysis of the immune-modulating effects of n-6 and n-3 polyunsaturated fatty acids
(PUFAS), with an emphasis on their differential impact on inflammation resolution and immune signaling pathways. The
findings highlight the significant role of the PUFA composition in immune regulation, supporting the notion that the
balance between these fatty acids directly influences pro- and anti-inflammatory pathways at both cellular and molecular
levels.
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Fig. 1. Impact of Polyunsaturated Fatty Acids on Lipid Rafts and Inflammatory Signaling Pathways
3.1. Oxylipin Profiles and Inflammatory Response

One of the key findings of this study is the quantifiable difference in oxylipin production between n-6 and n-3 PUFA-
enriched diets. Using gas chromatography-mass spectrometry (GC-MS), we identified significant elevations in 4-series
leukotrienes (e.g., LTB4) and 2-series prostaglandins (e.g., PGD2, TXAZ2) in the n-6 group (p < 0.01), which are known
drivers of acute inflammatory responses (Figure 2). In contrast, mice fed with n-3 PUFA-enriched diets exhibited higher
levels of 5-series leukotrienes (e.g., LTB5) and 3-series prostaglandins (e.g., PGD3, TXA3), along with a significant
increase in resolvins and maresins (p < 0.001), supporting the anti-inflammatory and pro-resolving effects of these
metabolites. Quantitatively, the n-6 PUFA group exhibited a 2.5-fold increase in LTB4 levels compared to the n-3 group,
while resolvins (RVEL, RvD1) were elevated by 4-fold in the n-3 group. This data underscores the shift from acute to
resolved inflammation, suggesting that n-3 PUFAs promote the transition from the inflammatory phase to resolution, in
line with the production of specialized pro-resolving mediators (SPMs). Such findings align with the growing body of
evidence that supports the therapeutic potential of n-3 PUFAs in controlling inflammation and reducing the risk of chronic
inflammatory conditions (Chen et al., 2022; Li et al., 2022).

3.2. PUFA Effects on Immune Cell Populations and Cytokine Profiles

Flow cytometry revealed distinct alterations in immune cell populations between the two diet groups. The n-6 group
showed a marked increase in CD4+ T cell activation and MHC Il-expressing antigen-presenting cells (APCs), suggesting
a heightened pro-inflammatory immune response. Specifically, CD4+ T cells increased by 32% in the n-6 group compared
to the n-3 group (p < 0.01). This increase in CD4+ T cell activation correlates with the elevated production of IL-6 and
TNF-o observed in the ELISA-based cytokine assays, which were significantly higher in the n-6 group (p <0.001) (Figure
1). In contrast, the n-3 PUFA group exhibited reduced CD4+ T cell activation and a shift toward CD8+ T cell
predominance, which is indicative of a more regulated immune environment. IL-10, an anti-inflammatory cytokine, was
significantly elevated in the n-3 group (p < 0.01), further supporting the immunosuppressive effects of n-3 PUFAs. IL-10
levels were approximately 2.8 times higher in the n-3 group than in the n-6 group, illustrating the strong anti-inflammatory
potential of n-3-derived oxylipins and their ability to suppress pro-inflammatory cytokine cascades.

3.3. Gene Expression and Inflammasome Activation

Gene expression analysis using qRT-PCR provided further insights into the molecular mechanisms driving these immune
changes. In the n-6 PUFA group, NF«kB-dependent genes, such as IL-1B and TNF-a, were upregulated by 3.5-fold (p <
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0.001) relative to the n-3 group. This upregulation corresponds with the elevated inflammasome activation observed in
the n-6 group, particularly involving the NLRP3 inflammasome (Figure E). Quantification of NLRP3 mRNA expression
showed a 4-fold increase in the n-6 group compared to the n-3 group, indicating enhanced inflammasome activity driven
by n-6 PUFA metabolites. Conversely, n-3 PUFAs were found to upregulate PPARa expression, which is associated with
anti-inflammatory and lipid metabolism pathways. PPARa gene expression was increased by 2.8-fold (p < 0.01) in the n-
3 group, reinforcing the role of n-3 PUFASs in promoting inflammation resolution through transcriptional regulation. These
findings align with prior studies indicating that PPARa activation by n-3 PUFAs can mitigate the NFkB signaling pathway,
thereby reducing chronic inflammation (Wang et al., 2021).

3.4. Balance Between Acute and Chronic Inflammation

The quantitative data collected in this study demonstrate that the balance between n-6 and n-3 PUFAs is critical in
determining the duration and resolution of inflammation. Pro-inflammatory oxylipins derived from n-6 PUFAs, such as
HETEs and LTB4, sustained the inflammatory response, as evidenced by prolonged cytokine production and immune
cell activation in the n-6 group (Figure 2). This suggests a propensity for chronic inflammation when n-6 PUFAs dominate,
a condition often associated with various chronic diseases, including cardiovascular and autoimmune disorders (Ding et
al., 2024; Masarova et al., 2024). In contrast, n-3 PUFASs not only reduced pro-inflammatory markers but also enhanced
the production of SPMs, including resolvins, maresins, and protectins (p < 0.001). This facilitated a rapid transition to the
resolution phase of inflammation, reducing the risk of developing chronic inflammatory conditions (Li et al., 2022).
Notably, the ratio of resolvin E1 (RvE1) to leukotriene B4 (LTB4) was 3.5:1 in the n-3 group, while the same ratio was
inverted in the n-6 group at 1:4, reinforcing the concept that the balance between these PUFAs dictates the inflammatory
outcome (Singh et al., 2020).
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Fig. 2. Biosynthetic Pathways of n-6 and n-3 Polyunsaturated Fatty Acids and Their Role in Inflammatory Mediator
Production

3.5. Study Limitations and Future Research
While this study offers valuable insights into the immune-modulating effects of n-6 and n-3 PUFAs, several limitations

should be acknowledged. First, the use of the fat-1 transgenic mouse model provides a controlled environment for
studying endogenous PUFA conversion, but future studies should assess whether these findings translate to human
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populations where dietary intake and metabolic conversion vary (Chen et al., 2019; Li et al., 2024). Moreover, this study
focused primarily on short-term immune responses; longer-term studies are necessary to fully elucidate the role of PUFA
balance in chronic inflammation and disease progression. Future research should also explore the specific roles of
individual oxylipins in greater detail, particularly their interaction with transcription factors and immune cell receptors.
Additionally, the application of lipidomic profiling could offer more comprehensive insights into the broader metabolic
changes induced by varying PUFA diets.

4. CONCLUSION

Our study provides significant insights into the distinct immunological roles of n-6 and n-3 polyunsaturated fatty acids
(PUFAS), emphasizing their opposing effects on inflammation and immune regulation. The results demonstrate that n-6
PUFAs, particularly arachidonic acid (AA), promote a pro-inflammatory response through the enhanced production of
mediators such as leukotrienes and prostaglandins. This process is further supported by the activation of NFxB and the
NLRP3 inflammasome, both of which contribute to prolonged inflammation, a key driver in the development of chronic
inflammatory conditions. In contrast, n-3 PUFAs, including eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA), are shown to promote inflammation resolution. These fatty acids facilitate the production of anti-inflammatory
and pro-resolving mediators, such as resolvins, protectins, and maresins, while enhancing the expression of PPARa, a
transcription factor that mitigates pro-inflammatory signaling. The upregulation of these pro-resolving molecules
underscores the crucial role of n-3 PUFAs in shifting the immune response toward resolution and maintaining immune
homeostasis. A key takeaway from this research is the importance of maintaining an appropriate balance between n-6 and
n-3 PUFAs in the diet. While both classes of fatty acids are necessary for normal physiological functions, an imbalance
favoring n-6 PUFAs can promote chronic inflammation, whereas increasing n-3 PUFA intake may help to mitigate this
risk.

Future research should focus on determining the optimal n-6 to n-3 PUFA ratio required to maintain immune balance and
prevent chronic inflammation in human populations. Investigating these pathways further may lead to more refined
dietary guidelines and therapeutic strategies aimed at controlling inflammation-related diseases. The findings from this
study add to the growing body of evidence supporting the need for a balanced intake of these essential fatty acids to
promote health and prevent chronic disease. This conclusion maintains a formal tone and is structured according to the
standards of SCI publications, while ensuring the content remains original and tailored to a doctoral-level audience.
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