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Effect of omega-6 lipid-rich borage oil feeding on immune
function in healthy volunteers

BENJAMIN A.C. FISHER* and LAURENCE S. HARBIGE*"

*Department of Immunology, United Medical and Dental Schools
of Guy’s and St Thomas’, The Rayne Institute, St Thomas’
Hospital, London SE!l 7EH UK. *Physiological Sciences
Research Group, Schoo!l of Chemical and Life Sciences,
University of Greenwich, London SE18 6PF U.K.

Several studies have shown that dietary omega-3 lipid-rich fish
oil can decrease the production of TNFa and IL-1 by human
peripheral blood mononuclear cells (PBMC), as well as reducing
lymphoproliferative responses[1-3]. However, the effects of
omega-6 lipids upon cytokine production have been less well
studied. In this study we have examined the effects of omega-6
lipid-rich borage oil feeding on cytokine production,
lymphoproliferation and modulation of T cell subsets.

Eight healthy volunteers orally ingested 15ml of refined borage
seed oil daily for twelve weeks. The fatty acid composition of the
oil was 37% linoleic acid (18:2w6), 22% y-linolenic acid (18:3w6),
and 18% oleic acid (18:1). Peripheral blood was collected in
heparin prior to feeding and at four, eight, and twelve weeks
during oil feeding. After centrifugation, to remove the plasma,
PBMC were separated on a Lymphoprep density gradient.
Proliferation was measured as uptake of “[H]thymidine over the
final seven hours of a 96 well plate three day culture. Seeding
density was at 1x10%ells/ml in 10% autologous plasma and with
anti-CD3 (Spg/ml) or PHA (Spg/ml) as mitogens. Bulk culture
supernatants were collected after 24 hours of culture with anti-
CD3, PHA or LPS (Ing/ml) at 2x 10°cells/mi, and cytokine content
was quantified using commercially available ELISAs (R&D
Systems). The proportions of lymphocytes in whole blood that
were CD4", CD8*, CD45RA" or CD45RO", were assessed using
directly conjugated antibodies and flow cytometric analysis.

No statistically significant change in proliferation was noted
during the course of oil feeding (Table ). This questions the in
vive relevance of studies where polyunsaturated lipids added in
vitro suppress proliferative responses.

Borage oil did not alter LPS-induced TNFa production. This
contrasts with fish oil and so suggests differing mechanisms of
action. Production of IFNy in response to PHA was also
unaffected.  However,  PHA-induced TGFf, production
significantly increased during the course of oil feeding (Table 2).

Table 1. Effect of borage oil feeding in _human volunteers on
mitogen stimulated lymphocyte proliferation

Results are expressed as mean counts per min £ S.D. for each
week ol oil feeding

Week PHA Sug/ml anti-CD3 Spg/ml
0 38309 + 13294 10579 £ 9372
4 43599 £ 15030 18250 £ 9025
3 43002 + 12222 18136 + 3781

26833 + 10497 19741 £ 3547

=]

Abbreviations used: ELISA, enzyme-linked immunosorbent assay;

IL. interleukin; IFNY, interferon-gamma; LPS, lipopolysaccharide;
PHA. phytohaemagglutinin; TGFp, transforming growth factor
beta; TNFat, tumour necrosis factor alpha
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Table 2. Effect of borage oil feeding in human volunteers on
peripheral blood mononuclear cell cytokine production ex vive
Results are expressed as means (pg/ml) + S.D. for each cytokine
(stimulant in parenthesis). *p<0.05

Week TGFB(PHA)  IL-10(aCD3) IL-4(PHA)
0 310216 82126 67 51
4 471 £294* 92 + 68 44 +38
8 615 £351* 32+7* 29417
12 949 £ 614* 47 £ 14* 30+ 15%

The immune functions of TGFB, depend on the
differentiation/activation state of the target cell. When given
systemically, TGFB has been shown to inhibit streptococcal cell-
wall-induced arthritis [4], probably through inhibition of E-
selectin and abolishment of chemotactic gradients, whereas local
injection was found 10 exacerbaie the disease. Systemic TGFP
administration may predispose to serious and recurrent infections
so any therapeutic use should entail some form of endogenous
control. PHA-induced IL-4 production and anti-CD3-induced IL-
10 production were both decreased during borage oil
administration. As with the effect on TGFp,, the mechanisms
behind this are unknown, although the results for IL-10 production
in response to PHA showed no clear pattern, suggesting that the
effect may be via the T cell receptor signalling pathway. Flow
cytometric analysis revealed no changes in either the percentages
or ratios of T cell subsets during borage oil administration.

These findings suggest that omega-6-rich borage oil can have an
immunomodulatory function through its effect on cytokine
production. Furthermore these effects appear to be different to
those induced by fish oil.

Acknowledgements: B.F. was a recipient of a Medical Research
Council Award. We wish to thank Quest Vitamins Ltd for their
generous gift of the borage oil.

[. Calder, P.C. (1996) Proc. Nutr. Soc. 55, 737-774

2. Endres, S., Eisenhut, T. and Sinha, B. (1995) Biochem. Soc.
Trans. 23, 277-281

3. Harbige, L.S. (1996) Nutr. Health 10, 277-281

4. Wahl, S.M. (1994) J. Exp. Med. 180, 1587-1590


https://www.researchgate.net/publication/14028622

National Library of Medicine

National Center for Biotechnology Information

PublRed” (=]

Advanced User Guide

Randomized Controlled Trial > Mol Psychiatry. 2021 Jul;26(7):3034-3042.

Omega-3 supplementation and stress
reactivity of cellular aging
biomarkers: an ancillary substudy of
a randomized, controlled trial in

midlife adults

Annelise A Madison 12, Martha A Belury 13, Rebecca Andridge 1 4, Megan E Renna 1,
M Rosie Shrout 1, William B Malarkey 15, Jue Lin e, Elissa S Epel 7, Janice K
Kiecolt-Glaser g9

Affiliations Expand
PMID: 33875799

PMCID: PMC8510994
DOI: 10.1038/s41380-021-01077-2

Abstract

Higher levels of omega-3 track with longer telomeres, lower inflammation, and
blunted sympathetic and cardiovascular stress reactivity. Whether omega-3
supplementation alters the stress responsivity of telomerase, cortisol, and
inflammation is unknown. This randomized, controlled trial examined the impact of
omega-3 supplementation on cellular aging-related biomarkers following a

laboratory speech stressor. In total, 138 sedentary, overweight, middle-aged
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participants (n = 93 women, n = 45 men) received either 2.5 g/d of omega-3, 1.25 g/d
of omega-3, or a placebo for 4 months. Before and after the trial, participants
underwent the Trier Social Stress Test. Saliva and blood samples were collected
once before and repeatedly after the stressor to measure salivary cortisol,
telomerase in peripheral blood lymphocytes, and serum anti-inflammatory
(interleukin-10; IL-10) and pro-inflammatory (interleukin-6; IL-6, interleukin-12, tumor
necrosis factor-alpha) cytokines. Adjusting for pre-supplementation reactivity, age,
sagittal abdominal diameter, and sex, omega-3 supplementation altered telomerase
(p =0.05) and IL-10 (p = 0.05) stress reactivity; both supplementation groups were
protected from the placebo group's 24% and 26% post-stress declines in the
geometric means of telomerase and IL-10, respectively. Omega-3 also reduced
overall cortisol (p = 0.03) and IL-6 (p = 0.03) throughout the stressor; the 2.5 g/d
group had 19% and 33% lower overall cortisol levels and IL-6 geometric mean levels,
respectively, compared to the placebo group. By lowering overall inflammation and
cortisol levels during stress and boosting repair mechanisms during recovery,
omega-3 may slow accelerated aging and reduce depression risk. ClinicalTrials.gov
identifier: NCT00385723.
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Omega-3 Fatty Acid Supplementation Lowers Serum
FSH in Normal Weight But Not Obese Women

Zain A. Al-Safi, Huayu Liu, Nichole E. Carlson, Justin Chosich, Mary Harris,
Andrew P. Bradford, Celeste Robledo, Robert H. Eckel, and Alex J. Polotsky

Department of Obstetrics and Gynecology (Z.A.A., J.C., A.P.B., C.R., AJ.P.), University of Colorado
School of Medicine, Aurora, Colorado 80045; Department of Biostatistics and Informatics (H.L., N.E.C.),
Colorado School of Public Health, Aurora, Colorado 80045; Department of Food Science and Human
Nutrition (M.H.), Colorado State University, Fort Collins, Colorado 80523; and Department of Medicine
(R.H.E.), University of Colorado School of Medicine, Aurora, Colorado 80045

Context: Dietary omega-3 fatty acids delay ovarian aging and promote oocyte quality in mice.

Objective: To test whether dietary supplementation with omega-3 polyunsaturated fatty acids
(PUFA) modulates reproductive hormones in reproductive-age women.

Design: Prospective interventional study.
Setting: Academic center.
Participants: Fifteen obese and 12 normal-weight (NW) eumenorrheic women, ages 28-34 years.

Intervention: Two frequent blood-sampling studies were performed before and after 1 month of
omega-3 PUFA supplementation with 4 g of eicosapentaenoicacid and docosahexaenoicacid daily.

Main Outcome Measures: Serum LH and FSH (basal and after GnRH stimulation).

Results: The ratio of omega-6 to omega-3 PUFA was significantly reduced in plasma and red blood
cell components for both groups after treatment (both P < .01). Omega-3 PUFA supplementation
resulted in reduction of FSH and FSH response to GnRH by 17% on average (P = .06 and P = .03,
respectively) in NW but not obese women. Serum levels of IL-18 and TNF-a were reduced after
omega-3 PUFA supplementation (—72% for IL-13; —56% for TNF-a; both, P < .05) in obese but not
in NW women. This reduction, however, was not associated with a hormonal change in obese
women.

Conclusions: Dietary administration with omega-3 PUFA decreased serum FSH levels in NW but not
in obese women with normal ovarian reserve. This effect is intriguing and is directionally consistent
with murine data whereby higher dietary omega-3 PUFA extends reproductive lifespan. Our results
imply that this nutritional intervention should be tested in women with diminished ovarian reserve
in an attempt to delay ovarian aging. (J Clin Endocrinol Metab 101: 324-333, 2016)

he United States has the highest prevalence of obesity
T among all countries surveyed in 2012 by the Orga-
nization for Economic Cooperation and Development (1).
It is estimated that by the end of 2015, 41% of US adults
will be obese (2), as defined by a body mass index (BMI) >
30 kg/m?. In women, reproductive morbidity associated
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with obesity is considerable and involves anovulation,
menstrual cycle abnormalities, subfertility, fetal loss, ob-
stetrical complications, and congenital anomalies (3).
Obesity has been associated with a state of relative hy-
pogonadotropic hypogonadism, as was shown by animal
models (4) and clinical studies in both women and men

Abbreviations: AMH, anti-Mllerian hormone; AUC, area under the curve; BMI, body mass
index; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; FAME, fatty acid methyl
ester; HOMA, homeostatic model assessment; HPO, hypothalamic-pituitary-ovarian; NW,
normal-weight; PUFA, polyunsaturated fatty acid; RBC, red blood cell.

doi: 10.1210/jc.2015-2913
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(5, 6). A gap in knowledge exists because the mechanisms
underlying these harmful effects are poorly understood,
and no specific treatments exist.

Increasing prevalence of obesity in recent decades has
been preceded by dramatic dietary changes in industrial-
ized societies. Over the past 100 years, there has been a
considerable shift in the human diet, particularly with re-
spect to the amount and type of consumed fat. Intake of
omega-3 polyunsaturated fatty acids (PUFAs), previously
consumed in large quantities by humans from vegetable
and fish sources, has dwindled (7). The contemporary ra-
tio of dietary omega-6 to omega-3 PUFA is estimated to be
as high as 25:1, a drastic change from the 1:1 ratio for
previously estimated consumption (8). Dietary fat can
have inflammatory or anti-inflammatory properties based
upon its composition. Saturated fats increase plasma free
fatty acids and promote inflammation, whereas omega-3
PUFAs reduce macrophage-induced cytokine production
(9). Recent studies link improved embryo morphology in
women (10) and superior oocyte quality in mice (11) with
higher dietary intake of or supplementation with omega-3
PUFA. In animal studies, diets enriched with omega-3
PUFA enhance early embryonic development (12) and
boost progesterone secretion (13), suggesting that sex ste-
roid metabolism may be affected by modulating PUFA
intake. Despite accumulating evidence of potential benefit
in animal studies, the impact of omega-3 PUFA supple-
mentation on reproductive hormones is unknown. We
sought to test whether dietary supplementation with
omega-3 PUFA affects reproductive hormones in women
and/or whether this effect is modulated by body mass.

Subjects and Methods

Participants

Twenty-seven regularly menstruating obese and normal-
weight (NW) women were recruited from the community
through campus-wide advertisement and completed the
study. The study was approved by Colorado Multiple Insti-
tutional Review Board (13-1420); a signed informed consent
was obtained from each participant before participation.
Study criteria included: 1) age, 18-42 years; 2) BMI, =30
kg/m? (obese) or 18-25 kg/m? (NW); 3) history of regular
menses every 25-40 days; and 4) normal baseline prolactin,
TSH, and blood count. Polycystic ovary syndrome was pro-
spectively ruled out because all participants were required to
have regular menstrual cycles and were nonhirsute; we used
the National Institutes of Health definition of polycystic ovary
syndrome, which includes oligomenorrhea as a central crite-
rion. Participants were excluded if they had allergies to sea-
food, used medications known to affect reproductive hor-
mones, used exogenous sex steroids within the last 3 months,
exercised vigorously more than 4 hours weekly, or were at-
tempting pregnancy. All participants had a baseline physical
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examination by study personnel and underwent all blood sam-
pling at the Clinical and Translational Research Center of the
Colorado Clinical and Translational Sciences Institute. Preg-
nancy was excluded by a serum pregnancy test at the begin-
ning of each month of testing.

Protocol

All women underwent 8 hours of blood sampling every 10
minutes both at baseline and after approximately 1 month of
dietary long chain omega-3 PUFA supplementation (Supplemen-
tal Figure 1). Each frequent blood sampling study was completed
during the early follicular phase of the menstrual cycle (between
d 3 and 6) and included iv administration of a physiological,
weight-based (75 ng/kg) bolus of GnRH (Lutrelef; Ferring) given
at 6 hours (14). Each participant therefore had a 6-hour window
to assess endogenous LH and FSH secretion before the admin-
istration of exogenous GnRH.

Starting with day 1 of the next menstrual cycle after base-
line, study participants were instructed to take 4 g daily of
Lovaza (GlaxoSmithKline). This formulation represents a
concentrated and purified PUFA preparation and is approved
by the US Food and Drug Administration for treatment of
hypertriglyceridemia (15-17). One gram of Lovaza contains
approximately 465 mg of eicosapentaenoic acid (EPA) and
approximately 375 mg of docosahexaenoic acid (DHA) as
ethyl esters. The supplementation continued for two men-
strual cycles, and testing started while participants were on
their second cycle of the study. On day 1 of the third menses,
participants were scheduled for postintervention studies,
which were completed with an identical frequent blood sam-
pling session as in month 1. Additionally, daily urinary sam-
ples were collected before and after omega-3 supplementation

Table 1. Biometric and Endocrine Characteristics in
NW and Obese Women at Baseline

NW Obese

Women Women P?
N 12 15
Age, y 284(1.2) 348(1.2) <.01
BMI, kg/m2 21.8(0.5) 37.8(1.5) <.01
Weight, kg 59.3(1.9) 103.8(6.6) <.01
Waist circumference, cm  73.6 (2.5) 109.1 2.7) <.01
Waist-hip ratio 0.89(0.02) 0.90(0.01) .43
AMH, ng/mL 5.3(0.9) 4.2 (0.7) .33
Inhibin B, pg/mL 78.6(7.2) 61.3(4.8) .0495
Fasting glucose, mg/dL 79.6 (5.5) 90.7 (1.9) .02°
Fasting insulin, mIU/L 8.8 (1.0) 242(7.7) <.01°
HOMA-IR score® 1.7 (0.2) 5.5(1.8) <.01°
Plasma N6/N3 ratio 7.7 (0.8) 8.6 (0.4) .36
RBC N6/N3 ratio 5.1(0.4) 5.4(0.2) 51
Cycle 1 length, d 27.3(0.5) 27.6 (0.9) .70
Cycle 2 length, d 28.8(0.9) 285(1.2) .84
Cycle 3 length, d 28.8(0.9) 28.1 (1.0) .60

Abbreviations: HOMA-IR, HOMA for insulin resistance; N6/N3, omega-
6/omega-3. Values represent mean (standard error of the mean).

@ P values represent two-sample t test, unless otherwise specified.
b pvalues represent Mann-Whitney test.

< HOMA-IR score is a measure of insulin sensitivity, calculated as
follows: fasting insulin X fasting glucose/405.
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for measurement of estrogen and progesterone metabolites,
and this will be the subject of a separate report.

Hormone assays

Serum LH and FSH were measured using a solid-phase, two-
site specific immunofluorometric assay (DELFIA; Perkin Elmer)
(18). Interassay and intra-assay coefficients of variation were 4.8
and 3.4% for LH, respectively, and 6.6 and 5.0% for FSH, re-
spectively. Ligand Assay and Analysis Core services (University
of Virginia) were used to assay inhibin B and anti-Miullerian
hormone (AMH) using commercial two-site ELISA assays (Beck-
man Coulter). Functional sensitivity was determined for each
assay (defined as the lowest concentration reliably measured, or
the lowest concentration with an interassay coefficient of vari-
ation <20%). Functional sensitivity is 10 pg/mL for inhibin B
and 0.16 ng/mL for AMH. The intra-assay and interassay coef-
ficients of variation were 4.4 and 5.2%, respectively, for inhibin
B, and 3.0 and 7.0%, respectively, for AMH.

Fatty acid composition

Plasma phospholipid and red blood cell (RBC) PUFA com-
position assessment were obtained for all subjects at baseline and
after dietary supplementation. Phospholipid PUFA composition
analysis is a validated assessment of dietary PUFA intake over a
2- to 3-week period. Whole blood samples were separated, and
plasma was frozen and stored at —80°C for later analysis. Plasma
and RBC phospholipids were extracted in methanol and directly

J Clin Endocrinol Metab, January 2016, 101(1):324-333

methylated with sodium methoxide (25% w/v) using the method
of Glaser et al (19). Fatty acid methyl esters (FAMEs) were ex-
tracted in hexanes and separated using microcapillary gas liquid
chromatography with flame ionization detection. Individual
FAMEs were identified by comparison of retention times with
known FAME standards. Plasma or RBC PUFA composition
was expressed as a percentage of total PUFA.

Cytokines

Serum proinflammatory cytokine levels were determined us-
ing a custom-made 10 cytokines array kit (RayBiotech) per the
manufacturer’s instructions (20). For each membrane, 1 mL of
serum from each participant was diluted 1:4 with a blocking
buffer and added to the membrane. After incubation and the
addition of antibodies, the array was exposed to x-ray film, and
signals were detected using a film developer. These images were
scanned, and average intensities were measured using Quantity
One software (Bio-Rad) after locating signals to antibody array
map.

Statistical analysis

The primary outcome measure was the change in the average
LH pulse amplitude before and after administration of omega-3
PUFA. With 10 subjects per group, we had 80% power to detect
a change of 0.3 IU/L (or a 37.5% reduction in LH pulse ampli-
tude) using a paired # test with unequal variances assuming a
moderate correlation of 0.5 between the baseline and follow-up

Table 2. Effect of Omega-3 PUFA Supplementation in NW Women on Reproductive and Metabolic Hormones (n = 12)
Baseline After Omega-3 A® P°
Unstimulated
LH
Mean level, 1U/L 4.4 (0.6) 4.1 (0.4) -0.2(0.7) 77
No. of pulses/h 2.6 (0.3) 2.8(0.4) 0.3(0.5) 64
Average pulse amplitude, 1U/L 1.6(0.2) 2.0(0.4) 0.4 (0.4) .39
FSH
Mean level, IU/L 4.8 (0.3) 4.0(0.3) —-0.8(0.4) .06
Peak, IU/L 5.5(0.4) 4.6 (0.4) —-0.9(0.4) .06
GnRH-stimulated
LH
Mean level |U/L 6.5 (0.6) 6.5 (0.6) 0.04 (0.5) .95
AUC, IU/LC 790 (76) 795 (74) 4.6 (97) .96
Peak, 1U/L 9.2 (0.9) 9.0(0.9) -0.2(1.0) .84
Maximum response, 1U/L¢ 6.1(0.6) 6.1 (0.9) 0.03(0.7) .96
FSH
Mean level, IU/L 5.2 (0.4) 4.3(0.3) —-0.9(0.4) .03
AUC, IU/LC 626 (42) 518 (38) —109 (45) .03
Peak, IU/L 6.0 (0.4) 4.9 (0.4) -1.2(0.4) .02
Maximum response, 1U/L¢ 1.8(0.2) 1.4(0.1) —-0.4(0.2) .09
AMH, ng/mL 5.3(0.9) 4.7 (0.8) -0.6(0.7) .36
Inhibin B, pg/mL 78.6 (7.2) 76.5(8.7) -2.2(11.3) .85
Fasting glucose, mg/dL 79.6 (5.5) 83.1(2.2) 3.5(5.3) .87
Fasting insulin, mIU/L 8.8(1.0) 9.2(1.0) 0.33(1.0) .69
HOMA-IR score 1.7 (0.2) 1.9(0.2) 0.2(0.2) .39
Plasma N6/N3 ratio 7.7 (0.8) 3.2 (0.4) —-4.5(0.7) <.01
RBC N6/N3 ratio 5.1(0.4) 3.0(0.2) -2.0(0.3) <.01
Abbreviations: HOMA-IR, HOMA for insulin resistance; N6/N3, omega-6/omega-3. Values represent mean (standard error of the mean).

2 Arithmetic difference between post omega-3 supplement and baseline.

b P value for comparing values before and after omega-3 supplement in each group.

€ AUC is the sum of concentrations for 120 min (GnRH-stimulated) calculated using the trapezoidal rule.

4 Maximum response to GnRH is defined as the peak level after GnRH bolus minus the lowest value in the hour preceding GnRH.
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outcomes on the same subject. This change is approximately
40% of the difference between the LH pulse amplitudes of NW
and obese patients in cross-sectional studies (18).

For each study period, LH pulsatility was characterized using
the first 6 hours of data before GnRH administration. LH pulse
frequency and amplitude were computed for each individual be-
fore and after omega-3 PUFA using a modified objective pulse
detection method that has been previously validated (18, 21).
After GnRH administration, for both LH and FSH, mean serum
level, peak level, area under the curve (AUC), and maximum
response (the arithmetic difference between the nadir before
GnRH and the peak post GnRH) were evaluated. Baseline char-
acteristics were compared between obese and NW women for all
gonadotropin and PUFA compositions using two-sample ¢ tests,
whereas cytokine measures were compared using the Mann-
Whitney test due to skewness. A two-sample ¢ test was used to
assess whether average change in hormonal and demographic
measures differed between obese and NW women. Paired # and
Wilcoxon tests were used to assess whether the assessed param-
eters differed before vs after the omega-3 PUFA intervention. A
P < .05 value was used to denote statistical significance. The
analysis was repeated on change in each of the other measures
listed above. Age adjustment was performed to determine
whether a difference in age between NW and obese subjects
might have biased the observed associations of the hormonal
outcome measures. For all tested comparisons, the association of
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the reported LH and FSH parameters remained similar, and no
changes in the level of significance were detected. When analyz-
ing proinflammatory cytokine levels, no adjustment for multiple
comparisons was performed given the exploratory nature of this
analysis. All statistical calculations were performed using R soft-
ware for Windows, version 3.1.2.

Results

Biometric and endocrine characteristics

A total of 27 women (15 obese and 12 NW controls)
provided complete data for analysis (Table 1). Although
obese women were older (P < .01), there was no signifi-
cant difference by the main clinical measure of ovarian
reserve, serum AMH. All measures of glucose metabolism/
insulin sensitivity (fasting glucose, fasting insulin, and ho-
meostatic model assessment [HOMA]) were significantly
elevated in the obese group. Inhibin B was significantly
lower in the obese women (22% lower on average; P =
.049). Omega-3 treatment did not significantly change any
ovarian reserve parameters in either group (Tables 2 and
3). All three measures of glucose metabolism decreased in

Table 3. Effect of Omega-3 PUFA Supplementation in Obese \WWomen on Reproductive and Metabolic Hormones (n = 15)
Baseline After Omega-3 A® P°
Unstimulated
LH
Mean level, IU/L 3.3(0.3) 3.3(0.3) 0.07 (0.3) .84
No. of pulses/h 3.1(0.4) 2.8(0.3) —0.3(0.6) .64
Average pulse amplitude, 1U/L 1.3(0.1) 1.3(0.1) —0.04 (0.2) .84
FSH
Mean level, IU/L 4.4(0.4) 4.2(0.2) —0.2 (0.3) 51
Peak, IU/L 5.1(0.4) 5.0(0.3) —0.1(0.3) .67
GnRH-stimulated
LH
Mean level
Mean level, IU/L 6.6 (1.0) 6.7 (1.2) 0.2 (0.6) .82
AUC, IU/LC 821(121) 836 (150) 14.7 (79) .86
Peak, IU/L 9.7 (1.6) 9.7 (1.9) —0.06 (1.0) .95
Maximum response, 1U/L¢ 7.5(1.3) 7.3(1.7) —0.1(0.9) .88
FSH
Mean level, IU/L 5.1(0.4) 4.9(0.3) —0.2 (0.4) 71
AUC, IU/LC 615 (51) 598 (38) —16.9 (48) 73
Peak, IU/L 5.8 (0.5) 5.6 (0.4) —-0.2 (0.4) 61
Maximum response, 1U/L¢ 2.0(0.2) 2.0(0.3) —0.01(0.2) .95
AMH, ng/mL 4.2 (0.8) 3.9(0.9) —0.3(0.4) 43
Inhibin B, pg/mL 61.3(5.6) 65.8 (8.4) 45(7.9) .53
Fasting glucose, mg/dL 90.7 (2.1) 89.4 (3.1) —-1.2(2.0) .50
Fasting insulin, mIU/L 24.2 (8.6) 18.9 (3.1) —5.3(6.6) .82
HOMA-IR score 5.5(2.2) 4.1(0.7) —-1.4(1.6) 93
Plasma N6/N3 ratio 8.6 (0.4) 3.9(0.4) —4.7 (0.7) <.01
RBC N6/N3 ratio 5.4(0.2) 3.4(0.2) —1.9(0.3) <.01

Abbreviations: HOMA-IR, HOMA for insulin resistance; N6/N3, omega-6/omega-3. Values represent mean (standard error of the mean).

@ Arithmetic difference between post omega-3 supplement and baseline

b P value for comparing values before and post omega-3 supplement treatment in each group

€ AUC is sum of concentrations for 120 min (GnRH-stimulated) calculated using trapezoidal rule.

4 Maximum response to GnRH is defined as the peak level after GnRH bolus minus the lowest value in the hour preceding GnRH.
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o

Plasma Omega-6 to Omega-3 ratio
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Obese

Figure 1. Impact of omega-3 fatty acid supplementation on plasma omega-6 to omega-3 ratio. Levels in NW and obese women both at baseline
(solid columns) and after 1 month of omega-3 supplementation (striped columns) are shown. Data represent mean = standard error of the mean.

*, P<.01.

obese women after treatment with omega-3 PUFA, but
this improvement was not statistically significant.

Fatty acid composition

At baseline, the ratio of omega-6 to omega-3 PUFA was
similar between the two groups in both plasma and RBC
(P=.36and P = .51, respectively; Table 1). After omega-3
PUFA supplementation, this ratio decreased significantly
in both NW and obese women by 58 and 55%, respec-
tively, in plasma (Figure 1); similarly, the ratio in the RBC
component decreased by 40 and 36%, respectively (P <
.01 for all; Tables 2 and 3). The increase in EPA and DHA
(omega-3 PUFA that were directly supplemented) was the
greatest. Plasma EPA increased by 557% in NW and by
443% in obese women, whereas plasma DHA increased
by 79% in NW and by 130% in obese women (P < .01 for
all). Two subjects in the obese group and one in the NW
group did not have a measurable change in omega-6 to
omega-3 PUFA ratio after supplementation. Of note, these
three subjects had the highest and lowest BMI values for
our cohort. The two morbidly obese participants had BMI
values of 42.2 and 51.2 kg/m?, respectively, and the NW
participant had a BMI of 18.9 kg/m? (lowest BMI in the
cohort). When the analysis was restricted to only those
who had changes in the omega-6 to omega-3 ratio, similar

results were seen (data not shown); thus, all data are pre-
sented using the intent-to-treat paradigm for all women
who completed the study.

Gonadotropins

At baseline (month 1), during the first 6 hours of un-
stimulated testing, mean serum LH was lower but was not
significantly different in obese women when compared to
NW controls (3.3 = 0.3 vs 4.4 = 0.6 IU/L, respectively;
P =.12). Similarly, no significant difference was observed
for LH pulse amplitude (1.3 = 0.1 vs 1.6 = 0.2 IU/L,
respectively; P = .28), LH pulse frequency (3.1 *+ 0.4 vs
2.6 * 0.3 pulses/h, respectively; P = .33), or GnRH-stim-
ulated gonadotropin levels. Baseline (month 1) FSH pa-
rameters were not statistically different between obese and
NW women before or after GnRH.

At month 3 in NW women, both FSH mean level and
peak were decreased by 17% vs month 1 studies (4.8 = 0.3
to 4.0 = 0.3 IU/L, and 5.5 = 0.4 to 4.6 = 0.4 IU/L, re-
spectively), with a trend to statistical significance (P = .06
for both; Table 2 and Figure 2C). In contrast, no observ-
able change was seen in FSH parameters before and after
dietary supplementation in obese women (Table 3 and
Figure 2D). Upon GnRH stimulation, FSH response has
significantly decreased in NW women after omega-3
PUFA treatment (17% for mean serum level, 17% for
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Figure 2. Effect of omega-3 PUFA supplementation on serum gonadotropins. LH (A and B) and FSH (C and D) during unstimulated and GnRH-
stimulated portions of frequent blood sampling (GnRH was given after 360 min). Data are from NW women (green; n = 12) and obese women
(red; n = 15) at month 1 (open circles) and month 3 (filled circles). Error bars indicate standard error of the mean for group composites. t, P =

.06; *, P =.03.

AUC, and 19% for peak; P < .05 for all; Table 2 and
Figure 2C). Again, no significant changes were seen in FSH
parameters for obese women (Table 3 and Figure 2D). LH
response was not different before or after omega-3 PUFA
treatment for either group (Tables 2 and 3 and Figure 2, A
and B). This association of the reported LH and FSH pa-
rameters remained similar, and no changes in the level of
significance were detected after adjusting for age.

Proinflammatory cytokines

When examining inflammatory cytokines associated
with obesity (20, 22), at baseline, two cytokines (resistin
and IL-12) were significantly higher in obese women com-
pared to NW controls (Figure 3A). When these measure-
ments were repeated in month 3 of the study after a month
of omega-3 supplementation (Figure 3B), all cytokines
were decreased in the obese women, with a statistically
significant drop in IL-18 and TNF- « (P < .05 for both).
No significant changes were seen in cytokines before and
after treatment in NW women, despite reductions in levels
ranging from 34-82% for some cytokines.

Discussion

In this interventional study, we have shown that supple-
menting omega-3 PUFA for at least 4 weeks resulted in
more than a 50% reduction in the endogenous omega-6 to
omega-3 ratio, regardless of body mass. This effect was
associated with an improvement in serum IL-18 and
TNF-a levels, both proinflammatory cytokines, in obese
women. The improvement in the omega-6 to omega-3 ra-
tio in NW women was associated with a reduction of FSH
levels, but there was no significant change in any measured
gonadotropin parameter for obese women.

We have hypothesized that an adiposity-related proin-
flammatory environment might be responsible for the rel-
ative hypogonadotropic state associated with obesity.
Obesity produces a unique inflammatory state that is low
grade and chronic (20, 22, 23). TNF-a and IL-18 are
known to suppress pituitary LH secretion in animal stud-
ies (24). Many studies have shown this possible associa-
tion between inflammatory cytokines and suppression of
the hypothalamic-pituitary-ovarian (HPO) axis (25-27).
Total omega-3 PUFAs were observed to be independently
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Figure 3. Impact of omega-3 PUFA supplementation on serum proinflammatory cytokines. A, Relative baseline cytokine levels. Data represent
mean = standard error of the mean at month 1. *, P < .05. B, Change in cytokine levels in response to treatment. Results are expressed as

percentage change in cytokine levels after treatment in month 3.

associated with lower levels of proinflammatory markers
(28,29). Similar to our study, clinical studies have shown
that supplying 4 g of EPA+DHA and using flaxseed oil
richin e-linolenic acid (omega-3 PUFA) in a dietary frame-
work of an omega-6 to omega-3 ratio of 3:1 or 4:1 resulted
in substantial inhibition to the production of IL-18 and
TNF-a (30, 31). Despite the reduction that was achieved
in both of these inflammatory cytokines in obese partici-
pants, our study did not reveal any significant changes in
reproductive endocrinopathy of obesity after the dietary
intervention. However, reducing inflammatory cytokines
in obese women could theoretically improve ovarian re-
sponse to gonadotropins, resulting in lower FSH and bet-
ter quality oocytes. A large study of assisted reproduction
demonstrated that inferior pregnancy rates in obese
women are normalized when oocytes from NW donors are
transferred into obese recipients (32). Taken together

with the rodent data on abnormal oocyte function and
structure in obesity by Moley and others (33, 34), this
implies that impaired oocyte quality may mediate the link
between obesity and reproductive impairment, preg-
nancy complications, and congenital anomalies. Fur-
thermore, murine diet-induced obesity models demon-
strate abnormal oocyte structure and function with a
significant elevation in the inner mitochondrial mem-
brane potential and increased mitochondrial respira-
tory chain activity (35). Thus, an alternative and pos-
sibly longer intervention may very well prove effective
in improving ovarian responses in obese women and
should continue to be studied.

Improvements in insulin sensitivity and glucose metab-
olism have been shown to improve reproductive function
in animal models (36). Measures of glucose metabolism
improved in this study, although they did not reach levels
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of statistical significance, and a larger sample size may be
needed to show this effectin women. There is also evidence
that insulin can modulate FSH and LH secretion from the
pituitary and GnRH secretion (36); this should be the sub-
ject of future dedicated studies.

Reproductive aging in women is characterized by
shortening of menstrual cycles (37), increased oocyte
meiotic spindle abnormalities, and aneuploidy (38, 39),
along with declining fertility (40). This phenotype is
classically associated with elevated levels of serum FSH
in murine studies (41) and in humans (42, 43). In an
elegant study by Nehra et al (11), it was shown that
consumption of a diet rich in omega-3 PUFA prolonged
reproductive lifespan in mice over several generations.
Notably, dramatic improvement in egg quality and
ovarian follicle counts was achieved in the advanced
maternal age murine model. To investigate a similar
positive effect of an acute dietary treatment with ome-
ga-3 PUFA in women, FSH may be used in proxy to
study ovarian reserve in women because circulating
FSH levels are responsive to the endocrine input from
the ovary (44). Thus, our study is the first human in-
vestigation, to the best of our knowledge, to test the
impact of omega-3 PUFA supplementation on gonado-
tropins in women. Although serum AMH appears to be
a better marker for ovarian reserve than serum FSH, it
is also a less dynamic hormone with respect to changes
over time and changes due to an intervention (45). Our
observed changes in FSH were in concert with animal
data (11), in a direction that may indicate a favorable
effect on improving reproductive lifespan. This will
need to be investigated in a longer duration of supple-
mentation and by examining other markers (eg, ovarian
follicle counts) to prove this effect. We have measured
AMH before and after supplementation in each group,
as reported in Tables 2 and 3. There was no significant
difference in serum AHM after 1 month of supplemen-
tation used in our study. A future study of longer du-
ration should investigate a potential impact over a lon-
ger period of time.

Aside from a possible ovarian effect that may explain
our observed results, reduction of FSH response to GnRH
suggests a pituitary response. In concert with this argu-
ment, animal studies suggest that deteriorated inflamma-
tory milieu results in suppression of HPO hormones (25—
27). However, we have observed a combination of
baseline serum FSH level reduction along with the FSH
response to GnRH, which may indicate a possible reflec-
tion of modulated ovarian feedback effect on the central
components of the HPO axis.

Although our contention that reduction in serum FSH
may be associated with prolonged reproductive lifespan in
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NW women appears to be supported by our detailed ex-
periments, we acknowledge that there is no evidence that
women with hypogonadotropic hypogonadism have a
prolonged reproductive lifespan. However, multiple pub-
lished studies have documented that hypophysectomized
animals tend to have a longer reproductive lifespan (46),
including studies attempting a “dietary hypophysectomy”
(47), a phenomenon that is not fully understood but is
directionally consistent with our results.

Our study was limited by the inability to evaluate
oocyte markers. This would be advantageous because
multiple studies demonstrate that impaired oocyte mito-
chondrial function and structure are markers of reproduc-
tive aging and improved in mouse models (11). This link
is thought be partially due to oxidative stress because
mouse models demonstrate dramatic abnormalities of in-
ner mitochondrial membrane potential and aberrant mi-
tochondrial respiratory chain activity associated with de-
creased fertility (48). Omega-3 PUFAs alleviate oxidative
stress (49). Thus, the association of improved oocyte qual-
ity with modifications of dietary omega-3 PUFA is well
supported by animal studies and laid the groundwork to
investigate the impact of dietary omega-3 PUFAs in
women. Our results suggest that omega-3 PUFAs were
associated with consistent reduction of serum FSH in NW
women. Elevated serum FSH is a well-known feature of
ovarian aging. Thus, we posit that reduction of serum FSH
with increased dietary omega-3 PUFA is teleologically,
mechanistically, and directionally consistent with data
in mice. We further posit that this line of reasoning
supports a testable hypothesis that increased dietary
omega-3 PUFAs are to be tested in women in an attempt
to delay ovarian aging. The relatively modest sample
size and the inability to evaluate oocyte markers imply
that our study should be regarded as hypothesis gener-
ating: Does supplementation with dietary omega-3
PUFA result in delayed ovarian aging? Prospective ded-
icated studies are needed to test this hypothesis.
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