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Background: Obesity is complicated by low-grade chronic inflammation characterised by increases in inflammatory proteins and cells in peripheral blood. It has been known that omega-3 fatty acids (FA) like eicosapentaenoic (EPA) and docosahexaenoic (DHA) could modulate the inflammatory process and improve metabolic markers.

Objective: This study aimed to determine the effect of high-dose omega-3 FA on metabolic and inflammatory markers among patients with obesity and healthy volunteers.

Methods: This prospective study included 12 women with obesity (body mass index [BMI] ≥ 35.0 kg/m2) and 12 healthy women (BMI < 24.0 kg/m2) who were supplemented with a dose of 4.8 g/day (3.2 g EPA plus 1.6 g DHA) for 3 months followed by no treatment for 1 month. Plasma metabolic and inflammatory markers and levels of mRNA transcripts of CD4+ T lymphocyte subsets were determined monthly.

Results: None of the participants exhibited changes in weight or body composition after study completion. EPA and DHA supplementation improved metabolic (insulin, Homeostatic Model Assessment of Insulin Resistance [HOMA-IR], triglyceride [TG]/ high-density lipoprotein [HDL] ratio, TG, and arachidonic acid [AA]/EPA ratio) and tumor necrosis factor-alpha (TNF-α). Moreover, the levels of mRNA transcripts of T CD4+ lymphocyte subsets (TBX21, IFNG, GATA-3, interleukin [IL]-4, FOXP3, IL-10 IL-6, and TNF-α), were down-regulated during the intervention phase. After 1 month without supplementation, only insulin, HOMA-IR and the mRNA transcripts remained low, whereas all other markers returned to their levels before supplementation.

Conclusion: Supplementation with high-dose omega-3 FAs could modulate metabolism and inflammation in patients with obesity without weight loss or changes in body composition. However, these modulatory effects were ephemeral and with clear differential effects: short-duration on metabolism and long-lasting on inflammation.
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Introduction

Obesity has been described to be associated with a chronic state of low-grade inflammation characterised by high levels of inflammatory proteins like leptin, interleukin(IL)-6, IL-8 and tumor necrosis factor-alpha (TNF-α) among others (1). In addition, mild increases have been reported in total white blood cells (leukocytosis) mostly of the T cell lineage, partially due to the T CD4+ helper (Th) lymphocyte subsets. These cells are important regulators of the inflammatory process: Th2 and regulatory T cells (Treg) have anti-inflammatory activities, whereas the Th1 and Th17 cells have pro-inflammatory function (2, 3). Altogether, these inflammatory proteins and cells play an important role in the development of insulin resistance, diabetes mellitus and metabolic syndromes (4).

Nutrients including omega-3 fatty acids (FAs) such as eicosapentaenoic (EPA) and docosahexaenoic (DHA) acids have shown anti-inflammatory effects (5, 6). Evidence-based findings have shown that omega-3 FAs could attenuate CD4+ T lymphocyte activation (7) and migration to adipose tissue (8). In vitro studies showed that T cells treated with EPA and DHA manifested lower cytokine synthesis and reduced Th1 differentiation (9). However, the effects of omega-3 FA supplementations on inflammatory markers remain controversial. The anti-inflammatory effect has been shown in human plasma levels of TNF-α, IL-6, and C-reactive protein (CRP) (5, 10). However, other reports showed no anti-inflammatory effects (11) or reduction in cardiovascular events (12). To date, studies on the effects of EPA and DHA in vivo on CD4+ T cell subsets in patients with obesity are scarce (8, 9).

Therefore, we evaluated the effects of supplementation with high-dose omega-3 FA, EPA plus DHA, for 3 months and 1 month without supplementation on metabolic and inflammatory markers in patients with obesity and healthy volunteers.



Participants and methods

We evaluated 24 Mexican women between 25 and 45 years of age: 12 women with a body mass index [BMI] ≥ 35.0 (obesity) and 12 healthy volunteers with BMI < 24.0 (control). The exclusion criteria were presence of diabetes mellitus, hypertension, liver or kidney diseases, or pregnancy or receiving any medication or dietary supplements. This study was approved by the Ethics Committee of the INCMNSZ and all participants signed an informed consent. This study is registered at Clinical trials with the ID NCT05219890.


Study design

This was a prospective, experimental, open-label (non-blinded), and comparative study to evaluate the effects of omega-3 FAs (EPA and DHA) supplementation on metabolic and inflammatory markers. The study comprised two phases: the first phase consisted of a 3 month supplementation with fish oil (times 0, 1, 2, and 3) and the second one included one month without supplementation (time 4) (Figure 1). At times 0 and 3, blood pressure and anthropometric measurements were registered. None of the participants were asked to change their diet or daily physical activity (increase or decrease). Furthermore, none of the participants received nutritional advice of any type.
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FIGURE 1
 Study design.




Fish oil supplement

Omega-3 FA supplementation was performed using fish oil capsules provided by the Inflammation Research Foundation (Peabody, MA, United States). Each 1 gram capsule contained 0.6 g of omega-3 FA (0.4 g of EPA and 0.2 g of DHA). Therefore, to provide 4.8 g of omega-3 FA, each participant received 8 capsules per day, distributed as follows: 2 capsules at breakfast, 4 capsules supplemented with the main meal, and 2 capsules at dinner. This dose selection was based on previous research revealing increases in plasma concentration of EPA and DHA at maximum level, similar to doses up to 7 g/day (13).

Each participant received 2 bottles (120 capsules per bottle, a total of 240 capsules enough to cover the dosage for 1 month) of fish oil supplement at the time of recruitment (time 0). After 1 month (time 1), 2 new bottles of supplement were provided for the following month (time 2). This was repeated for the last month (time 3). To determine the duration of the lasting effects of the fish oil, we included a 1 month period without supplementation (time 4).

Compliance was determined by requesting all participants to bring the bottles of supplement at the end each month, with the remaining capsules (if any). The study staff always kept in touch with the participants by phone messages for monitoring tolerance to the supplement.



Anthropometry, body composition, and blood pressure

Height and weight were used to calculate BMI using the formula [weight (kg)/height (m)2] (14). Body composition was determined by electric bioimpedance using a Full Body Composition X-Contact 356 Analyzer (Jawon Medical, Seoul, South Korea), to quantify the fat and fat-free (lean) masses, which was performed at times 0 and 3.



Plasma metabolic and inflammatory markers

Peripheral blood samples were collected in the morning after 10 h of fasting, in vacutainer tubes with EDTA-K2 anticoagulant. Total leukocytes were counted using Neubauer chambers. Erythrocyte sedimentation rate (ESR) was measured by a standard method. Blood plasma obtained after centrifugation of a small sample was stored at −80°C until assayed.

Plasma glucose, total cholesterol, high density cholesterol (HDL-C), low density cholesterol (LDL-C), and triglycerides (TG) levels were quantified using a Cobas c111 analyzer (Roche, Indianapolis, IN, United States). The TG/HDL-C ratio (reference value <3.0) was calculated (15). Insulin levels were determined using an ELISA kit (ALPCO, Salem, NH, United States). The HOMA-IR index (reference value < 2.5) was used as an indicator of insulin resistance (16).

Plasma fatty acids were extracted with chloroform/methanol and derivatised to their methyl esters (FAME) with methanol in boron trichloride. The FAMEs were quantified with a Varian 3,400 gas chromatograph using tridecanoic acid (13:0) as internal standard (17).

The following proteins were quantified by multiplexed immunoassay using the MAGPIX luminometer (Luminex, Austin, Texas, United States): leptin (L; reference value ≤ 15.7 ng/mL) (18) TNF-α, IL-6, IL-8, IL-10 and transforming grow factor-beta (TGF-β). Total adiponectin (A) was quantified using an ELISA kit (ALPCO, Salem, NH, United States) and the A/L ratio calculated (reference value > 1.0) (19). Plasma resolvin E1 (RvE1) was quantified using a competitive ELISA kit (MyBiosource, San Diego, CA, United States).



mRNA expression in the CD4+ T lymphocyte subsets (Th1, Th2, and Treg cells)

The level of transcription of genes expressed in T lymphocyte subsets (Th1, Th2, and Treg) was determined by reverse-transcription quantitative polymerase chain reaction (RT-PCR). First, peripheral blood mononuclear cells (PBMC) were isolated by Lymphoprep™ density gradient centrifugation (Stemcell technologies, Vancouver, Canada). Total RNA was extracted from the PBMC (without further separation of monocytes or T cell subsets) with the TRIZOL reagent (Invitrogen Life Technologies, Carlsbad CA, United States) and isopropanol precipitation (20). RNA integrity was determined in 1% agarose gel recipe by electrophoresis. Additionally, RNA concentration was measured by ultraviolet absorbance spectrophotometry at 260 nm. Complementary DNA (cDNA) was synthesised from 1 μg of total RNA with Moloney Murine Leukemia Virus reverse transcriptase (Invitrogen, Carlsbad, California, United States), oligo-dT15 primer (Invitrogen, Groningen, Holland), RNase inhibitor (Applied Biosystems, Warrington, United Kingdom), a mixture of dNTP’s (Invitrogen, Carlsbad, California, United States), 5X RT-buffer (Invitrogen, Carlsbad, CA, United States), and nuclease-free water (Sigma-Aldrich, St. Louis, MO, United States) (20, 21). The relative expression of the mRNA was determined by RT-PCR in 2 μL of cDNA with 10 μL of 2X SYBR green Master mix (Roche Diagnostics, Lewis, United Kingdom) and 2 μL of the forward and reverse mixture of primers at 10 mM final concentration in a RotorGene Q thermocycler (QIAGEN, Germany). The level of transcription of IL-6, TNF-α was measured. In addition, the level of transcription of the following genes of the CD4+ T lymphocyte subsets was determined: T-box transcription factor 21 (TBX21) and IFNG in Th1 cells, GATA3 and IL-4 in Th2 cells, and forkhead box P3 (FOXP3) and IL-10 in Treg cells. Furthermore, 18S-ribosomal rRNA was used as the housekeeping gene (22) (Supplementary Table S1). The level of transcription of the mRNAs was determined with the ΔΔCt method (23).



Statistical analysis

Continuous variables were expressed as mean ± standard deviation (SD). The difference between groups at time 0 were analyzed using Student’s t-test for independent groups. One-way analysis of variance (ANOVA) was used for the analysis of gene expression pattern over time. Analysis of plasma metabolic and inflammatory markers was performed by two-way ANOVA for repeated measures to compare the effect of omega-3 FA supplementation between the groups and time. The Bonferroni post-hoc test was used to identify significant differences between times. Data was analyzed using Statistical Package for Social Science, version 20 (SPSS Inc., Chicago, IL, United States) and GraphPad Prism 8. Statistical significance was set to p < 0.05.




Results


Population study

A flowchart is shown in Figure 2. All anthropometric measurements, except for height, were significantly higher (p < 0.001) in the group with obesity: weight, BMI, fat mass, and lean body mass. Regarding metabolic markers, the group with obesity showed significantly elevated blood pressure (BP; systolic (p < 0.001) and diastolic (p < 0.02)); higher glucose (p < 0.02), insulin (p < 0.001), HOMA-IR (p < 0.001), TG (p < 0.001), and TG/HDL-C ratio (p < 0.02); and lower levels of HDL-C (p < 0.02) (Table 1) compared with the control. Regarding inflammatory markers, the group with obesity had significantly higher total leukocytes (p < 0.005), ESR (p < 0.001), and leptin (p < 0.01) and lower total adiponectin and A/L ratio (p < 0.05) (Table 1) compared with the healthy participants. The following metabolic and inflammatory markers were different between the groups, without reaching statistical significance: LDL-C, IL-6, IL-8, and IL-10 were higher, whereas TGF-β was lower (Table 1). Total cholesterol and TNF-α were identical between both groups at baseline.

[image: Figure 2]

FIGURE 2
 Flowchart of the course of the study.




TABLE 1 Anthropometric, metabolic and inflammatory characteristics of the participants at the beginning of the study (Time 0).
[image: Table1]

The AA/EPA ratio in the control and obesity groups was 11.1 and 13.6, respectively (Figure 3). In addition, omega-6/omega-3 ratio in the control and obesity groups was 12.4 and 10.3 (Supplementary Table S3), respectively, which indicated low consumption of omega-3 FA.

[image: Figure 3]

FIGURE 3
 Time-course of the AA/EPA ratio. Data shown in means ± SD.


Plasma RvE1, a specialised pro-resolving mediator derived from EPA, was undetectable in the control group (the assay sensitivity was 1 pg/mL). However, it was detected only in three patients in the group with obesity (average of 159 pg/mL) at baseline (Figure 4).

[image: Figure 4]

FIGURE 4
 Plasma RvE1 at the beginning of the study (time 0) and after 1 month of fish oil supplementation. Horizontal bars represent mean value. NS: non-statistically significant.




Effect of omega-3 FA supplementation on metabolic and inflammatory markers

Regardless of their nutritional status, none of the participants exhibited changes in body weight or body composition after the 3 months of supplementation (Supplementary Table S2).

Therefore, the effects of fish oil supplementation, reported here, were only due to the effect of omega-3 FA. For clarity, the main effects of omega-3 FA supplementation on metabolic and inflammatory markers are described in each group.



Control group

At the beginning of the study all metabolic and inflammatory markers were within normal and healthy values (Table 1). Omega-3 FA supplementation resulted in changes in some of the markers as early as 1 month of supplementation, and always towards a better health status. Of note, the metabolism of glucose and lipids improved as fasting insulin and HOMA-IR significantly decreased, whereas total cholesterol and TG decreased, and HDL-C increased without statistical significance (Table 2). Similarly, TNF-α decreased with supplementation. However IL-6 and leptin non-significantly decreased (Table 2). Markers of wellness including AA/EPA (Figure 3) and omega-6/omega-3 ratios (Supplementary Table S3) improved during the intervention. Other markers of wellness such as A/L and TG/HDL-C (Table 2) decreased without statistical significance. Moreover, plasma RvE1, which was undetectable at time 0, non-significantly increased to an average of 179 pg/mL after supplementation (median: 122 pg/mL) (Figure 4).



TABLE 2 Time-course effect of omega-3 fatty acid supplementation (EPA and DHA) on metabolic and inflammatory markers.
[image: Table2]


Group with obesity

After one month of supplementation, insulin (p < 0.01), HOMA-IR (p < 0.01), and TNF-α (p < 0.01), were significantly decreased, and remained low within the duration of the study, except for TNF-α which returned to its initial value at time 3 (Table 2). On the other hand, there were non-significant reductions in TG, leptin, or IL-6 levels, with non-significant increases in IL-10 and TGF-β. None of the following markers changed during supplementation: systolic and diastolic BP, glucose, cholesterol, HDL-C, LDL-C, total leukocytes, ESR, and IL-8 (Table 2). Markers of wellness such as AA/EPA (Figure 3) and omega-6/omega-3 ratios (Supplementary Table S3) decreased. However, the TG/HDL-C ratio decreased without statistical significance during the supplementation period, without change in the A/L ratio (Table 2) with supplementation. No changes were observed in RvE1 levels after supplementation, from 159 pg/mL at time 0 to 443 pg/mL (Figure 4).



Effect of omega-3 FA supplementation on mRNA of CD4+ T lymphocyte subsets (Th1, Th2, and Treg cells)

We analyzed IL-6 and TNF-α as markers for overall inflammation and, in each of the T CD4+ lymphocyte subsets, one “master” transcription factor and one signature cytokine: TBX21 and IFNG in Th1; GATA3 and IL-4 in Th2; and FOXP3, and IL-10 in Treg cells. At time 0, the level of transcription (mRNA) of all genes analyzed were higher in the group with obesity compared with the control group, ranging between 3.5-times of TNF-α and 18.7-times of IL-4 (Figure 5). Importantly, the mRNA levels of all these genes did not change in the control group during or after supplementation (data not shown). Therefore, for comparison purposes, the level of transcription of each gene was normalised against time 0 in the control group. In the group with obesity, the mRNA levels of all genes studied decreased to levels comparable to the healthy group after the first month of supplementation and remained low within the entire duration of the study, even 30 days after cessation (Figure 6).

[image: Figure 5]

FIGURE 5
 mRNA levels in T CD4+ lymphocyte subsets at the beginning of the study. Data shown in means ± SEM.


[image: Figure 6]

FIGURE 6
 Time-course effect of omega-3 fatty acid supplementation (EPA and DHA) on the transcription of mRNA in T CD4+ lymphocytes subsets. Data shown in mean ± SEM.






Discussion

In this study we assessed the effect of high-dose omega-3 FA, supplementation, 4.8 g/day (3.2 g of EPA plus 1.6 g of DHA), for 3 months in the form of fish oil capsules, on metabolic and inflammatory markers in Mexican patients with obesity and healthy volunteers. The main results are summarized in Figure 7.

[image: Figure 7]

FIGURE 7
 Summary of the effects of high dose omega-3 FA on metabolic and inflammatory markers in obesity.


This study has several strengths. First, all participants were carefully selected, particularly the patients with obesity. Therefore the results reported here pertain to patients without chronic diseases associated with obesity. Second, the inclusion of clinically healthy volunteers (control group) instead of a placebo group was a point of strength, because they were reference to contrast the differences in metabolic and inflammatory markers against the group with obesity: extreme phenotypes (healthy versus obese). Lastly, we included a 1 month period without treatment to determine the long-term effect of supplementation on the metabolic and inflammatory markers in both groups.

The fish oil supplement used as source of EPA and DHA, provided extra 72 kcal per day (8 grams, 1 gram/capsule), it was well accepted with a high compliance (over 92 percent). As previously stated, regardless of their nutritional status, none of the participants presented with changes in body weight or composition (fat mass and lean mass) during the duration of the study (Supplementary Table S2).

Of note, there were differences between the group with obesity and control group at baseline. The group with obesity showed higher values of metabolic and inflammatory markers. However most of these values were within normal range or slightly higher, except for TG, HDL-C, HOMA-IR, leptin, and A/L ratio which were not within the normal range. However, it is important to mention that these values did not indicate presence of type 2 diabetes mellitus, hypertension, or other diseases.

In Mexico, the total daily intake of omega-3 FA has been estimated to be 0.3 grams per day in adults (24), which is very low compared with the suggested 2.0 grams per day of EPA plus DHA set by the Food and Agriculture Organization for adults worldwide (25). It has been shown that plasma levels of EPA and DHA reflected a short-term and dose-dependent intake (13), whereas erythrocytes fatty acids composition indicated chronic consumption. However, erythrocytes might be better indicators for longer periods of supplementation (longer than 3 months due to their turnover period). In this study, we evaluated plasma concentration of fatty acids to determine acute changes (26).

The low intake of omega-3 FA by the Mexican population, regardless of their nutritional or inflammatory status, was confirmed by a high omega-3/omega-6 ratio with values of 12.4 and 10.3 and AA/EPA ratio with values of 11.1 and 13.6 in the control and obesity groups, respectively, at time 0 (Supplementary Table S3 and Figure 3). To our best knowledge, this is the first time that the AA/EPA ratio in plasma to be reported in a Mexican cohort. The AA/EPA values reported in this study (above 10), are similar to those reported in United States, Canada, Greece, Italy, Spain, and the Netherlands regarding individuals who consumed “westernised diets.” These diets might activate the immune system, because they are high in energy-dense nutrients and refined sugars, red meat, high-fat dairy products, together with low amounts of vegetables, fruits, whole grains, fish, or nuts (27). In other regions of the world where the consumption of fish and fish products is high, the AA/EPA ratio is low (below 5), like Canadian Inuits, US-Alaskans, Japan, Papua-New Guinea, Korea, Russia, Iceland, and Norway, just to mention a few (28).

In our study, the AA/EPA ratio was reduced in both groups after the first month of supplementation to values of 1.2 and 3.2 in the control and obesity groups, respectively (Figure 3) and remained low for the duration of the treatment. A previous study has shown that the reduction in AA/EPA ratio was dose-dependent (13). After supplementation cessation (time 4), the AA/EPA ratio in the group with obesity returned to its initial value, whereas in the control group remained low, without significant difference from its starting value. Although the omega-6/omega-3 decreased to levels lower than 4 during the supplementation period, which is the recommended value, it returned to basal levels at time 4 (29).

In this study, we observed that, in the control group, no RvE1 was detectable in plasma. In contrast, the group with obesity included three participants with detectable levels at time 0. In addition, after one-month supplementation, the RvE1 levels non-significantly increased in both groups. Importantly, our data of RvE1 need to be taken with caution due to the quantification method used in this study, which might not be a reliable method for quantifying this pro-resolving mediator. The required sensitivity and selectivity for these types of mediators apparently could only be achieved using chromatography coupled with mass spectrometry (30, 31).


Effect of the omega-3 FA supplementation on the metabolism of glucose and lipids

Regardless of the nutritional status, a dose of 4.8 g/d of EPA plus DHA in the form of fish oil supplement revealed beneficial effects on the metabolism of glucose in all participants. These effects pertain only to insulin, due to a reduction in its concentration (fasting levels) and resistance (lower HOMA-IR values), but not in serum glucose.

The clinical impact of these effects was more significant in the group of patients with obesity. Because, despite their glucose levels were higher (but still within the normal range) and did not change with supplementation, the fasting levels of insulin and the HOMA-IR values indicated reductions in insulin resistance and, more importantly HOMA-IR reached values below the cut-off point of 2.5 (16). Moreover, both insulin and HOMA-IR decreased in the entire duration of the study and remained low even 1 month after supplementation cessation. Despite promising, these results warrant further studies, for instance oral-glucose tolerance test to determine the glycemic and insulinemic responses or hyperinsulinemic-euglycemic clamp, the “gold standard” to assess insulin action. Only these tests would provide unequivocal data on the real effect of omega-3 FA supplementation on glucose metabolism in patients with obesity.

Our results also showed improvements in some parameters of lipid metabolism: LDL-C did not change with supplementation, whereas HDL-C and TG did. Although differences in the levels HDL-C and TG did not reach statistical significance, there was a tendency of an increase in HDL-C concentration in both groups. This increase might have clinical relevance, because even a small increase of 1 mg/dL in HDL-C has been found to be associated with a 6 percent decrease in cardiovascular risk (32).

Reduction in serum and liver TG is the best-known action of EPA and DHA, by a mechanism still not completely explained (33, 34). In our study, we also observed that the supplement of fish oil caused a (not significantly) reduction in serum TG in both groups during supplementation, which returned to its initial levels after cessation. This is particularly relevant in the group with obesity, since TG levels decreased from an average of 191 mg/dL to 148 mg/dL, which was within the normal range and associated with reduced cardiovascular events. The TG/HDL-C has been used as a predictable marker for insulin resistance and has been associated with higher risk of cardiovascular diseases (35). In the study, we observed a very high TG/HDL-C ratio in the group with obesity, which non-statistically decreased during the intervention phase and returned to its initial value after cessation.



Effect of the omega-3 FA supplementation on the inflammatory status

Omega-3 FA supplementation decreased TNF-α levels in both groups, other inflammatory markers improved after supplementation without statistical difference (IL-6, IL-10, and TGF-β). However, leukocytes, ESR, IL-8, adiponectin (total and its isoforms), and A/L ratio remained unaltered.

TNF-α is an inflammatory protein synthesised by immune and adipose cells and promotes insulin resistance by alterations in the insulin receptor signaling pathway (36). In addition, TNF-α induces inflammation via the NF-kB pathway producing an increase in several cytokines including IL-6 and others. IL-6 is produced by many cell types (monocytes, fibroblasts, endothelial) and together with TNF-α acts on different tissues causing inflammation.

In the present study, omega-3 FA supplementation decreased plasma levels of TNF-α in both groups (Table 2) and mRNA of TNF-α and IL-6 (Figure 6) in PBMC. These effects could be explained by the interactions of omega-3 FA with the surface receptor FFAR4 (GPR120) (37), or their interactions with PPARγ, which result in NF-kB signaling inhibition (37, 38).

Of note, although plasma TNF-α was identical in both groups at baseline (Table 1) as previously described (39), there was no insulin resistance in the control group. In a previous study, mice models with TNF-α genetic deletion did not show improvement in insulin resistance (40). Therefore, we suggest that, besides TNF-α, there should be other factors in the group with obesity involved in insulin resistance, like high levels of leptin, along with low levels of adiponectin and IL-10, which may interfere with inflammation control and insulin sensitivity. The significant reduction in plasma TNF-α in both groups, was not paralleled with its mRNA transcript at time 4, the latter remained downregulated even 1 month after cessation. A previous study including healthy volunteers reported that consumption of 18 grams of fish oil (4.6 g of EPA plus DHA) reduced the synthesis ex vivo of TNF-α and IL-1β in PBMC even 10 weeks after cessation (41). This result is similar to our findings regarding mRNA transcripts in PBMC and may be partially explained by the incorporation of EPA and DHA into cell membranes (42) and to the longer turnover of lymphoid cells (43). The return of plasma TNF-α to its initial levels after supplementation cessation could also be the result of its production by other cells.

One of the most common features of inflammation is leukocytosis (2). We also observed mild leukocytosis in the group with obesity which was still within the normal range. This increase in leukocytes could be partly due to increases in CD4+ T lymphocytes, including Treg cells that we (44) and others (45) have previously reported. The higher transcription of mRNA FOXP3 and IL-10 (Treg markers), accompanied by a high transcription of TBX21 and IFNG (Th1 markers), GATA3 and IL-4 (Th2 markers) (Figure 5) indicated the inflammatory status in the group with obesity and an altered Treg function. However, Treg functionality has not been assessed in individuals with obesity. Of note, our results in PBMC are similar to those reported in subcutaneous (46, 47) and visceral (47) adipose tissue in patients with obesity. These findings also revealed that PBMC could be used as a biomarker of adipose tissue inflammation (48).

The fish oil supplement did not lead to changes in total leukocytes. However, it had profound effects on mRNA transcript levels of CD4+ T lymphocyte subsets, TBX21 and IFNG in Th1 cells, GATA3 and IL-4 in Th2 cells and FOXP3, and IL-10 in Treg cells. This downregulation was observed during the entire supplementation phase and remained even 1 month after cessation (Figure 6). These results indicated that a high dose of omega-3 FA may could modulate T CD4+ lymphocyte subsets activation, differentiation, and proliferation (7, 9, 49).

On the other hand, increments in the levels of IL-10 and TGF-β, cytokines synthesised by Treg and monocytes M2 might be a part of the modulatory and anti-inflammatory effect of omega-3 FA.

Controversial effects have been reported after omega-3 FA supplementation. This might be explained by the heterogeneity in the methodology used in different studies including supplementation dose, study group, and time of supplementation (6, 11). Most of the studies of omega-3 FA supplementation, which showed anti-inflammatory effects, used doses over 3 g/d (6). In our study, an anti-inflammatory effect of high-dose omega-3 FA was observed. However, a high-dose of EPA (4 g/d) in individuals above 45 years of age with hypercholesterolemia has shown no important effects on inflammatory markers (11). In our study we found an anti-inflammatory effect using a high-dose omega-3 FA (4.8 g/d). However, the population in this present study included women between 18–45 years of age, with obesity and without other chronic diseases.

One of the limitations of this study was the sample size. However the statistical power of the sample was 82%. Although the lack of a placebo group is another limitation, each participant was evaluated versus a control. Therefore, whether the results of this study can be applied to other groups remains unexplored. Another limitation of the study was the lack of biopsies to analyze CD4+ T cells in adipose tissue.

Improvements in inflammation and insulin resistance by a high-dose omega-3 FA in vivo in the participants with obesity, observed in this study, could be clinically important because overall mortality is more related to inflammation and hyperinsulinemia rather than to obesity (50). Therefore, omega-3 FA supplementation should be an adjuvant therapy in inflammatory conditions like obesity.




Conclusion

Supplementation with a high dose of omega-3 FA could modulate metabolic alterations and inflammation in patients with obesity. There were differential effects of the omega-3 FA supplementation between inflammatory and metabolic markers. The beneficial effects were ephemeral regarding most metabolic markers. In contrast, most changes in inflammatory markers remained reduced after cessation.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary files, further inquiries can be directed to the corresponding author.



Ethics statement

The studies involving human participants were reviewed and approved. This study was approved by the Ethics Committee of the INCMNSZ. This study is registered at Clinical trials with the ID NCT05219890. The patients/participants provided their written informed consent to participate in this study.



Author contributions

AB-M participated in the recruitment, follow-up of the participants during treatment, evaluated mRNA expression of interest genes, inflammatory markers, and wrote the manuscript. MG-C and AF-L quantified metabolic markers. SC-D quantified fatty acids in plasma. JG, CA, and HB participated in the design of the study. MP was the Inflammation Research Foundation contact and provided the EPA and DHA supplement. BS was the Inflammation Research Foundation contact and provided the EPA and DHA supplements and participated in the design of the study. FEG conceived the study, participated in its design and coordination, obtained funds, and wrote and reviewed the final version of the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was partially funded by CONACYT (grant CF-191983 to FEG). Angelica Borja-Magno is a doctoral student in Programa de Doctorado en Ciencias Biomédicas, Universidad Nacional Autónoma de México (UNAM) and has received CONACyT fellowship 607487.



Acknowledgments

The authors thank Marina Núñez-Durán, and Rosa M. Castillo-Domínguez, for their help.



Conflict of interest

MP and BS are employees of Zone Labs, Inc., a medical food company that produces omega-3 fatty acid products.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnut.2023.1156995/full#supplementary-material



References

 1. Ellulu,MS, Patimah,I, Khaza’ai,H, Rahmat,A, and Abed,Y. Obesity & inflammation: the linking mechanism & the complications. Arch Med Sci. (2017) 13:851–63. doi: 10.5114/aoms.2016.58928 

 2. Purdy,JC, and Shatzel,JJ. The hematologic consequences of obesity. Eur J Haematol. (2021) 106:306–19. doi: 10.1111/ejh.13560

 3. Nyambuya,TM, Dludla,PV, Mxinwa,V, and Nkambule,BB. Obesity-induced inflammation and insulin resistance: a mini-review on T-cells. Metabol Open. (2019) 3:100015. doi: 10.1016/j.metop.2019.100015 

 4. Ahmed,B, Sultana,R, and Greene,MW. adipose tissue and insulin resistance in obese. Biomedicine and Pharmacotherapy. (2021) 137, 137:111315. doi: 10.1016/j.biopha.2021.111315

 5. Kavyani,Z, Musazadeh,V, Fathi,S, Hossein Faghfouri,A, Dehghan,P, and Sarmadi,B. Efficacy of the omega-3 fatty acids supplementation on inflammatory biomarkers: An umbrella meta-analysis. International Immunopharmacology. (2022) 111:109104. doi: 10.1016/j.intimp.2022.109104

 6. Rangel-Huerta,OD, and Gil,A. Omega 3 fatty acids in cardiovascular disease risk factors: an updated systematic review of randomised clinical trials. Clin Nutr. (2018) 37:72–7. doi: 10.1016/j.clnu.2017.05.015 

 7. Fan,Y-Y, Fuentes,NR, Hou,TY, Rola Barhoumi,XCL, Deutz,NEP, Engelen,MPKJ , et al. Remodelling of primary human CD4+ T cell plasma membrane order by n-3 PUFA. Br J Nutr. (2018) 119:163–75. doi: 10.1017/S0007114517003385 

 8. Cucchi,D, Camacho-Muñoz,D, Certo,M, Niven,J, Smith,J, Nicolaou,A , et al. Omega-3 polyunsaturated fatty acids impinge on CD4+ T cell motility and adipose tissue distribution via direct and lipid mediator-dependent effects. Cardiovasc Res. (2020) 116:1006–20. doi: 10.1093/cvr/cvz208 

 9. Lee,J, Choi,YR, Kim,M, Park,JM, Kang,M, Oh,J , et al. Common and differential effects of docosahexaenoic acid and eicosapentaenoic acid on helper T-cell responses and associated pathways. BMB Rep. (2021) 54:278–83. doi: 10.5483/BMBRep.2021.54.5.267 

 10. Li,K, Huang,T, Zheng,J, Wu,K, and Li,D. Effect of marine-derived n-3 polyunsaturated fatty acids on C-reactive protein, interleukin 6 and tumor necrosis factor α: a meta-analysis. PLoS One. (2014) 9:e88103. doi: 10.1371/journal.pone.0088103

 11. Ridker,PM, Rifai,N, MacFadyen,J, Glynn,RJ, Jiao,L, Steg,PG , et al. Effects of randomized treatment with Icosapent ethyl and a mineral oil comparator on interleukin-1β, Interleukin-6, C-reactive protein, oxidized low-density lipoprotein cholesterol, homocysteine, lipoprotein(a), and lipoprotein-associated phospholipase A2: a REDUCE-IT biomarker substudy. Circulation. (2022) 146:372–9. doi: 10.1161/CIRCULATIONAHA.122.059410 

 12. Aung,T, Halsey,J, Kromhout,D, Gerstein,HC, Marchioli,R, Tavazzi,L , et al. Associations of Omega-3 fatty acid supplement use with cardiovascular disease risks. JAMA Cardiol. (2018) 3:225–34. doi: 10.1001/jamacardio.2017.5205 

 13. Yee,LD, Lester,JL, Cole,RM, Richardson,JR, Hsu,JC, Li,Y , et al. ω-3 fatty acid supplements in women at high risk of breast cancer have dose-dependent effects on breast adipose tissue fatty acid composition. Am J Clin Nutr. (2010) 91:1185–94. doi: 10.3945/ajcn.2009.29036 

 14. Lysen,LK, Robinson,D, and Rudel,R. “Nutrition in weight management,” in Krause and Mahan’s Food & the Nutrition Care Process. 16th edition. eds. R. Janice and K. Morrow (St. Louis, Missouri, USA: Elsevier), (2018) 413–440.

 15. Borrayo,G. Tg/Hdl-C ratio as cardio-metabolic biomarker even in Normal weight women. Acta Endocrinologica. (2018) 14:261–7. doi: 10.4183/aeb.2018.261 

 16. Tang,Q, Li,X, Song,P, and Xu,L. Optimal cut-off values for the homeostasis model assessment of insulin resistance (HOMA-IR) and pre-diabetes screening: developments in research and prospects for the future. Drug Discov Ther. (2015) 9:380–5. doi: 10.5582/ddt.2015.01207 

 17. Ren,J, Mozurkewich,EL, Sen,A, Vahratian,AM, Ferreri,TG, Morse,AN , et al. Total serum fatty acid analysis by GC-MS: Assay validation and serum sample stability. Curr Pharm Anal. (2013) 9:331–9. doi: 10.2174/1573412911309040002

 18. Gijón-Conde,T, Graciani,A, Guallar-Castillón,P, Aguilera,MT, Rodríguez-Artalejo,F, and Banegas,JR. Leptin reference values and cutoffs for identifying cardiometabolic abnormalities in the Spanish population. Revista Española de Cardiología (English Edition). (2015) 68:672–9. doi: 10.1016/j.rec.2014.08.015 

 19. Frühbeck,G, Catalán,V, Rodríguez,A, Ramírez,B, Becerril,S, Salvador,J , et al. Adiponectin-leptin ratio is a functional biomarker of adipose tissue inflammation. Nutrients. (2019) 11:454. doi: 10.3390/nu11020454 

 20. Rio,DC, Ares,M, Hannon,GJ, and Nilsen,TW. Purification of RNA using TRIzol (TRI reagent). Cold Spring Harb Protoc. (2010) 2010:5439. doi: 10.1101/pdb.prot5439 

 21. Haddad,F, and Baldwin,KM. Reverse transcription of the ribonucleic acid: the first step in RT-PCR assay. Methods Mol Biol. (2010) 630:261. doi: 10.1007/978-1-60761-629-0_17

 22. Bas,A, Forsberg,G, Hammarström,S, and Hammarström,ML. Utility of the housekeeping genes 18S rRNA, β-actin and glyceraldehyde-3-phosphate-dehydrogenase for normalization in real-time quantitative reverse transcriptase-polymerase chain reaction analysis of gene expression in human T lymphocytes. Scand J Immunol. (2004) 59:566–73. doi: 10.1111/j.0300-9475.2004.01440.x 

 23. Livak,KJ, and Schmittgen,TD. Analysis of relative gene expression data using real-time quantitative PCR and the 2-ΔΔCT method. Methods. (2001) 25:402–8. doi: 10.1006/meth.2001.1262

 24. Ramírez-Silva,I, Villalpando,S, Moreno-Saracho,JE, and Bernal-Medina,D. Fatty acids intake in the Mexican population. Res Nat Nutr Surv (2006). Nutr Metab (Lond) [Internet]. 2011;8(1):33. Available at: http://www.nutritionandmetabolism.com/content/8/1/33

 25. Burlingame,B, Nishida,C, Uauy,R, and Weisell,R. Fats and fatty acids in human nutrition: introduction. Ann Nutr Metab. (2009) 55:5–7. doi: 10.1159/000228993

 26. Hu,XF, Sandhu,SK, Harris,WS, and Chan,HM. Conversion ratios of n −3 fatty acids between plasma and erythrocytes: a systematic review and meta-regression. Br J Nutr. (2017) 117:1162–73. doi: 10.1017/S0007114517001052 

 27. Christ,A, Lauterbach,M, and Latz,E. Western diet and the immune system: An inflammatory connection. Immunity. (2019) 51:794–811.

 28. Stark,KD, van Elswyk,ME, Higgins,MR, Weatherford,CA, and Salem,N. Global survey of the omega-3 fatty acids, docosahexaenoic acid and eicosapentaenoic acid in the blood stream of healthy adults. Progress in Lipid Research. (2016) 63:132–52.

 29. Saini,RK, and Keum,YS. Omega-3 and omega-6 polyunsaturated fatty acids: dietary sources, metabolism, and significance—a review. Life Sci. (2018) 203:255–67. doi: 10.1016/j.lfs.2018.04.049 

 30. Schebb,NH, Kühn,H, Kahnt,AS, Rund,KM, O’Donnell,VB, Flamand,N , et al. Formation, signaling and occurrence of specialized pro-resolving lipid mediators—what is the evidence so far? Front Pharmacol. (2022) 2:13.

 31. Weylandt,KH, Karber,M, Xiao,Y, Zhang,IW, Pevny,S, Blüthner,E , et al. Impact of intravenous fish oil on omega-3 fatty acids and their derived lipid metabolites in patients with parenteral nutrition. J Parenter Enter Nutr. (2023) 47:287–300. doi: 10.1002/jpen.2448 

 32. Singh,IM, Shishehbor,MH, and Ansell,BJ. High-density lipoprotein as a therapeutic target a systematic review [Internet]. Available at: http://jama.jamanetwork.com/

 33. Bornfeldt,KE. Triglyceride lowering by omega-3 fatty acids: a mechanism mediated by N-acyl taurines. J Clin Investig. (2021) 131:e147558. doi: 10.1172/JCI147558 

 34. Liu,QK. Triglyceride-lowering and anti-inflammatory mechanisms of omega-3 polyunsaturated fatty acids for atherosclerotic cardiovascular risk reduction. J Clin Lipidol. (2021) 15:556–68.

 35. Azarpazhooh,MR, Najafi,F, Darbandi,M, Kiarasi,S, Oduyemi,T, and Spence,JD. Triglyceride/high-density lipoprotein cholesterol ratio: a clue to metabolic syndrome, insulin resistance, and severe atherosclerosis. Lipids. (2021) 56:405–12. doi: 10.1002/lipd.12302 

 36. Mohallem,R, and Aryal,UK. Regulators of TNFα mediated insulin resistance elucidated by quantitative proteomics. Sci Rep. (2020) 10:20878. doi: 10.1038/s41598-020-77914-1 

 37. Oh,DY, Talukdar,S, Bae,EJ, Imamura,T, Morinaga,H, Fan,W , et al. GPR120 is an Omega-3 fatty acid receptor mediating potent anti-inflammatory and insulin-sensitizing effects. Cells. (2010) 142:687–98. doi: 10.1016/j.cell.2010.07.041 

 38. Chandra,M, Miriyala,S, and Panchatcharam,M. PPAR γ and its role in cardiovascular diseases. PPAR Res. (2017) 2017:1–10. doi: 10.1155/2017/6404638 

 39. Kuo,SM, and Halpern,MM. Lack of association between body mass index and plasma adiponectin levels in healthy adults. Int J Obes. (2011) 35:1487–94. doi: 10.1038/ijo.2011.20 

 40. Aladhami,AK, Unger,CA, Ennis,SL, Altomare,D, Ji,H, Hope,MC , et al. Macrophage tumor necrosis factor-alpha deletion does not protect against obesity-associated metabolic dysfunction. FASEB J. (2021) 35:e21665. doi: 10.1096/fj.202100543RR 

 41. Endres,S, Ghorbani,R, Kelley,VE, Georgilis,K, Lonnemann,G, van der Meer,JWM , et al. The effect of dietary supplementation with n-3 polyunsaturated fatty acids on the synthesis of interleukin-1 and tumor necrosis factor by mononuclear cells. N Engl J Med. (1989) 320:265–71. doi: 10.1056/NEJM198902023200501 

 42. Mason,RP, Libby,P, and Bhatt,DL. Emerging mechanisms of cardiovascular protection for the Omega-3 fatty acid eicosapentaenoic acid. Arteriosclerosis, Thrombosis, and Vascular Biology Lippincott Williams and Wilkins. (2020) 40:1135–47. doi: 10.1161/ATVBAHA.119.313286 

 43. Sender,R, and Milo,R. The distribution of cellular turnover in the human body. Nat Med. (2021) 27:45–8. doi: 10.1038/s41591-020-01182-9 

 44. Gómez,F, Furuzawa-Carballeda,J, Lima,G, Llorente,L, Nunez,M, Sosa-Alvarado,C , et al. Peripheral blood T cell populations are altered in morbidly obese patients. Ann Nutr Metab Ann Nutr Metab. (2011) 1:197–7.

 45. van der Weerd,K, Dik,WA, Schrijver,B, Schweitzer,DH, Langerak,AW, Drexhage,HA , et al. Morbidly obese human subjects have increased peripheral blood CD4 + T cells with skewing toward a Treg- and Th2-dominated phenotype. Diabetes. (2012) 61:401–8. doi: 10.2337/db11-1065 

 46. Travers,RL, Motta,AC, Betts,JA, Bouloumié,A, and Thompson,D. The impact of adiposity on adipose tissue-resident lymphocyte activation in humans. Int J Obes. (2015) 39:762–9. doi: 10.1038/ijo.2014.195 

 47. Zeyda,M, Huber,J, Prager,G, and Stulnig,TM. Inflammation correlates with markers of T-cell subsets including regulatory T cells in adipose tissue from obese patients. Obesity. (2011) 19:743–8. doi: 10.1038/oby.2010.123 

 48. Pecht,T, Gutman-Tirosh,A, Bashan,N, and Rudich,A. Peripheral blood leucocyte subclasses as potential biomarkers of adipose tissue inflammation and obesity subphenotypes in humans. Obes Rev. (2014) 15:322–37. doi: 10.1111/obr.12133 

 49. Chiurchiù,V, Leuti,A, Dalli,J, Jacobsson,A, Battistini,L, MaCcarrone,M , et al. Proresolving lipid mediators resolvin D1, resolvin D2, and maresin 1 are critical in modulating T cell responses. Sci Transl Med. (2016) 8:1–24. doi: 10.1126/scitranslmed.aaf7483

 50. Wiebe,N, Muntner,P, and Tonelli,M. Associations of body mass index, fasting insulin, and inflammation with mortality: a prospective cohort study. Int J Obes. (2022) 46:2107–13. doi: 10.1038/s41366-022-01211-2 



OPS/xhtml/Nav.xhtml




Contents





		Cover



		Differential effects of high dose omega-3 fatty acids on metabolism and inflammation in patients with obesity: eicosapentaenoic and docosahexaenoic acid supplementation



		Introduction



		Participants and methods



		Study design



		Fish oil supplement



		Anthropometry, body composition, and blood pressure



		Plasma metabolic and inflammatory markers



		mRNA expression in the CD4+ T lymphocyte subsets (Th1, Th2, and Treg cells)



		Statistical analysis









		Results



		Population study



		Effect of omega-3 FA supplementation on metabolic and inflammatory markers



		Control group



		Group with obesity



		Effect of omega-3 FA supplementation on mRNA of CD4+ T lymphocyte subsets (Th1, Th2, and Treg cells)















		Discussion



		Effect of the omega-3 FA supplementation on the metabolism of glucose and lipids



		Effect of the omega-3 FA supplementation on the inflammatory status









		Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References



















OPS/images/cover.jpg
, frontiers | Frontiers in Nutrition

Differential effects of high dose
omega-3 fatty acids on
metabolism and inflammation in
patients with obesity:
eicosapentaenoic and
docosahexaenoic acid
supplementation












OPS/images/crossmark.jpg
(®) Check for updates







OPS/images/logo.jpg
’frontiers ‘ Frontiers in Nutrition






OPS/images/fnut-10-1156995-g005.jpg
mRNA abundance

40

mm Control
[ Obesity






OPS/images/fnut-10-1156995-g006.jpg
‘mRNA abundance

mRNA abundance mRNA abundance

mRNA abundance

Time (months)

TBX21

‘Time (months)

GATA3

‘Time (months)

FOXP3

Time (months)

mRNA abundance WRNA abundance
mRNA abundance RNA abund:

mRNA abundance

o 6 1 1 3 4
Time (months)

IFNG

30

S we

30 .

o 0 12 3 4
Time (months)

IL10

10 L

Time (months)

mm Control
3 Obesity





OPS/images/fnut-10-1156995-g003.jpg
& -o- Control
E 15 -0~ Obesity
g 10
& *
<
<
s §
H
=
= o
0 1 2 3
Time (months)
Time (months)
[ 1 2 3 4
Control 11.1£33 12£077 26+34" 49+457 56+33
Obesity 13.5+3.1 32+38b 3.1+39b 37+47b 100+6.1

Mean + SD

*  p<0.05 between groups
a  p<0.05 within the control group
b p<0.05 within the group with obesity





OPS/images/fnut-10-1156995-g004.jpg
RvEL (pg/ml)

1500

1000

500

e Control
o Obesity
NS

NS
NS

Time (months)






OPS/images/fnut-10-1156995-t002.jpg
Time 1 Time 2 Time 3

Metabolic markers

Glucose (mg/dL) Control | 824%75 820480 7444157 83378 825581 033 0.08 002
Obesity ~ 933+118  88.9+108 92477 91987 862480

Insulin (mU/L) Control 32¢11 17411 2413 22421 25515 001 0001 007
Obesity 13088 6943.4% 7.043.9% 84445 74+ 28%

HOMA-IR Control | 07£02 04502 05403 05405 05403 001 0001 001
Obesity 32:23 15209 155 1.0% 18411 15407

Total cholesterol (mg/dL) ~ Control |~ 1640+311 | 1503+30.3 1373321 | 1524£255 1482314 011 0.26 056
Ob 16704390 | 1657£283 | 1609330  1669%312 1739467

LDL-C (mg/dL) Control | 8594314 941358 | 8224298 | 8804339 | 9524379 024 % 062

Obesity 1089344  1157£278  1126+318 | 1179£323 | 1123£409

HDL-C (mg/dL) Control | 422£89 505£127 | 498+18.1 5724198 | 479132 0.08 001 017
Obesity 33099 36891 39103 3664140 | 364123

Triglycerides (mg/dL) Control | §94£378  744£29.01 | 782%462 | 8324451 | 8651429 024 001 0.09
Obesity | 191041021  1484£587 = 14924766 1461604 = 2082+125.1

TG/HDL-C ratio Control 22%11 16407 15409 17411 20412 037 0.001 020
Obesity | 67£59 43421 47436 4733 66458

Inflammatory markers

Leukocytes (x10Ymm?)  Control | 574038 5714 63519 5817 53413 084 0001 097
Obesity 8119 81£15 81517 79418 75414

ESR (mm/h) Control 64 927 6x4 9.49 106 045 0.001 093
Obesity 16412 17511 17511 19414 2113

IL-6 (pg/mL) Control | 0909 02404 01501 04403 0% 11 047 007 072
Obesity 2236 10£13 15221 16429 19+19

IL-8 (pg/mL) Control | 0906 06£07 06404 1007 1006 038 001 027
Obesity 2730 24219 24£27 38427 26413

TNF-a (pg/mL) Control | 17405 08506% | 094067 10204 18409 001 024 032
Ob: 19409 11£05* 13£07% 17410 18408

1L-10 (pg/ml) Control | 2948 2118 27424 31432 27429 090 025 045
Obesity 4055 904148 52480 745106 94%147

TGF-p (ng/mL) Control | 5245 42428 56464 5650 42436 006 043 099
Obesity 4042 5025 66£45 74488 27424

Leptin (ng/mL) Control | 9670 41535 58451 57462 58448 053 003 002
Obesity 3554254 192253 199495 2528161 | 207%200

Adiponectin (ug/mL) Control | 7525 85422 72424 85431 - 007 0057 008
Obesity | 4517 47526 42519 46426 -

AlLratio Control 1621 3939 664137 33128 - 062 0,002 049
Obesity 0303 02£0.1 02£0.1 03402 -

Mean:+SD. Two-way ANOVA. * Time factor (comparisons within groups vs. time 0). ” Group factor (comparison between groups obesity vs control). * Interaction (effect of group and time on
the metabolic or inflammatory marker). * Statistical significance p<0.05. — ot determined. TG/HDL-C ratio, triglycerides to high density lipoprotein cholesterol ratio; ESR, erythrocyte
sedimentation rate; A/L, adiponectin to leptin ratio.





OPS/images/fnut-10-1156995-g007.jpg
4.8 g/d omega-3 FA
EPA + 1.6 g DHA)
3 months

| TNF-o and IL-6

t rmE

Pancreas Plasma






OPS/images/fnut-10-1156995-t001.jpg
Control Obesity

(n=12) (n=12)

Anthropometry and body composition

Age (years) mean::SD 317467 381260 <0.05
Median 295 39
Range 24-43 27-45

Height (m) mean £ SD 1624005 1604008 018
Median 163 156
Range 155-1.70 151-1.75

Weight (kg) mean +SD 56390 10215154 <0001
Median 557 1033
Range 49.1-636 827-1310

BMI (kg/m?) mean £ SD 217222 398455 <0001
Median 214 367
Range 178-239 350-527
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