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Problem: Maternal methylmercury (MeHg) exposure may be associated with immune
response during pregnancy.

Method of study: In the high fish-eating Seychelles Child Development Study
Nutrition Cohort 2, we examined the association between maternal MeHg, polyun-
saturated fatty acids (PUFA), and immune markers (Th1:Th2; TNF-«, IL-18, IFN-y, IL-2,
IL-4, IL-5, IL-10, MCP-1, TARC, sFit-1, VEGF-D, CRP and IL-6) at 28 weeks’ gestation.
Linear regression examined associations between MeHg exposure and immune
markers with and without adjustment for PUFA.

Results: In all models, as MeHg concentrations increased, the Th1:Th2 ratio, total Th1
and individual Th1 (IL-1p, IL-2, TNF-a) concentrations decreased. MeHg was not as-
sociated with total Th2 cytokines but was associated with a decrease in IL-4 and IL-
10. MeHg was positively associated with TARC and VEGF-D and negatively associated
with CRP. There was a significant interaction between MeHg and the n-6:n-3 ratio,
with MeHg associated with a larger decrease in Th1:Th2 at higher n-6:n-3 PUFA ra-
tios. The n-3 PUFA were associated with lower CRP, IL-4 and higher IFN-y. The n-6
PUFA were associated with higher IL-1p, IL-2, TNF-q, IL-4, IL-10, CRP and IL-6.
Conclusion: Maternal MeHg was associated with markers of immune function at
28 weeks’ gestation. A significant interaction between MeHg and the n-6:n-3 ratio
on the Th1:Th2 ratio suggests that the n-3 PUFA may mitigate any immunosuppres-
sive associations of MeHg. The n-3 and n-6 PUFA were associated with suppressive
and stimulatory immune responses, respectively. Overall, the associations were of
small magnitude, and further research is required to determine the clinical

significance.
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1 | INTRODUCTION

The immune system during pregnancy is defined by maternal-
placental tolerance facilitated via immune cell activation and cyto-
kine release.>? In normal pregnancy, the balance of T-helper (Th)
1 (cell-mediated immunity) to Th2 (humoral immunity) cell activity
is characterized by a more pronounced Thl proinflammatory re-
sponse in the first trimester, required for successful implantation.?®
Thereafter, there is a shift towards greater Th2 anti-inflammatory
cell activity and downregulation of Thl cell activity in the second
and third trimesters to allow maternal tolerance to the developing
foetus.*® The immune response returns to a Thl proinflammatory
phase towards the end of the third trimester to initiate the labour
process.” It has been suggested that a lower index of Th1:Th2 im-
mune response in the second trimester is supportive for successful
physiologic pregnancy.2'8 In the second trimester, Th2 cells secrete
predominantly anti-inflammatory cytokines including interleukin
(IL)-4, IL-5 and IL-10 which, in combination with a reduction in inflam-
matory Th1 cytokines IL-1f, IL-2 and interferon-gamma (IFN-v), have
been associated with healthy term pregnancy.”® Therefore, specific
balance between maternal proinflammatory and anti-inflammatory
cytokines throughout pregnancy is believed to be critical for the suc-
cess of a pregnancy and favourable birth outcomes.!! The normal
variation, however, in the magnitude of these immunologic changes
during pregnancy has not been fully defined.

Pregnant women are encouraged to consume fish because fish are
rich in nutrients including long-chain n-3 polyunsaturated fatty acids
(PUFA), which are important for normal brain development.12 However,
fish consumption advisories have been issued based on the limited epi-
demiological evidence that there might be neurotoxicity from the small
amounts of naturally acquired methylmercury (MeHg) which is found
in all fish. MeHg exposure has been associated with markers of im-
mune response13 albeit its association with immune function in preg-
nancy is not known. Cytokine dysregulation, however, as a result of
MeHg exposure has been reported in animal models.** Evidence from
in vitro and murine models suggests that MeHg reduces T- and B-cell
responses, and this immunosuppressive response has been demon-
strated in vivo and is associated with changes in immune function.*>
Most work in this area has focused on inorganic Hg species. Treatment
of human peripheral blood mononuclear cells (PBMCs) with mercury
chloride (HgCl,) was found to significantly increase the release of the
proinflammatory cytokines tumour necrosis factor (TNF)-a, IL-1p and

1719 and to reduce the concentra-

IL-6 in a dose-dependent manner
tion of the anti-inflammatory markers IL-1Ra and IL-10.18 In contrast,
MeHg exposure is thought to produce an initial immunosuppressive
response, characterized by reduced B- and T-cell numbers followed by
a delayed Th1 response, which may persist long after exposure.'*¢
One observational study of high fish-eating mothers found an elevated
1gG response apparent with MeHg exposure and may be indicative of
an autoimmune type response.?’ No other study, to our knowledge,
has investigated MeHg exposure on maternal immune response.

The n-3 PUFA have been suggested to protect against oxidative

insult and to have beneficial effects on immune function and

inflammation in pregnancy.?*?® Long-chain n-3 PUFA, together
with long-chain n-6 PUFA (eg arachidonic acid [AA]), have impor-
tant roles in inflammation by acting as precursors for eicosanoid
and docosanoid signalling molecules. These signalling molecules,
including the proresolvins and lipoxins, have roles not only in in-
flammation but also in inducing active resolution of inflammation
and thereby having a protective function against uncontrolled in-
flammation.?*?> Inflammation is nonspecific, and although regu-
lated by cytokine expression, it does not always follow the Th1:Th2
hypothesis.?® Therefore, the beneficial effects of n-3 PUFA may
not be reflected through favouring either a Th1 or Th2 response.?’
However, the anti-inflammatory actions of n-3 PUFA are widely ac-
knowledged and have largely been reported to involve the suppres-
sion of proinflammatory cytokines and the enhanced production
of more anti-inflammatory cytokines, possibly at the eicosanoid
rather than Th-cell level. 283! The n-6 PUFA-derived eicosanoids
are generally proinflammatory,3? while the anti-inflammatory ef-
fects of n-3 PUFA (suppression of Th1l and enhancement of anti-
inflammatory Th2 cytokines) are widely reported.?® Therefore, a
higher concentration of n-3 PUFA along with a lower n-6:n-3 ratio is
suggested to be important in regulating inflammation. Previously in
the Seychelles Child Development Study (SCDS) Nutrition Cohort
2 (NC2), we reported that MeHg-induced inflammation might de-
pend on the physiologic balance of n-6 to n-3 PUFA.3 Therefore,
we examined the associations between maternal MeHg exposure,
PUFA and maternal blood markers of inflammation at 28 weeks’
gestation in the NC2 to better understand the risk/benefit of fish
consumption during pregnancy.

2 | METHODS

2.1 | Study population

Participants for this study are part of the SCDS Nutrition Cohort
2 (NC2) which has been described in detail elsewhere.®® In brief,
between 2008 and 2011, a large mother-child cohort (n = 1518 eli-
gible mothers) was recruited. Mothers were enrolled during their
first antenatal visit (from 14 week of gestation) at eight health cen-
tres across the island of Mahé. Inclusion criteria for NC2 included
being native Seychellois, being =>16 years of age, and having a sin-
gleton pregnancy, with no obvious health concerns. The study was
reviewed and approved by the Seychelles Ethics Board and the

Research Subjects Review Board at the University of Rochester.

2.2 | Blood collection

At 28 weeks of gestation, nonfasting maternal blood samples were
collected by antecubital venepuncture into evacuated serum and
EDTA tubes and were immediately processed by centrifuging at
700 g for 15 minutes. All samples were stored at -80°C and main-
tained at this temperature throughout their shipment to Ulster
University for storage and analysis.
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2.3 | MeHg exposure

Maternal whole-blood samples were shipped to the University
of Rochester for total Hg (THg) analysis using a PSA Millennium
Merlin System (PS Analytical, Kent, UK). Our limit of detection
for THg in blood is ~0.01 ng/mL, depending on sample volume®*,
Standard Reference Materials (SRM 966 Toxic Metals in Bovine
Blood and Seronorm 201605) were purchased from the National
Institute of Standards and Technology (Gaithersburg, MD) and SERO
(Billingstad, Norway), respectively. We did not speciate Hg. All Hg
results presented as MeHg are total Hg (THg) based on the assump-
tion that ~80% of THg in whole blood is MeHg within the Seychelles

population.3>%¢

2.4 | Inflammatory markers

Serum samples were analysed at Ulster for a panel of inflammatory
markers by Meso Scale Discovery (MSD) multiplex assay (Meso Scale
Diagnostics, LLC.). These assays yield greater sensitivity and larger dy-
namic range and require less sample volume than traditional methods
for immunoassays.37 In preliminary analysis, we screened 50 mater-
nal samples using a V-PLEX human biomarker 40-Plex MSD panel of
immune markers. Based on significant associations in our preliminary
analysis, reported MeHg associations in the literature, and reported
n-3 long-chain polyunsaturated fatty acid status, we determined a
panel of inflammatory markers to be assessed in maternal serum sam-
ples.?° Cytokines that were measured for cell-mediated inflammatory
reactions (Thi)included IL-1p, IL-2, IFN-y and TNF-a. The cytokines as-
sociated with Th2-cell activity included IL-4, IL-5 and IL-10. In addition,
we measured IL-6 which plays a dual role in Th1:Th2 differentiation®®
and is largely a proinflammatory cytokine which has been shown to be
stimulated in vitro following MeHg exposure.®*° We measured two
pregnancy-associated chemokines, monocyte chemotactic protein-
1 (MCP-1) and thymus- and activation-regulated chemokine (TARC)
and two angiogenesis markers noted to be important for maintenance
of placental vascular development and blood flow, soluble fms-like
tyrosine kinase-1 (sFlt-1) and a member of the vascular endothelial
growth factor (VEGF) family, VEGF-D. Flow cytometry analysis was
not possible given the retrospective nature of this study, and there-
fore, the sum of cytokines concentrations (pg/mL) was used to reflect
the Th1:Th2 ratio as follows: Thl-type cell activity: IL-1p, IL-2, IFN-y
and TNF-a; and Th2-cell activity: IL-4, IL-5 and IL-10. We analysed the
remaining markers individually: CRP, IL-6, MCP-1, TARC, sFlt-1 and
VEGF-D. CRP (mg/L) was measured by Ultra-Sensitive diagnostic kit
using the iLab 650 Clinical Chemistry Analyzer.

2.5 | PUFA status

Maternal serum samples were used to determine total PUFA analy-
sis at Ulster University, using a method adapted from that of Folch
et al*! Fatty acid methyl esters were detected and quantified by using
the gold-standard technique of gas chromatography-mass spectrom-
etry (7890A-5975C; Agilent) using heptadecanoic acid (C17:0) as the
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internal standard, as previously described.*? All analytic standards
were of =>99% purity and purchased from Sigma-Aldrich. Total serum
PUFA status was chosen as a biomarker of PUFA concentrations rep-
resenting the triacylglycerol fraction, to which the majority of circulat-
ing PUFA are bound during pregnancy.*®> We measured the individual
PUFA (linoleic acid [LA], arachidonic acid [AA], a-linolenic acid [ALA],
eicosapentaenoic acid [EPA] and docosahexaenoic acid [DHA]), and

results were presented as mg/mL to indicate physiologic quantities.

2.6 | Covariates

Our models adjusted for variables known to impact immune re-
sponse as covariates in the regression models: child sex,** maternal
age,* maternal smoking status,*® maternal BMI*’ and gestational
age.48 Child sex was recorded at birth. Mothers reported their age
and smoking status at enrolment to the study using questionnaires
administered by trained nurses. When infants were ~20 months of
age, maternal height and weight were recorded, from which their
postnatal BMI was calculated (BMI = weight (kg)/height (m)?). Data
on prepregnancy BMI were unavailable, and we adjusted for post-
natal BMI as data from our NC1 showed it to strongly correlate
(r = 0.93) with maternal BMI prepregnancy. Gestational age (weeks)
at blood collection was calculated using the gestational age at deliv-
ery and date of blood collection.

2.7 | Statistical analysis

From our final database of mothers (n = 1473) with complete inflam-
matory marker data, we removed two mothers with extremely high
concentrations of multiple inflammatory markers indicating possible
illness and two additional mothers with a gestational age at blood
collection (18 and 40 weeks) very far from the average of 28 weeks.
Undetectable inflammatory marker data are common in multiplex
assays; however, the MSD platform is extremely sensitive, and as
such, 280% of concentrations were above the LLOD for most mark-
ers. For undetectable values, we inputted LLOD/V2 values as a re-
placement value.*’ The lowest rates of detection were observed for
IL-2 and IL-4 where only 36% of all samples were above the LLOD.
Excluding these markers from Th1, Th2 and Th1:Th2 variables did
not affect the strength or significance of the modelled relationships
with PUFA or MeHg. Therefore, we included these markers both as
individual variables and within the Th1 and Th2 summed variables.
We fit a series of linear regression models to determine the as-
sociation of immune markers with MeHg exposure in pregnancy, and
the potential influence of PUFA on this relationship. Model assump-
tions, including linearity, constant variance, normality of residuals
and presence of outlying influential observations, were checked
graphically using standard methods.’® To better satisfy regression
assumptions, we used the natural logarithmic transformation of all
inflammatory markers in the models. Because of the presence of
zeros in some markers, we added a constant of +1 to each individ-
ual inflammatory marker data, and to the total Thl and Th2 prior to
the natural log transformation. After excluding subjects with missing
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values for model covariates (including 119 missing MeHg and 50
missing PUFA), a total of n = 1158 mothers had complete data for
inclusion in the final regression models with n = 1156 for models ex-
amining CRP owing to two additional subjects having no CRP data.
All results presented are based on n= 1158 (or n = 1156 for CRP).
For each outcome, we fit four models, where each model adjusted
for gestational age at blood collection, maternal age, smoking status,
maternal BMI and child sex. The four models additionally adjusted
for the following: (Model 1) MeHg; (Model 2) MeHg, n-3 PUFA and
n-6 PUFA; (Model 3) MeHg and the n-6:n-3 PUFA ratio; and (Model
4, interaction model) MeHg, tertiles of the n-6:n-3 ratio (low/me-
dium/high), and the interactions of MeHg and né:n3 ratio tertiles as

previously reported.33

3 | RESULTS

Table 1 displays the demographic characteristics of the mothers. The
mean (SD) age of the cohort was 27.17 + 6.27 years, and the mean
(SD) gestational age of blood collection was 27.89 + 1.14 weeks.
Mean (SD) whole-blood MeHg was 18.14 + 10.97 pg/L, and the
PUFA n-6:n-3 ratio was 4.34 £ 1.61. Concentrations of inflamma-
tory markers (untransformed) and their detection rates are outlined
in Table 2. The average (SD) Th1:Th2 cytokine ratio was observed to
be 7.88 + 10.75.

3.1 | MeHg and Th1:Th2, total Th1 and total Th2

Covariate-adjusted associations between maternal blood MeHg,
PUFA and the inflammatory markers (presented as exponenti-
ated slopes, representing multiplicative associations) from fitting
Models 1-3 are presented in Table 3. Maternal blood MeHg was
associated with a statistically significant decrease in the Th1:Th2

ratio for all three main-effects models. Each 1 pg/L increase in

TABLE 1 Maternal characteristics including MeHg and PUFA
concentrations (n = 1158)

25th, 75th
N (%) Mean (SD) percentile
Blood gestational age 27.89 (1.14) 27.43,28.43
(wk)
Maternal age (y) 2717 (6.27) 22.19,31.48
Smoking (Y) 10 (1)
Maternal BMI (kg/m?) 26.99 (6.55) 21.83,31.04
Child sex (F) 548 (47)
Blood MeHg (ppb) 18.14 (10.97) 10.70, 22.67
Serum n-3 PUFA 0.27 (0.09) 0.20,0.33
(mg/mL)
Serum n-6 PUFA 1.10(0.29) 0.89, 1.29
(mg/mL)
n-6:n-3 PUFA 4.34(1.61) 3.25,4.98

BMI, body mass index; F, female; MeHg, methylmercury

maternal blood MeHg was associated with a decrease in Th1:Th2
from 100% to 99.5% (P < 0.003), for example, a 0.5% decrease,
with or without adjustment for PUFA. Maternal blood MeHg was
associated with a significant decrease in Thl for all three main-
effects models. In covariate-adjusted models, each 1 pg/L in-
crease in maternal blood Hg was associated with a 0.7% decrease
in Th1l (P < 0.001); with or without adjustment for PUFA. There
were no significant associations between maternal blood MeHg,
n-3 PUFA and Th2 in any of the models after adjusting for covari-
ates. N-6 PUFA was associated with a significant 17.9% increase
in Th2 (P = 0.013).

In the interaction model, the association between MeHg and
Th1:Th2 differed by n-6:n-3 tertiles (P = 0.02, 2-df test; Figure 1).
MeHg was associated with a decrease in Th1:Th2 in all n-6:n-3 ter-
tiles, but the association was only significantly different from zero
in the highest n-6:n-3 tertile. For those with a high n-6:n-3 ratio,
each 1 pg/L increase in maternal blood MeHg was associated with a
decrease of 1.2% in Th1:Th2 (P = 0.005). The interactions between
MeHg and tertiles of the n-6:n-3 ratio were not significant for total
Th1 nor total Th2.

TABLE 2 Maternal serum inflammatory marker concentrations
(n=1158)

%

25th, 75th Detected
Mean (SD) percentile (>LLOD) LLOD
Thl
IL-1B 0.32(0.62) 0.03,0.39 82.6 0.04
IL-2 0.29 (0.60) 0.06,0.32 36.1 0.09
IFN-y 5.63(20.26) 1.03,4.91 84.4 0.2
TNF-a 7.26 (7.55) 3.64,8.89 100 0.04
Th2
IL-4 0.15(0.58) 0.01,0.06 35.5 0.02
IL-5 1.36(2.22) 0.40, 1.50 100 0.22
IL-10 1.59 (7.85) 0.27,1.70 90.6 0.03
Additional markers
IL-6 0.96 (1.44) 0.23,1.12 88.7 0.06
MCP-1 76.06 (94.02) 43.63,87.46 100 0.09
TARC 99.39 (124.16)  47.56,121.88 100 0.22
sFit-1 2160.19 (1786.59) 1221.93, 100 0.56
2589.82
VEGF-D 743.88 (374.52) 492.37, 100 2.58
913.98
CRP 3.52(2.70) 1.38,4.84 989 1
Thl 13.50 (22.56) 5.80, 14.83
Th2 3.10 (8.23) 1.12,3.36
Th1:Th2 7.88 (10.75) 3.01,8.47

Data are untransformed. LLOD: lower limit of detection. Units are pg/mL
except for CRP: mg/L
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TABLE 3 Main-effects models reporting covariate-adjusted associations between MeHg, PUFA and the markers of inflammation®®

Inflammatory marker

Th1/Th2
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

Total Thl
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

IFN-y
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

IL-1B
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

IL-2
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

TNF-o
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

Total Th2
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

IL-4
MeHg
n-3 PUFA
n-6 PUFA
n-6/n-3

IL-5
MeHg
n-3 PUFA
n-6 PUFA

MeHg

0.995 (0.003)

0.993 (<0.001)

0.997 (0.258)

0.998 (0.002)

0.998 (0.015)

0.992 (<0.001)

0.998 (0.164)

0.999 (0.041)

1.001 (0.437)

MeHg, n-3 PUFA and n-6 PUFA

0.995 (0.004)
1.354(0.210)
1.099 (0.194)

0.993 (<0.001)
1.439 (0.137)
1.295(<0.001)

0.997 (0.214)
2.089 (0.020)
1.196 (0.060)

0.998 (0.007)
0.843 (0.070)
1.105 (<0.001)

0.998 (0.031)
0.9023(0.312)
1.105 (0.001)

0.993(<0.001)
0.938(0.757)
1.28 (<0.001)

0.998 (0.197)
1.063(0.781)
1.179 (0.013)

0.999 (0.095)
0.823(0.019)
1.066 (0.011)

1.001 (0.533)
1.273(0.192)
1.043(0.446)

MeHg and
n-6:n-3 PUFA

0.995 (0.003)

0.990 (0.417)

0.993 (<0.001)

1.004 (0.737)

0.997 (0.27)

0.994 (0.71)

0.998 (0.006)

1.015(0.001)

0.998 (0.031)

1.013(0.010)

0.993(<0.001)

1.012(0.231)

0.998 (0.216)

1.014 (0.206)

0.999 (0.088)

1.014 (0.001)

1.001 (0.456)

(Continues)
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TABLE 3 (Continued)

Inflammatory marker MeHg
n-6/n-3
IL-10
MeHg 0.996 (0.005)
n-3 PUFA
n-6 PUFA
n-6/n-3
IL-6
MeHg 0.998 (0.097)
n-3 PUFA
n-6 PUFA
n-6/n-3
MCP-1
MeHg 1.003 (0.191)
n-3 PUFA
n-6 PUFA
n-6/n-3
TARC
MeHg 1.008 (0.004)
n-3 PUFA
n-6 PUFA
n-6/n-3
sFlt-1
MeHg 1.000 (0.743)
n-3 PUFA
n-6 PUFA
n-6/n-3
VEGF-D
MeHg 1.004 (0.002)
n-3 PUFA
n-6 PUFA
n-6/n-3
CRP
MeHg 0.996 (0.006)
n-3 PUFA
n-6 PUFA
n-6/n-3

MeHg and
MeHg, n-3 PUFA and n-6 PUFA n-6:n-3 PUFA

1.001 (0.904)

0.996 (0.010) 0.996 (0.009)
0.939 (0.752)
1.179 (0.006)

1.013(0.183)

0.998 (0.183) 0.998 (0.167)
0.88(0.442)
1.14 (0.009)

1.012(0.157)

1.003(0.183) 1.003(0.178)
1.275(0.483)
1.175(0.122)

1.000 (0.995)

1.009 (0.003) 1.009 (0.003)
0.833(0.635)
1.019 (0.874)

1.015 (0.445)

0.999 (0.732) 0.999 (0.742)
1.209 (0.359)
1.021(0.739)

0.993(0.473)

1.004 (0.001) 1.004 (0.001)

0.890 (0.510)
1.091 (0.100)
1.017 (0.052)

0.997 (0.028) 0.996 (0.017)
0.449 (<0.001)
1.136 (0.044)

1.034(0.001)

Values shown are exponentiated slopes, representing multiplicative associations (P-values; significant associations in bold).
#Main-effects models also adjusted for the following: (Model 1) MeHg; (Model 2) MeHg, n-3 PUFA and n-6 PUFA; and (Model 3) MeHg and n-6:n-3

PUFA.

PAll models adjusted for gestational age at blood collection, maternal age, smoking status, maternal BMI and child sex.

3.2 | MeHg and individual inflammatory markers

As outlined in Table 3, maternal blood MeHg was significantly asso-
ciated with lower concentrations of IL-1f, IL-2, TNF-a, IL-10 and CRP
with or without adjustment for PUFA. Maternal blood MeHg was

significantly associated with lower concentrations in IL-4 only in the

model not adjusted for PUFA. Maternal blood MeHg was positively
associated with TARC and VEGF-D.

The n-3 PUFA was associated with a significant increase in IFN-y
and a significant decrease in IL-4 and CRP. The n-6 PUFA was asso-
ciated with a significant increase in total Thi, total Th2, IL-1p, IL-2,
TNF-a, IL-4, IL-10, IL-6 and CRP. The n-6:n-3 ratio was associated
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not apparent with the lower ratios of n-6:n-3; therefore, it is plausi-
ble that the n-6 PUFA are having stimulatory actions on Th1 while a

higher concentration of n-3 PUFA may be important to mitigate this

An appropriate balance between maternal Th1l and Th2 cyto-
kines is believed to be important for the continuous normal devel-
opment of pregnancy and for optimal foetal outcomes. In this study,
we observed an immunosuppressive association of MeHg exposure
at 28 weeks' gestation with the Th1 cytokines IL-1p, IL-2 and TNF-a.
This association, which was small in magnitude, was not modified
by PUFA status. A recent meta-analysis identified an association of
anti-TNF-a therapies with an increased risk of preterm birth, spon-
taneous abortion and low birthweight.”* Any increase in TNF-« is
normally balanced with simultaneous synthesis of IL-10, which reg-
ulates inflammation. The balance of TNF-a and IL-10 is proposed
to be critical for pregnancy outcome with an increase in the TNF-
a:1L-10 ratio related to early and late pregnancy complications.”? We
found MeHg was negatively associated with both TNF- « and IL-10

in this cohort, and this may affect this ratio and warrants further

MCSORLEY ET AL.
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FIGURE 1 |Interaction models for maternal blood MeHg

exposure against Th1:Th2 cytokine ratio at 28 weeks’ gestation.

Models shown are adjusted for maternal gestational age at blood
collection, maternal age, smoking status, maternal BMI and child
sex

with a significant increase in IL-1p, IL-2, IL-4 and CRP. The interac-
tions between MeHg and the tertiles of the n-6:n-3 ratio were not

significant for any of these additional markers.

3.3 | Covariates

Maternal BMI was a significant predictor of many inflammatory
markers. After adjusting for other model covariates, BMI had a posi-
tive association with IL-1p, TNF-a, CRP and IL-6, and a negative as-
sociation with sFlt-1 and VEGF-D. Maternal age was also a significant
predictor of several inflammatory markers. After adjusting for covar-
iates, maternal age had a positive association with CRP and VEGF-D,

and a negative association with sFlt-1 (results not shown).

4 | DISCUSSION

This is one of the first studies to examine associations between ma-
ternal MeHg exposure and immune responses in pregnancy, in a large
human population, and accounting for PUFA status. At 28 weeks’
gestation, we observed that increasing maternal MeHg levels were
associated with a small magnitude decrease in the Th1:Th2 ratio
along with a decrease in individual and total Thl cytokines. There
was no association between MeHg and total Th2 cytokines. Our
data also suggest an interaction between MeHg exposure and
the balance of n-6 to n-3 PUFA status in relation to these immune
marker associations, with MeHg being associated with a decrease in
Th1:Th2 but only at higher n-6:n-3 PUFA ratios. This association was

investigation. IL-1p is involved in implantation and preimplantation
embryo development53 with elevated first trimester IL-1p associ-
ated with preterm preeclampsia.>* Contrary to our findings, IL-1p
and TNF-a were previously shown to be positively associated with
MeHg in a mother-child cohort? albeit measurements were taken at
delivery, a time in pregnancy when proinflammatory markers would
be increased by labour. IL-2 functions in immune regulation by acti-
vating T cells specifically memory and regulatory T cells and plays
a role in immune tolerance.>® In particular, during pregnancy a low
T regulatory (Treg) cell frequency is modulated by changes in cyto-
kine patterns and is associated with adverse pregnancy outcome.’®
Taken together, the associations we found between MeHg and IL-2,
TNF-a and IL-10 warrant further investigation to determine whether
MeHg is suppressing immune regulatory cytokines and to determine
whether the association, which is small in magnitude, has any clinical
relevance.

A lower Th1:Th2 immune response in the second trimester
compared to the first trimester is supportive for physiologic preg-
nancy.’”*® The Th1:Th2 ratio observed in this study is in line with
what others have reported in pregnancy,57 and considering this co-
hort consisted of only healthy term pregnancies, this is to be ex-
pected. It would also suggest that the association of MeHg with
the Th1:Th2 is negligible. Nevertheless, in this cohort, the Th1:Th2
ratio during pregnancy was associated with exposure to MeHg; the
ratio decreased as the MeHg exposure increased. The clinical rele-
vance of this relationship is difficult to ascertain since the normal
variations in immune markers during pregnancy are still being de-
termined. In the second and early part of the third trimester of a
normal pregnancy, the production of the proinflammatory Th1 cy-
tokines IL-2, TNF-a and INF-y is normally suppressed, whereas the
production of Th2 regulatory cytokines IL-4 and IL-10 is enhanced,
supporting central immune tolerance at the materno-foetal inter-
face.”” This change is considered important for a healthy term preg-
nancy.”!° Although we did not see any overall association with Th2,
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we did observe lower concentrations of IL-4 and IL-10 with increas-
ing concentrations of MeHg at 28 weeks’ gestation. In pregnancy,
IL-10 is an important immunoregulatory cytokine produced by cy-
totrophoblasts at the materno-foetal interface acting to maintain
the balance between humoral and inflammatory responses.® Low
concentrations of IL-10 in the second trimester have been linked
to recurrent spontaneous abortion.®* Similarly, low concentrations
of IL-4 and IL-10 have been observed in the decidua from women
suffering from unexplained recurrent abortions and where spon-
taneous abortion has occurred during the first trimester of preg-
nancy.®> Data on the association of Hg, in particular MeHg, with
IL-10 are limited and more research is required to ascertain any im-
munomodulatory effects of MeHg on IL-10 and IL-4 at critical peri-
ods of development during pregnancy.

In this high fish-eating cohort, adjustment for PUFA did not
alter the associations between MeHg and the inflammatory mark-
ers with the exception of IL-4, which was no longer significant after
controlling for PUFA status. We observed, however, associations
between both n-3 and n-6 PUFA with a number of the quantified im-
mune markers, which suggest that PUFA is directly associated with
the immune response at this stage of pregnancy. We observed that
n-6 PUFA appeared to enhance both the Thl and the Th2 response
and a higher n-6:n-3 ratio was observed to be associated with higher
concentrations of IL-16, IL-2, IL-4 and CRP, supporting a more proin-
flammatory response. In contrast, n-3 PUFA, as expected, was as-
sociated with lower concentrations of IL-4 and CRP suggesting a
regulatory role of n-3 PUFA at this stage of pregnancy. This finding
confirms previous results from our cohort showing an inverse rela-
tionship between n-3 PUFA and the proinflammatory marker CRP®®
and supports the anti-inflammatory role of n-3 PUFA that is widely
reported.®*

There may be an optimal balance of n-6:n-3 PUFA for IL-4, as
suggested by our finding that n-6 PUFA was associated with higher
and n-3 PUFA associated with lower concentrations of this cytokine.
IL-4 is detectable at the maternal-foetal interface throughout preg-
nancy having a role in placental formation, modulation of tropho-
blast invasion and differentiation, inducing placental angiogenesis
and inhibiting proinflammatory cytokines. Furthermore, an interac-
tion between MeHg exposure and the balance of n-6 to n-3 PUFA
status in relation to the immune response was apparent, with MeHg
being associated with a decrease in Th1:Th2 but only at higher n-
6:n-3 PUFA ratios. Given that the association was not significant at
lower ratios of n-6:n-3 PUFA, it may be that the n-3 PUFA are having
a regulatory effect on the MeHg immunosuppression of Thl cyto-
kines. Achieving an optimal balance between n-6:n-3 PUFA during
pregnancy in controlling inflammatory responses via cytokine signal-
ling may therefore be important for a successful pregnancy. Given
the opposing associations of MeHg and n-6 PUFA on Th1 markers, it
may be plausible that n-6 PUFA also play an important role in stimu-
lating immune responses during pregnancy.

The n-3 PUFA were associated with higher concentrations of IFN-
v, a cytokine important in innate immunity and in pregnancy where

in the first trimester it enhances blood flow to the implantation site

and aids placental development. MeHg in this study was not as-
sociated with IFN-y or IL-6 which is contrary to what others have
previously reported.65 As pregnancy progresses, concentrations of
IFN-y have been shown to decline reflecting Th1 cell-mediated im-
munity suppression.®® The association between n-3 PUFA and IFN-y
observed in this study is similar to that reported elsewhere.®”*8 The
prostaglandin E2 (PGE2) decreases the production IFN-y; therefore,
increasing n-3 PUFA concentrations will decrease the PGE2 result-
ing in higher IFN-y concentrations.®® IFN-y is important in the re-
sponse to and clearance of viral infection upregulating transcription
of genes involved in cell cycle regulation, apoptosis and antigen pro-
cessing/presentation; therefore, n-3 PUFA may be having a regula-
tory influence via IFN-y.

To investigate in greater depth the potential immunomodula-
tory mechanisms of MeHg and potential regulation of inflammation
by PUFA, we characterized additional chemokines and angiogene-
sis markers within this cohort. We measured TARC, a chemokine
important in Th2-cell recruitment in pregnancy. The positive asso-
ciation observed between maternal MeHg and TARC is interesting
given that we did not see a similar positive association between
MeHg and Th2 cytokines. One possible explanation for this is that
elevated concentrations of TARC in the maternal circulation act to
recruit Th2 cells predominantly at the materno-foetal interface.®’
Furthermore, most evidence suggests that TARC plays a role in the
accumulation of Th2 cells in the decidua and uterus in early preg-
nancy.69 However, given that a Th2 immune response is reported to
be advantageous throughout the second and early third trimester
for successful pregnancy and for foetal growth, the positive associ-
ation between MeHg and TARC at 28 weeks’ gestation may be seen
to be beneficial and warrants further investigation. MeHg exposure
was also positively associated with concentrations of VEGF-D, a
signalling protein which promotes angiogenesis. Serum concentra-
tions of VEGF have been found to be higher during early pregnancy
than in nonpregnancy,70 reflecting the increase in maternal blood
volume and development of the utero-placental circulation.”* An
imbalance in angiogenesis markers has been implicated in pre-
eclampsia,’? although no differences in VEGF-D have been found
between preeclamptic and normotensive pregnant women.”?
Treatment of mast cells with inorganic HgCl, was shown to stimu-
late VEGF-D and IL-6 release, which could in turn promote inflam-
mation at the blood-brain barrier.!? Further research is required
to examine whether the positive association between MeHg and
VEGF-D at 28 weeks’ gestation could have implications for foetal
development through potential effects on the maternal-foetal cir-
culation. In contrast to the Th1 and Th2 cytokines, we observed no
associations between PUFA status and any chemokine or angio-
genesis marker.

This study has several strengths. This large cohort had high fish
consumption, with concurrent high intake of n-3 PUFA and relatively
high MeHg exposure (10 times higher than in the USA);"* therefore,
any possible associations with these factors should have been de-
tected in this study. Robust physiologic measures of both MeHg ex-
posure and PUFA status were used, and the cohort size permitted
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investigation of interactions between maternal MeHg exposure and
PUFA status. The study also has a number of limitations. We did not
speciate Hg, and although we believe that within the Seychelles pop-
ulation, some 80% of blood THg is MeHg, this ratio may differ in
other populations with different exposures and may also be altered
during gestation.75 The study included only normal pregnancies and
all maternal blood samples were taken at 28 weeks’ gestation, so we
could not examine MeHg and PUFA exposure across all trimesters.
When comparing associations between MeHg and inflammatory
markers there is an inherent unreliability in their categorization as
pro- and anti-inflammatory which challenges their interpretation.”®
Inflammatory marker concentrations may also be impacted by time
of day, acute stress, possibility of infection, fitness level, and feeding
state of the participants, as well as the length of storage time of the
blood samples‘77 The pro- and anti-inflammatory responses of a par-
ticular marker may also vary under different activating signals, cell
targets, oxidative stress and temporal conditions. The inclusion of ex
vivo functional analyses of immune response would have enhanced
the understanding and impact of these results. Restrictions, how-
ever, in study design and laboratory capabilities prevented this type
of analysis in the field. Additionally, the study was cross-sectional.

These and other factors make us cautious in interpreting the data.

5 | CONCLUSIONS

In this exploratory study, we found associations of maternal MeHg
with markers of maternal immune function at 28 weeks' gestation.
Additionally, the n-3 and n-6 PUFA were found to have associations,
which mightindicate suppressive and stimulatory immune responses,
respectively. The associations with PUFA were largely independent
of MeHg, albeit a significant interaction between MeHg and the n-
6:n-3 ratio on the Th1:Th2 ratio suggests that the n-3 PUFA could
potentially mitigate the immunosuppressive associations of MeHg
observed. Overall, the associations were of small magnitude and
of unclear significance given normal immune changes during preg-

nancy. Further research on these associations is indicated.

ACKNOWLEDGMENTS

This supported by grants RO01-ES010219,
R0O3-ES027514, P30-ES01247 and T32-ES007271 from the United

States National Institute of Environmental Health Sciences (National

research was

Institutes of Health) and in kind by the Government of the Republic
of Seychelles. The study sponsors had no role in the design, col-
lection, analysis or interpretation of the data; in the writing of the
report; or in the decision to submit the article for publication. The
authors declare they have no conflict of interests.

ORCID

Emeir M. McSorley http://orcid.org/0000-0003-1861-3991

WILEY-2°™

R
AIR
American Journal of Reproductive Immunology

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Colbern GT, Main EK. Immunology of the maternal-placental inter-
face in normal pregnancy. Semin Perinatol. 1991;15:196-205.

Mor G, Cardenas I. The immune system in pregnancy: a unique
complexity. Am J Reprod Immunol. 2010;63:425-433.

Mor G, Abrahams V. Immunology of implantation. Immunol Allergy
Clin N Am. 2002;22:545-565.

Saito S, Hasegawa T, Michimata T, Tsuda H, Tsukaguchi N, Narita
N. Distribution of Th1, Th2, and ThO and the Th1/Th2 cell ratios
in human peripheral and endometrial T cells. Am J Reprod Immunol.
1999;42:240-245.

Piccinni MP, Scaletti C, Maggi E, Romagnani S. Role of hormone-
controlled Th1- and Th2-type cytokines in successful pregnancy. J
Neuroimmunol. 2000;109:30-33.

Hebisch G, Neumaier-Wagner PM, Huch R, von Mandach U.
Maternal serum interleukin-1 beta, -6 and -8 levels and poten-
tial determinants in pregnancy and peripartum. J Perinat Med.
2004;32:475-480.

Mor G, Cardenas |, Abrahams V, Guller S. Inflammation and preg-
nancy: the role of the immune system at the implantation site. Ann
NY Acad Sci. 2011;1221:80-87.

Sykes L, Maclntyre DA, Yap XJ, Teoh TG, Bennett PR. The Th1:Th2
dichotomy of pregnancy and preterm labour. Mediators Inflamm.
2012;2012:12.

Marzi M, Vigano A, Trabattoni D, et al. Characterization of type 1
and type 2 cytokine production profile in physiologic and patho-
logic human pregnancy. Clin Exp Immunol. 1996;106:127-133.
Robinson DP, Klein SL. Pregnancy and pregnancy-associated hor-
mones alter immune responses and disease pathogenesis. Horm
Behav. 2012;62:263-271.

Cappelletti M, Bella SD, Ferrazzi E, Mavilio D, Divanovic S.
Inflammation and preterm birth. J Leukoc Biol. 2016;99:67-78.

Innis SM. Fatty acids and early human development. Early Hum Dev.
2007;83:761-766.

Crowe W, Doherty L, Watson G, et al. Mercury in hair is inversely
related to disease associated damage in systemic lupus erythema-
tosus. Int J Environ Res Public Health. 2016;13:75.

Gardner RM, Nyland JF, Silbergeld EK. Differential immunotoxic ef-
fects of inorganic and organic mercury species in vitro. Toxicol Lett.
2010;198:182-190.

Haggqvist B, Havarinasab S, Bjorn E, Hultman P. The immuno-
suppressive effect of methylmercury does not preclude develop-
ment of autoimmunity in genetically susceptible mice. Toxicology.
2005;208(1):149-164.

Hultman P, Hansson-Georgiadis H. Methyl mercury-induced auto-
immunity in mice. Toxicol App Pharmacol. 1999;154:203-211.
Zdolsek JM, Soéder O, Hultman P. Mercury induces in vivo and in
vitro secretion of interleukin-1 in mice. Immunopharmacology.
1994;28:201-208.

Gardner RM, Nyland JF, Evans SL, et al. Mercury induces an unop-
posed inflammatory response in human peripheral blood mononu-
clear cells in vitro. Environ Health Perspect. 2009;117:1932-19328.
Kempuraj D, Asadi S, Zhang B, et al. Mercury induces inflamma-
tory mediator release from human mast cells. J Neuroinflammation.
2010;7:20.

Nyland JF, Wang SB, Shirley DL, et al. Fetal and maternal immune
responses to methylmercury exposure: a cross-sectional study.
Environ Res. 2011;111:584-589.

Rogers LK, Valentine CJ, Keim SA. DHA supplementation: cur-
rent implications in pregnancy and childhood. Pharmacol Res.
2013;70:13-19.

Calder PC. Omega-3 polyunsaturated fatty acids and inflamma-
tory processes: nutrition or pharmacology? Br J Clin Pharmacol.
2013;75:645-662.


http://orcid.org/0000-0003-1861-3991
http://orcid.org/0000-0003-1861-3991

OOf ATR
Lottt | \ap Ey—

23.
24.
25.

26.

27.
28.

29.
30.
31
32.

33.

34.
35.
36.
37.
38.
39.

40.

41.

42.

MCSORLEY ET AL.

merican Journal of Reproductive Immunology

Leghi GE, Muhlhausler BS. The effect of n-3 LCPUFA supplemen-
tation on oxidative stress and inflammation in the placenta and ma-
ternal plasma during pregnancy. Prostaglandins Leukot Essent Fatty
Acids. 2016;113:33-39.

Serhan CN, Hong S, Gronert K, et al. Resolvins: a family of bioactive
products of omega-3 fatty acid transformation circuits initiated by
aspirin treatment that counter proinflammation signals. J Exp Med.
2002;196:1025-1037.

Martindale RG, Warren MM, McClave SA. Does the use of special-
ized proresolving molecules in critical care offer a more focused ap-
proach to controlling inflammation than that of fish oils? Curr Opin
Clin Nutr Metab Care. 2016;19:151-154.

Kidd P. Th1/Th2 balance: the hypothesis, its limitations, and
implications for health and disease. Altern Med Rev. 2003;8:
223-246.

Alexander JW. Immunonutrition: the role of ®-3 fatty acids.
Nutrition. 1998;14:627-633.

Calder PC. Polyunsaturated fatty acids, inflammation, and immu-
nity. Lipids. 2001;36:1007-1024.

Harbige LS. Fatty acids, the immune response, and autoimmunity: a
question of n-6 essentiality and the balance between n- 6 and n- 3.
Lipids. 2003;38:323-341.

Simopoulos AP. Omega-3 fatty acids in inflammation and autoim-
mune diseases. J Am Coll Nutr. 2002;21:495-505.

Zhang P, Smith R, Chapkin RS, McMurray DN. Dietary (n-3) poly-
unsaturated fatty acids modulate murine Th1/Th2 balance to-
ward the Th2 pole by suppression of Thl development. J Nutr.
2005;135:1745-1751.

Patterson E, Wall R, Fitzgerald GF, Ross RP, Stanton C. Health impli-
cations of high dietary omega-6 polyunsaturated Fatty acids. J Nutr
Metab. 2012;2012:1-17.

Strain JJ, Yeates AJ, Mulhern MS, et al. Prenatal exposure to
methyl mercury from fish consumption and polyunsaturated fatty
acids: associations with child development at 20 mo of age in an
observational study in the Republic of Seychelles. Am J Clin Nutr.
2015;101:530-537.

Pichichero ME, Gentile A, Giglio N, et al. Mercury levels in new-
borns and infants after receipt of thimerosal-containing vaccines.
Pediatrics. 2008;121:€208-e214.

Cernichiari E, Brewer R, Myers GJ, et al. Monitoring methylmer-
cury during pregnancy: maternal hair predicts fetal brain exposure.
Neurotoxicology. 1995;16(705-709):4.

Mortensen ME, Caudill SP, Caldwell KL, Ward CD, Jones RL.
Total and methyl mercury in whole blood measured for the first
time in the U.S. population: NHANES 2011-2012. Environ Res.
2014;134:237-236.

Fu Q, Schoenhoff FS, Savage WJ, Zhang P, Van Eyk JE. Multiplex
assays for biomarker research and clinical application:
translational science coming of age. Proteomics Clin Appl.
2010;4:271-284.

Diehl S, Rincén M. The two faces of IL-6 on Th1/Th2 differentia-
tion. Mol Immunol. 2002;39:531-536.

Chang JY. Methylmercury causes glial IL-6 release. Neurosci Lett.
2007;416:217-220.

Muniroh M, Khan N, Koriyama C, Akiba S, Vogel CF, Yamamoto M.
Suppression of methylmercury-induced IL-6 and MCP-1 expres-
sions by N-acetylcysteine in U-87MG human astrocytoma cells. Life
Sci. 2015;134:16-21.

Folch J, Lees M, Sloane Stanley GH. A simple method for the isola-
tion and purification of total lipids from animal tissues. J Biol Chem.
1957;226:497-509.

Strain JJ, Davidson PW, Bonham MP, et al. Associations of maternal
long-chain polyunsaturated fatty acids, methyl mercury, and infant
development in the Seychelles Child Development Nutrition Study.
Neurotoxicology. 2008;29:776-782.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Herrera E. Implications of dietary fatty acids during pregnancy on
placental, fetal and postnatal development—a review. Placenta.
2002;23(Suppl A):59-519.

Fish EN. The X-files in immunity: sex-based differences predispose
immune responses. Nat Rev Immunol. 2008;8:737-744.

Miller RA. Aging and immune function. Int Rev Cytol.
1991;124:187-215.

Arnson Y, Shoenfeld Y, Amital H. Effects of tobacco smoke
on immunity, inflammation and autoimmunity. J Autoimmun.
2010;34:)258-J265.

van der Burg JW, Sen S, Chomitz VR, Seidell JC, Leviton A,
Dammann O. The role of systemic inflammation linking maternal
BMI to neurodevelopment in children. Pediatr Res. 2016;79:3-12.
Racicot K, Kwon JY, Aldo P, Silasi M, Mor G. Understanding the
complexity of the immune system during pregnancy. Am J Reprod
Immunol. 2014;72:107-116.

Croghan SW, Egeghy PP. https://analytics.ncsu.edu/sesug/2003/
SDO08-Croghan.pdf accessed 22 July 2018.

Weisberg S. Applied Linear Regression. 3rd ed. Hoboken, NJ: John
Wiley & Sons, Inc; 2005.

Komaki F, Komaki Y, Micic D, Ido A, Sakuraba A. Outcome of preg-
nancy and neonatal complications with anti-tumor necrosis factor-a
use in females with immune mediated diseases; a systematic review
and meta-analysis. J Autoimmun. 2017;76:38-52.

Alijotas-Reig J, Esteve-Valverde E, Ferrer-Oliveras R, Llurba E, Gris
JM. Tumor necrosis factor-alpha and pregnancy: focus on biologics.
An updated and comprehensive review. Clin Rev Allergy Immunol.
2017;53:40-53.

Sheth KV, Roca GL, al-Sedairy ST, et al. Prediction of successful em-
bryo implantation by measuring interleukin-1-alpha and immuno-
suppressive factor(s) in preimplantation embryo culture fluid. Fertil
Steril. 1991;55:952-957.

Taylor BD, Ness RB, Klebanoff MA, et al. First and second trimes-
ter immune biomarkers in preeclamptic and normotensive women.
Pregnancy Hypertens. 2016;6:388-393.

Fainboim L, Arruvito L. Mechanisms involved in the expansion of
Tregs during pregnancy: role of IL-2/STAT5 signalling. J Reprod
Immunol. 2011;88:93-98.

La Rocca C, Carbone F, Longobardi S, Matarese G. The immunology
of pregnancy: regulatory T cells control maternal immune tolerance
toward the fetus. Immunol Lett. 2014;162:41-48.

Saito S, Sakai M, Sasaki Y, Tanebe K, Tsuda H, Michimata T.
Quantitative analysis of peripheral blood ThO, Th1, Th2 and the
Th1:Th2 cell ratio during normal human pregnancy and preeclamp-
sia. Clin Exp Immunol. 1999;117:550-555.

Raghupathy R, Makhseed M, Azizieh F, Omu A, Gupta M, Farhat
R. Cytokine production by maternal lymphocytes during normal
human pregnancy and in unexplained recurrent spontaneous abor-
tion. Hum Reprod. 2000;15:713-718.

Wegmann TG, Lin H, Guilbert L, Mosmann TR. Bidirectional cyto-
kine interactions in the maternal-fetal relationship: is successful
pregnancy a Th2 phenomenon? Immunol Today. 1993;14:353-356.
Moore KW, de Waal MR, Coffman RL, O’Garra A. Interleukin-10 and
the interleukin-10 receptor. Annu Rev Immunol. 2001;19:683-765.
Moreli JB, Ruocco AMC, Vernini JM, Rudge MVC, Calderon IMP.
Interleukin 10 and tumor necrosis factor-alpha in pregnancy:
aspects of interest in clinical obstetrics. ISRN Obstet Gynecol.
2012;2012:1-5.

Thaxton JE, Sharma S. Interleukin-10: a multi-faceted agent of preg-
nancy. Am J Reprod Immunol. 2010;63:482-491.

Mulhern MS, Yeates AJ, McSorley EM, et al. Correlations between
LCPUFA Status and CRP Concentrations during Pregnancy in a High
Fish Eating Population. 2014; 11th Congress of the International
Society for the Study of Fatty Acids and Lipids. Stockholm, Sweden;
2014.


https://analytics.ncsu.edu/sesug/2003/SD08-Croghan.pdf
https://analytics.ncsu.edu/sesug/2003/SD08-Croghan.pdf

MCSORLEY ET AL.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Calder PC. Omega-3 fatty acids and inflammatory processes: from
molecules to man. Biochem Soc Trans. 2017;45:1105-1115.
Yamamoto M, Khan N, Muniroh M, et al. Activation of interleukin-6
and -8 expressions by methylmercury in human U937 macrophages
involves RelA and p50. J Appl Toxicol. 2017;37:611-620.

Veith GL, Rice GE. Interferon gamma expression during human
pregnancy and in association with labour. Gynecol Obstet Invest.
1999;48:163-167.

Maes M, Mihaylova |, Kubera M, Bosmans E. Why fish oils may not
always be adequate treatments for depression or other inflamma-
tory illnesses: docosahexaenoic acid, an omega-3 polyunsaturated
fatty acid, induces a Th-1-like immune response. Neuro Endocrinol
Lett. 2007;28:875-880.

Jia HJ, Zhang PJ, Liu YL, Jiang CG, Zhu X, Tian YP. Relationship of
serum polyunsaturated fatty acids with cytokines in colorectal can-
cer. World J Gastroenterol. 2016;22:2524-2532.

Tsuda H, Michimata T, Hayakawa S, et al. A Th2 chemokine, TARC,
produced by trophoblasts and endometrial gland cells, regulates
the infiltration of CCR4+ T lymphocytes into human decidua at
early pregnancy. Am J Reprod Immunol. 2002;48:1-8.

Evans P, Wheeler T, Anthony F, Osmond C. Maternal serum vas-
cular endothelial growth factor during early pregnancy. Clin Sci.
1997,92:567-571.

Dubé C, Aguer C, Adamo K, Bainbridge S. A role for maternally
derived myokines to optimize placental function and fetal growth
across gestation. Appl Physiol Nutr Metab. 2017;42:459-469.

Wang A, Rana S, Karumanchi SA. Preeclampsia: the role of angio-
genic factors in its pathogenesis. Physiology. 2009;24:147-158.

73.

74.

75.

76.

77.

Wl LEY 110f11

Shange GP, Moodley J, Naicker T. Effect of vascular endothe-
lial growth factors A, C, and D in HIV-associated pre-eclampsia.
Hypertens Pregnancy. 2017;36:196-203.

van Wijngaarden E, Thurston SW, Myers GJ, et al. Methyl mercury
exposure and neurodevelopmental outcomes in the Seychelles
Child Development Study Main cohort at age 22 and 24 years.
Neurotoxicol Teratol. 2017;59:35-42.

Ou L, Chen L, Chen C, et al. Associations of methylmercury and
inorganic mercury between human cord blood and mater-
nal blood: a meta-analysis and its application. Environ Pollut.
2014;191:25-30.

Cavaillon JM. Pro-versus anti-inflammatory cytokines: myth or re-
ality. Cell Mol Biol. 2001;47:695-702.

Zhou X, Fragala MS, McElhaney JE, Kuchel GA. Conceptual and
methodological issues relevant to cytokine and inflammatory
marker measurements in clinical research. Curr Opin Clin Nutr Metab
Care. 2010;13:541-547.

R
AIR
American Journal of Reproductive Immunology

How to cite this article: McSorley EM, Yeates AJ, Mulhern MS,

et al. Associations of maternal immune response with MeHg

exposure at 28 weeks’ gestation in the Seychelles Child

Development Study. Am J Reprod Immunol. 2018;80:e13046.
https://doi.org/10.1111/4ji.13046



https://doi.org/10.1111/aji.13046

