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Abstract

Prenatal environmental exposures play a critical role in determining late-life chronic disease susceptibility. However, the

mechanisms linking the in utero environment and disease development in the offspring are poorly understood. Recent

investigations have confirmed a central pathogenic role of T cell chemokine receptors, particularly C-C chemokine receptor

(CCR) 2 and CCR5, in chronic inflammatory conditions. This study was designed to determine the effect of a synthetic

prenatal micronutrient supplementation (MS) diet rich in methionine pathwaymetabolites on the T cell chemokine system

in F1 C57Bl/6 mice. Femalemicewere fed either anMS or control diet 3 wk prior to mating, during pregnancy, and lactation.

At 4 wk of age, F1 mice were killed for experiments or were fed the standard NIH-31 diet and allowed to age. Food

consumption, maternal weight gain, and litter size were similar in dams fed the control and MS diets. However, the F1

offspring of dams fed the MS diet were smaller in size (P , 0.001). T cells from the MS F1 offspring had global

hypermethylation compared with control F1 offspring (P , 0.005), corresponding to lower T cell chemokine receptor

expression [CCR2 (P , 0.001), CCR5 (P , 0.001), and C-x-C chemokine receptor 3 (P , 0.01)] and cytokine expression

[TNFa (P, 0.05), IL-2 (P, 0.001), and IL-4 (P, 0.01)]. Reduced T cell chemokine receptor gene expression inMS F1mice

was associated with decreased chemotaxis in vitro to C-C chemokine ligand (CCL) 2 and C-X-C chemokine ligand 10 (P ,

0.01) and in vivo to CCL2 (P , 0.01). Taken together, the results suggest that epigenetic alteration through prenatal diet

manipulation reduces the response to proinflammatory signals in mice. J. Nutr. 142: 1329–1335, 2012.

Introduction

A tantalizing link between diet during oocyte/sperm develop-
ment, epigenetics, and late-life disease in humans has recently
been proposed. Previous studies report the association between
ancestral food supply and longevity, cardiovascular disease, and
diabetic mortality (1–3). These works suggest that these asso-
ciations most likely are not related to classical fetal program-
ming through maternal malnutrition but are the results of
transgenerational epigenetic inheritance. However, experimen-

tation during human pregnancy is difficult and the underlying
mechanisms for the observations have not been defined.

Epigenetics refers to heritable changes in gene expression
by mechanisms other than those resulting from alteration in
DNA sequence (4). A number of epigenetic processes have been
described, including DNA methylation, chromatin remodeling,
and RNA splice variants. The data suggest that dietary supple-
mentation with micronutrients from the methionine and folate
cycles can induce hypermethylation of DNA in specific genomic
regions. Several studies have examined the effect of high dietary
methionine intake on rodents (5–7).

A prime example of the effect of maternal diet on F1
phenotype is provided by the viable yellow agouti mouse. In
genetically identical mice, the agouti gene is differentially
expressed due to epigenetic modifications established during
early development, resulting in variations in coat color (8–11)
and differing susceptibility to obesity, cancer risk, and life span.
Maternal dietary supplementation shifts the offspring toward
the healthier phenotype via methylation of the agouti locus. The
prenatal diet-modifying effect on the germ-line continues into
later generations. Importantly, all previous prenatal dietary
studies have exclusively used commercial diets that do not
control for micronutrient contents, raising the possibility that
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the observed changes may be in part related to differences in
micronutrients present in different batches of commercial diets.

Chemokines are a superfamily of small, 8- to 10-kDa,
proinflammatory cytokines (12). Chemokines and their recep-
tors are important regulators of leukocyte recruitment to sites of
inflammation. Although C-C chemokine receptor (CCR)7 2 and
CCR5 are perhaps best known for their role in atherogenesis,
another important role for these chemokine receptors also play
important roles in other chronic inflammatory diseases (13).
Based on these studies, we hypothesize that the prenatal maternal
micronutrient environment can influence the offspring’s long-
term immune function.

Materials and Methods

Designing a synthetic, prenatal, micronutrient supplementation

diet. To avoid the pitfall of uncertain micronutrient content in standard

commercial diets, we designed a custom amino acid–defined control and

micronutrient supplementation (MS) diet based on TD.99366 (Harlan
Teklad), a synthetic version of the NIH31 diet (Supplemental Table 1).

The MS diet was based on the maternal diet that has been shown to alter

DNA methylation in the offspring (9) and was designed to affect DNA

methylation through the methylation/methionine/folate cycle (Supple-
mental Fig. 1). Additionally, the diet had protein content sufficient for

reproduction. Importantly, the overall energy and fat content of the

control and MS diets were the same.

Mice. Young adult (8 wk) C57Bl/6 mice were purchased from Harlan

Laboratories. Female mice were fed 1 of 2 synthetic diets, control or MS

for 3 wk prior to mating. A cohort of female mice from each diet was left
unmated and their rate of diet consumption and weight gain was observed

weekly. Mated female mice were fed the diet through pregnancy and

lactation. Given that pups of MS-fed dams were significantly smaller than

their control counterparts, mice were weaned at 28 d at the recommen-
dation of animal husbandry technicians. Weaned pups were killed at 28 d

by CO2 asphyxiation or were fed the standard NIH-31 diet and allowed

to age, as determined by experimental needs. For experiments involving

young and old mice, young mice (3 mo) were purchased from Harlan and
old mice (18–20mo) were purchased from the National Institute of Aging.

All mice were maintained in a pathogen-free environment on a 12-h-light

cycle and consumed feed ad libitum. Unless otherwise reported, all data
presented are from 4-wk-old F1 mice. Male and female samples were

prepared separately in pools of 2–5 mice each, depending on availability

and experimental requirements. However, the analysis presented is gender

neutral [except biometric data (Table 1; Supplemental Table 3)], because
biochemical assay results were similar betweenmale and female pups from

the same diet group. Procedures involving the animals and their care were

approved by the University ofMichigan Committee on the Use andCare of

Animals.

NMR-based body composition analyses. Male and female F1 mice

were placed in the measuring tube of a NMR Minispec LF90 II (Bruker
Optics) and the percentages (by weight) of fat, muscle, and fluid content

were measured.

T cell isolation. Cluster of differentiation (CD)3+ or CD4+ T cells were
isolated by the MACS microbeads technology from F1 spleens by

negative selection according to the manufacturer’s instructions (Miltenyi

Biotec). The purity of the isolated cells was confirmed by flow cytometric

analysis by staining with fluorescein isothiocyanate–conjugated anti-
CD3 or anti-CD4, or isotype IgG2b Abs (BD) and was consistently

.90%.

Stimulation and 5-azacytidine treatment. 5-Azacytidine is a cytosine

analogue that is incorporated into newly synthesized DNA, preventing
maintenance of DNA methylation patterns and leading to hypomethy-

lation. Freshly isolated murine T cells from wild-type C57Bl/6 mice were

stimulated with 1 mg/L phytohemagglutinin (PHA) (Sigma) in the

presence of 10 mg/L IL-2 (R&D Systems) in T cell media (RPMI 1640
plus 10% fetal calf serum, 105 U/L penicillin/streptomycin, 13 nones-

sential amino acids, 13 sodium pyruvate, 50 mmol/L b-mercaptoetha-

nol, 25 mmol/L 4–2-hydroxyethyl-1-piperazineethanesulfonic acid).

After 24 h of incubation, the cells were treated with 1 mmol/L 5-
azacytidine or left untreated and cultured for an additional 48 h. Cells

were then harvested and used as positive controls with the appropriate

methylation detection assays (see below).

Nucleic acid isolation. Total RNA was isolated from resting T cells

obtained from F1 mice of each diet group at 4 wk of age using RNeasy

Mini or Micro kits according to the manufacturer’s instructions (Qiagen).
CarryoverDNA contaminants were removed using the RNase-FreeDNase

Set (Qiagen). Genomic DNA was also isolated from F1 mice using the

DNeasy Blood and Tissue Kit (Qiagen). l phage and Sss1 methylase were

purchased fromNew England Biolabs. In vitro methylation was performed
following the manufacturer’s instructions.

Microarray analyses. Gene expression in splenic T cells of control and

MS 4-wk-old F1 mice was initially screened using the AffyMetrix
GeneChip mouse-430v2 microarray gene expression system (AffyMe-

trix). We used 3 groups per diet per gender, with each group consisting of

5 mg RNA pooled from 5–10 mice. Arrays were processed according to
the manufacturer’s protocol. Bioconductor software (http://www.bio-

conductor.org/packages/release/bioc/html/affy.html) was used in the anal-

ysis. Expression values were calculated using robust multi-array average

(14). The software uses a prior estimate of the variance of the probe sets to
adjust the denominator of each t-statistic. This allowed us to “weigh” the

arrays, so unreliable arrays will not have an undue effect on the results

(15,16).We selected probe sets based on an unadjustedP value of 0.01.We

removed all probe sets that had a variance,0.02 overall, then fit the same
model as before, but this time using an unadjusted P value of 0.001. The

analyses were conducted in collaboration with the University of Michigan

Cancer Center Microarray Core facility.

Real-time qRT-PCR. Real-time qRT-PCR was performed using a

QuantiTect SYBR Green RT-PCR kit according to the manufacturer’s

instructions (Qiagen). PCR reactions were carried out using a Rotor-
Gene 6000 rotary analyzer (Corbett Research). Data were analyzed

using Rotor-Gene 6000 software, version 1.7. The expression levels of

genes of interest were normalized to b-actin expression. Primer

sequences are listed in Supplemental Table 2A.

Bisulfite treatment and pyrosequencing. Sodium bisulfite treatment

of 1 mg genomic DNA was performed with the EZ DNA Methylation

Gold kit (Zymo Research). PCR of the B1 element was performed using
an assay designed by EpigenDx (Worcester). An assay for the intracis-

ternal A Particle (Iap) repetitive element was designed using PSQ Assay

Design Software (Biotage). Pyrosequencing was performed as previously
described (17). Primer sequences are listed in Supplemental Table 2B.

TABLE 1 Long-term effect of prenatal MS diet on the body
weight of F1 mice in 3 independent aging cohorts1

F1 mice 4 wk 13 wk 52 wk

g n g n g n

Control male 14 6 0.39 40 25 6 0.50 24 38 6 2.2 11

MS male 10 6 0.11* 26 23 6 0.22 28 34 6 2.1 9

Control female 13 6 0.27 37 21 6 0.38 21 28 6 1.1 7

MS female 11 6 0.72 25 20 6 0.25* 16 34 6 0.55 8

1 Values are mean 6 SEM. *Different from control, P , 0.005. MS, micronutrient-

supplemented diet.

7 Abbreviations used: CCL, C-C chemokine ligand; CCR, C-C chemokine

receptor; CD, cluster of differentiation; CXCL, C-X-C chemokine ligand; CXCR,

C-x-C chemokine receptor; LUMA, luminometric methylation assay; MFI,

median fluorescence intensity; MS, micronutrient-supplemented diet; PHA

phytohemagglutinin.
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Luminometric methylation assay. T cell genomic DNA (300 ng)

underwent luminometric methylation assay (LUMA) analysis as previ-

ously described (18). The sequence to analyze was modified to eliminate
degradation products from analysis and was as follows: G/TGTGTCA-

CACACATGTG. The dispensation order was GTGTGTCACACA-

CATGTGTG, using dispensations 15 and 16 as the quantifying peaks.

Global methylation analysis by flow cytometry. Freshly harvested T

cells (2.5 3 105) were stained with fluorescein isothiocyanate–conju-

gated anti-CD3 Abs (BD) and then fixed in Cytofix/Cytoperm (BD) and

permeabilized using PBS supplemented with 0.1% saponin, 1% FBS, and
0.1% sodium azide. Cells were treated with RNase A to eliminate the

potential for detection of 5-methylcytidine in tRNA. Cells were exposed

to primary antibody for 30 min at 378C (Acris Antibodies), then
incubated with secondary antibody for 30min at 378C (anti-mouse IgG1-

PE or isotype rat-IgG1k). Flow cytometry was performed using a

FACScaliber machine. Results were analyzed with FCS Express software.

Methyl-cytosine ELISA. DNA methylation was measured using the

Methylamp Global DNA Methylation Quantification kit (Epigentek).

DNA was prepared using the GenElute Mammalian Genomic DNA

Miniprep kit (Sigma). Each DNA sample was pooled from 2–5 mice/diet
and each assay performed in triplicate.

Western-blot analysis. Total protein was isolated from CD3+

splenocytes of 4-wk-old F1 control and MS diet mice. Antibodies

against CCR2 (Abcam), CCR5 (Abgent), C-x-C chemokine receptor

(CXCR) 3 (Santa Cruz Biotech), and actin (Sigma) were used to monitor
expression of the respective protein antigens and were detected using the

Dura chemiluminescent HRP system (Pierce) as previously described

(19). For quantification of Western-blot data, the integrated intensity of
the protein band of interest was measured using ImageJ software and

normalized to the integrated intensity of the actin band in the same sample.

In vitro chemotaxis assay. Dual-chamber chemotactic assays were
performed in triplicate to compare T cell C-C chemokine ligand (CCL) 2,

C-X-C chemokine ligand (CXCL) 10, and CXCL12migratory response as

previously described (20). Briefly, T cells were stimulated with 1 mg/L

PHA in the presence of 10 mg/L IL-2 for 72 h, then 3 3 105 cells were
resuspended in RPM1 1640 supplemented with 0.5% BSA and placed in

Transwell inserts with 5-mm pores (Corning). The inserts were then placed

in a 24-well plate at 378C containing varying concentrations of murine
chemokines (as indicated in Fig. 5) (CXCL10 and CXCL12, Peprotech;

CCL2, Biolegend). After 3 h, microsphere beads (Bangs Laboratories)

were added for normalization and T cells from the bottom chamber were

harvested and counted using a flow cytometer. Percent migration was
calculated as the ratio of T cells found in the lower chamber to the total

cell number added to the upper chamber. The chemotactic index was

determined by taking the ratio of percentage migration between wells with

chemokines added to wells and wells that did not contain chemokines.

In vivo cutaneous chemotaxis. Four-week-old F1 mice were s.c.

injected in the loose skin around the neck and shoulder area with a range
of concentrations of CCL2. The injection site was marked with ink and

the skin was harvested 24 h later then fixed in 10% paraformaldehyde.

Paraffin sections were stained with hematoxylin and eosin. Cellular
infiltrates were counted at 403 magnification in 5 random fields by a

pathologist (R.W.).

Measurement of Th1/Th2 cytokine production. Freshly isolated

CD4+ cells from 3-mo-old F1 mice were cultured in the presence of plate-

bound 1 mg/L anti-CD3e and soluble 1 mg/L anti-CD28 in a humidified
incubator at 378C for 48 h. Cytokine concentrations were determined

using the Mouse Th1/Th2 Cytokine kit (BD). Capture beads were

detected with a FACSVantage flow cytometer (BD) and data analysis was

performed using BD CBA Software by the University of Michigan Flow
Cytometry Core.

Splenocyte populations. To characterize changes in the immune cell

populations of the F1 spleen, freshly isolated splenocytes were labeled

with PE antibodies to CD3, CD19, CD11b, CD11c, and NK1.1, or their

recommended isotypes: Rat IgG2b,K, Rat IgG2a,K, Hamster IgG,K, or

Mouse IgG2a,K (BD). Flow cytometry was performed using a FACSca-
liber machine and results were analyzed with FCS Express software.

Statistical analysis. Significance was determined using a 1-tailed

Student’s t test for single comparison. P , 0.05 was considered
significant except for the microarray results. Statistical methods used

for the microarray experiment are detailed in the relevant “Materials and

Methods” section. Values are mean 6 SEM.

Results

Dams consume a similar amount of the control and MS

diet. Unmated female mice consumed ad libitum an equal
amount of the control or MS diet over a 10-wk observation
period (Supplemental Fig. 2A). In wk 1, both groups lost a
similar amount of weight (control, 7.9%; MS 5.8%; nonsignif-
icant). During the ensuing weeks, both groups gained compa-
rable amounts of weight (Supplemental Fig. 2B). After mating,
weight gain did not differ between the diet groups among
pregnant mice (Supplemental Fig. 2C). Pup litter size also did not
differ between the 2 diet groups (Supplemental Fig. 2D).

F1 offspring from dams fed the MS diet are smaller in size.

Despite similar macronutrient intake, dams exposed to the MS
diet during pregnancy gave birth to pups that, at 4 wk, weighed
22% less than those exposed to the control diet in utero (P ,
0.005) (Table 1). An older cohort of 13-wk-old F1 MS mice also
weighed 7.0% less than the control mice (P, 0.005), whereas a
52-wk-old cohort did not reach significance. We determined the
body composition of the F1 mice by NMR (Supplemental Table

3). As a percentage of overall weight, the F1 offspring from the
MS group had similar lean muscle mass, fat, and fluid to the
control offspring.

F1 MS mice have increased global CpG methylation. We
initially interrogated the methylation status of mouse repetitive
elements B1 (Supplemental Fig. 3A) and Iap (Supplemental Fig.
3B) in T cells by pyrosequencing. The results revealed highly
methylated CpG sites at all sites interrogated. Four-week-old
F1 control and MS mice did not differ in repetitive element
methylation. 5-Azacytidine treatment, used as a test of assay
sensitivity and positive control, lowered the meanmethylation in
B1 and Iap relative to PHA-stimulated T cells from wild-type
mice.

Because of the high methylation status of the repetitive
elements in T cells, we next estimated global methylation using
the LUMA method. Interrogated CpG sites from 4-wk-old F1
control and MS mice were similarly methylated (Supplemental
Fig. 3C). To validate the LUMA protocol, we also incorporated
several controls in our experiment. Treatment with 5-azacytidine,
a DNA-demethylating agent, lowered the mean methylation
relative to PHA-stimulated T cells from wild-type mice. l phage
DNA was completely demethylated as expected, whereas Sss1
methylase-treated l phage DNA was highly methylated. Also,
DNA from 3-mo- and 18- to 20-mo-old, wild-type, C57Bl/6
murine T cells did not differ in methylation level.

We next interrogated global methylation by flow cytometry
using an antibody specific to 5-methylcytosine. Whereas the
LUMA and repetitive element analyses are restricted to specific
sites within the genome, using an antibody allowed the interro-
gation of CpG sites independent of DNA sequence. Four-week-
old F1 MS mice had 20% greater median fluorescence intensity
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(MFI) than the F1 control mice (P , 0.005), suggesting that a
prenatal diet rich in methionine metabolites may contribute to a
higher mean methylation of cellular DNA (Fig. 1A). Treatment
with 5-azacytidine lowered MFI by 37% relative to the PHA-
stimulated T cells from wild-type mice (P , 0.05) (data not
shown). Aging is known to be associated with T cell DNA
hypomethylation (21,22). Flow cytometry detection of methyl-
cytidine showed that T cells from 18- to 20-mo-oldwild-typemice
had 14% lower MFI than 3-mo-old mice (P , 0.05) (Fig. 1C).

Given the discrepancies between the pyrosequencing/LUMA
and the flow cytometry results, we examined the total methyl-
ation using a commercially available, nonbiased, antimethylcy-
tosine ELISA. Consistent with the flow cytometry approach, T
cells from 4-wk-old F1 MS mice had an 11% greater amount of
methylated cytosines than those from the control group (P ,
0.05) (Fig. 1B).

MS diet is associated with reduced mRNA expression of

selected T cell chemokine receptors. We performed micro-
array analyses of RNA isolated from the T cells from the F1
progeny of dams exposed to the control and MS diets. Because
we are interested in immune function genes, we subsetted the
data by preselecting only those probe sets that mapped to the
following GO terms: immune, T cell, lymphocyte, chemokine,
apoptosis, methylation, and signaling. We used the resulting
6248 probe sets to fit a linear model that accounted for sex,
allowing a gender neutral analysis of diet effects on gene ex-
pression. A total of 256 probe sets were differentially expressed
between the control and MS groups. Prenatal MS diet exposure
decreased expression of the majority of the 256 probe sets, which
was consistent with prior observations that methylation generally
results in the suppression of gene expression (Fig. 2A) (4). When
we increased the stringency of the selection criteria by specifying
probe sets that had fold-changes .50%, the percentage of probe
sets that has decreased expression in the MS group increased to
90% (Fig. 2B).

With regard to chemokine receptor genes, 4-wk-old F1 MS
mice expressed lower Ccr5 [67% reduction (P , 0.001)], Ccr2
[37% reduction (P , 0.002)], Ccr6 [39% reduction (P ,
0.004)], and Cxcr3 [49% reduction (P , 0.001)] relative to
controls. To confirm the microarray chemokine receptor results,
we quantified the relative gene expression in control and MS F1
mice using qRT-PCR. MS mice had a 70% reduction in Ccr2
expression (P = 0.0005), an 85% reduction in Ccr5 expression
(P = 0.0002), and a 68% reduction in Cxcr3 (P = 0.006)
compared with control mice (Fig. 3A). Cxcr4, which did not
significantly differ in the microarray, showed no expression
difference using qRT-PCR. At the protein level, CCR5 and
CXCR3 from 4-wk-old F1 MS mice were downregulated,
whereas CCR2 did not differ in the offspring of the 2 diet groups
(Fig. 3B).

T cells from MS F1 mice show impaired chemotaxis in

vitro. We next determined if the reduction in T cell chemokine
receptor mRNA expression was associated with change in in
vitro chemotactic activity of T cells from 4-wk-old F1 control
and MS mice to CCL2, CXCL10, and CXCL12, ligands for
CCR2, CXCR3, and CXCR4, respectively. Four-week-old F1
MS T cells had lower chemotaxis index to 4 mg/L (32%
reduction) and 100 mg/L (38% reduction) CCL2 (Fig. 4A) and
500 mg/L (42% reduction) and 1000 mg/L (38% reduction)
CXCL10 (Fig. 4B) relative to controls (P, 0.01). The responses
to CXCL12 did not differ between the F1 diet groups (Fig. 4C).

In vivo cutaneous chemotaxis shows impaired leukocyte

migration to CCL2 in MS F1 mice. Twenty-four hours after
s.c. injection of CCL2, 48 and 68% fewer leukocytes infiltrated
the injection sites of the MS group progeny at a dose of 250 ng
(P , 0.05) and 500 ng CCL2 (P , 0.01), respectively (Fig. 4D),
confirming an in vivo functional role of the observed gene
expression data.

Low cell migration is accompanied by a decrease in

cytokine production by CD4+ T cells from MS F1 mice.

Given the decreased migratory potential in response to chemo-
tactic signals observed in activated MS T cells, we examined the
secretion of cytokines by CD4+ T cells in culture from 3-mo-old
control and MS F1 mice. TNFa, IL-4, and IL-2 secreted from
MS CD4+ T cells had respective reductions of 17, 45, and 34%
compared with T cells from controls (P , 0.05) (Fig. 5). IFNg

and IL-5 did not differ between the 2 diet regimens.

MS F1 mice have similar leukocyte subsets in the spleen.

To exclude the possibility that decreases in T cell mediate
immune response are a result of an alteration of relative immune
cells populations, we interrogated the leukocyte populations of
the spleen. T cells as a percentage of total splenocytes did not
differ between F1MSmice and controls (Supplemental Table 4).
Other leukocytes such as B cells, NK cells, and dendritic cells
were also similar as a percentage of total splenocytes, except
CD11b+ cells, which were lower in F1 MS mice (P , 0.05).

Discussion

The idea that the prenatal nutritional environment has an
important impact on late-life disease development was first
raised by Barker and Osmond (23). Since then, most investiga-
tions have focused on the fetal effect of macronutrient exposure
(e.g., protein intake) during pregnancy (24,25). Although the
role of maternal micronutrients in fetal health is incompletely
understood, maternal diet supplemented with folic acid has been
shown to reduce the incidence of neural tube defects in the
offspring. Folic acid, which feeds into the methionine and DNA

FIGURE 1 Global methylation detected by anti-

methylcytidine antibody staining (A) or ELISA (B) in

murine T cells from 4-wk-old F1 control and MS

mice; antimethylcytidine antibody staining of 3-mo-

and 20-mo-old, wild-type C57Bl/6 murine T cells (C).

Results are mean 6 SEM, n = 5 (A), 7 (B), or 6 (C).

Means differ where indicated: *P , 0.05, **P ,
0.02, ***P , 0.01. MFI, median fluorescence

intensity; MS, micronutrient-supplemented diet.
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methylation cycles, has also been found to increase PPARg
methylation in rats fed a protein-restricted diet during preg-
nancy (26). Mice fed very low levels of methionine throughout
life live longer and have a relative preservation of their immune
function (27). A recent report also suggested that the offspring of
dams fed a similar supplemented diet have enhanced reactive
airway response in part related to methylation of Runt-related
transcription factor 3 (Runx3) (28), supporting our hypothesis
that in utero micronutrient exposure can have important effects
on the progeny’s immune system. An important limitation of
these previous studies is that the micronutrient intake was poorly
controlled, because the animals were allowed to consume grain-
based diets that had highly variable micronutrient content. These
works also did not report total diet consumption, raising the
possibility that the observed effects may in part relate to differences
in energy or macronutrient intake.

Unlike previously published studies that added micronutri-
ents to a standard commercial diet, we customized synthetic
diets to more precisely control both the macro- and micronu-
trients in the control and supplemented diets. The diet was
constructed based on published data showing that supplement-
ing the key maternal micronutrients in the folate, methionine,
and DNA methylation cycles has measurable effects on the
health of the progeny in the agouti mouse model (8,9). Our
results showed that the control and MS diets were equally
palatable, because the mice consumed similar amounts of the
synthetic diet and gained similar weight throughout the exper-
iment. Surprisingly, although the control and MS-fed dams
consumed similar amounts of protein, fat, and energy during
pregnancy, the F1 progeny of the MS group were smaller in size
and the differences persisted until they are at least 1 y of age.
NMR studies demonstrated that the mice had similar body fat
and muscle composition. Diet-restricted mice and long-lived
mutant mice, including Ames dwarf, Snell dwarf, and growth
hormone receptor/binding protein knockout mice, all have a
small body size. Studies are underway to determine if the small-
bodied progeny of the MS-fed dams live longer than their
control counterparts. One potential confounding variable due to
the small size of MS offspring is that they must be weaned later
than the typical 21 d. As such, MS weanlings may be directly
exposed to the supplement diet briefly. However, we do not
think it is likely that such a very brief exposure would lead to
long-term impacts on the immune system (e.g., inflammatory
cytokine downregulation).

In the agouti mouse model, variable methylation of the Iap
retrotransposon inserted upstream of the agouti gene results in
yellow coat color, diabetes, obesity, and increased susceptibility
to tumors (8,9). The pleiotropic effects are presumably due to
paracrine signals on other tissues. Classes of elements in the
genome may be especially sensitive to nutritional manipulation,
including transposons that lie adjacent to genes with metastable
epialleles (e.g., the Avy mutation) and imprinted genes (e.g., Igf2
and H19). However, whether similar dietary manipulation will
affect normal genes is less clear. We showed for the first time, to

FIGURE 3 Real-time qRT-PCR (A) and Western-blot analysis (B) of T cell chemokine receptors from 4-wk-old F1 control and MS mice. Values

are mean 6 SEM, n = 6 (A) or 3 (B). Different from control where indicated: *P , 0.05, **P , 0.02, ***P , 0.01. AU, arbitrary unit; CCR, C-C

chemokine receptor; CXCR, C-X-C chemokine receptor; MS, micronutrient-supplemented diet.

FIGURE 2 Heat map of RNA microarray data from splenic T cells of

F1 control and MS mice at 4 wk (A) and when the variance is set at

,0.02 (B). Red, overexpressed in the MS group compared with

controls; blue, reduced expression in the MS group, n = 6 (B). CCR, C-

C chemokine receptor; MS, micronutrient-supplemented diet.
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our knowledge, that prenatal micronutrient manipulation
alters the expression of the progeny’s T cell Ccr2 and Ccr5, 2
critical chemokine receptors central to the pathogenesis of
common proinflammatory conditions, including coronary ar-
tery disease and autoimmune arthritis. mRNA transcripts were
equally downregulated in both male and female MS F1 mice.
At the protein level, CCR5 and CXCR3 were downregulated
in resting MS T cells, and stimulated MS T cells had de-
creased chemotaxis in response to the ligands of CCR2 and
CXCR3.

We further examined the mechanisms linking the prenatal
MS diet and F1 T cell chemokine receptor gene expression. A
previous report estimated T cell methylation in F1 mice exposed
to a similar diet by examining repetitive elements and LUMA
assay did not find any global methylation changes (28). We also
did not observe any difference in the 2 study groups when we
interrogated the methylation status of the T cell repetitive B1
and Iap elements or used LUMA. However, these methods do
not measure methylation of the entire T cell genome. Therefore,
we measured global methylation MFI by direct antibody
staining and ELISA. These nonbiased assays demonstrated that
MS F1 T cells were hypermethylated relative to the control
group. Importantly, T cells from aged animals, known to be
hypomethylated relative to young mice (29), also showed the
expected decrease in methylation using antimethylcytidine
staining but showed no difference using LUMA. The disparity
between sequence-dependent and sequence-independent assays
suggests that the prenatal diet may exert its effect in diverse
regions rather than at retrotransposon or CCGG-rich loci. DNA
methylation can regulate gene expression at proximal promoters
and upstream and downstream enhancers, and there are many

examples of methylation changes altering chromatin structures,
affecting expression over long distances (30). Therefore, detecting
subtle variations in the epigenome may require a sequence-
independent approach. Future studies are underway to eluci-
date the specific regions of the methylome that alter cytokine
and chemokine receptor expression and give rise to the antiin-
flammatory phenotype observed in MS F1 mice.

Although the mechanisms for the transgenerational effect are
unclear, our current study used a novel synthetic diet to more
precisely examine for the effect of prenatal MS diet on T cell
immune functions. We show for the first time, to our knowledge,
that F1 offspring have reduced expression of T cell Ccr2 and
Ccr5, key players in the pathogenesis of diverse inflammatory
diseases. Chemokine receptor changes are accompanied by
corresponding changes in T cell migration in vitro and in vivo as
well as global T cell hypermethylation. Total splenic population
analysis suggests that the observed decrease in T cell-mediated
immune response is likely not attributable to changes in splenocyte
populations in vivo. Although we have observed a difference in
CD11b+ cells, we do not attribute a substantial role in the lower
immune response to this disparity, because all in vitro T cell
stimulations were performed in the absence of CD11b+ cells. In
addition to the suppression of chemotaxis, the prenatal MS diet
lowered the proinflammatory cytokine secretion of TNFa as well
as IL-2 and IL-4. Because IL-2 is associated with a Th1 response
and IL-4 is a signature cytokine in the Th2 phenotype, our diet
may not preferentially select for a specific T cell subset. Future
studies will elucidate if these changes in T cell function due to
prenatal micronutrient exposure alter the course of development
of inflammatory diseases in which the chemokine/cytokine axes
are known to play a pathogenic role.

FIGURE 4 In vitro dual chamber T cell chemotactic assay to CCL2 (A), CXCL10 (B), and CXCL12 (C) and in vivo cutaneous leukocyte

chemotaxis assay (D) from 4-wk-old F1 control and MSmice. Values are mean6 SEM, n = 3 (A), 4 (B), 4 (C), or 7 control, 6 MSmice (D). Different

from control where indicated: *P , 0.05, **P , 0.01. CCL, C-C chemokine ligand; CXCL, C-X-C chemokine ligand; MS, micronutrient-

supplemented diet.

FIGURE 5 Cytometric bead array detection of TNFa, IFNg, IL-5, IL-4, and IL-2 cytokines secreted from 3-mo-old F1 control and MS CD4+

T cells after 48-h stimulation. Values are mean 6 SEM, n = 3. Different from control where indicated: *P , 0.05, **P , 0.01, ***P , 0.001. MS,

micronutrient-supplemented diet.
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