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Abstract

Brown adipose tissue (BAT) is a crucial regulator of energy expenditure. Emerging evidence
suggests that n-3 PUFA potentiate brown adipogenesis 7 vitro. Since the pregnancy and lactation
is a critical time for brown fat formation, we hypothesized that maternal supplementation of n-3
PUFA promotes BAT development in offspring. Female C57BL/6 mice were fed a diet containing
n-3 PUFA (3%) derived from fish oil (FO), or an isocaloric diet devoid of n-3 PUFA (Cont) during
pregnhancy and lactation. Maternal n-3 PUFA intake was delivered to the BAT of neonates
significantly reducing the n-6/n-3 ratio. The maternal n-3 PUFA exposure was linked with
upregulated brown-specific gene and protein profiles and the functional cluster of brown-specific
miRNAs. In addition, maternal n-3 PUFA induced histone modifications in the BAT evidenced by
1) increased epigenetic signature of brown adipogenesis, 7.e., H3K27Ac and H3K9me2, 2)
modified chromatin-remodeling enzymes, and 3) enriched the H3K27Ac in the promoter region of
Ucpl. The offspring received maternal n-3 PUFA nutrition exhibited a significant increase in
whole-body energy expenditure and better maintenance of core body temperature against acute
cold treatment. Collectively, our results suggest that maternal n-3 PUFA supplementation
potentiates fetal BAT development via the synergistic action of miRNA production and histone
modifications, which may confer long-lasting metabolic benefits to offspring.
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Introduction

Brown adipose tissue (BAT) is a specialized fat that dissipates excess energy into heat (non-
shivering thermogenesis) through mitochondrial uncoupling protein 1 (UCP1) [1]. Current
research renews the metabolic function of BAT by revealing BAT as a crucial regulator in
maintaining energy balance by increasing thermogenic energy expenditure. A significant
amount of BAT is found in healthy adults as well as most children and adolescents [2-4], but
not in the obese adults, suggesting that loss of active BAT depots is a contributing factor to
obesity. Childhood obesity predisposes adults with metabolic susceptibility to obesity and
type 2 diabetes (T2D) [5-7]. Therefore, identifying early regulatory factors to prevent
childhood obesity is critical to combat the current obesity epidemic. The fetal and neonatal
stages are critical for fetal BAT development, which are expected to have long-term impacts
on offspring BAT function [8]. However, a limited amount of studies have been conducted
regarding the effects of maternal nutrition on prenatal BAT development. Despite the well-
established physiological relevance of BAT in obesity outcome, it is unclear whether the
amount of BAT at birth or the rate of BAT loss (either by degeneration or by
transdifferentiation into WAT) are associated with susceptibility to obesity in later life. In
particular, it is poorly understood whether prenatal BAT development through dietary
intervention could be a manageable target to attenuate the risk for childhood obesity.

Human BAT depots are found in the deeper neck (cervical), supraclavicular, paravertebral,
perirenal, and axillary areas [9-11] and possesses 50-times greater respiratory activities than
white adipose tissue (WAT) [12]. These BAT depots are comprised of 1.5% of total body
mass (roughly 5% of total fat mass), and up to 90% depots could be activated BAT [13]. An
image-guided mapping of rodent adipose depots reveals the topological analogy of BAT
between rodents and humans [14], which provides the feasibility to use rodent in studying
human BAT. Also, the comparable functional analysis demonstrated that human
supraclavicular BAT features functional similarity with rodent interscapular BAT regarding
mitochondrial activity and thermogenic potential [12]. Regarding the timeline for BAT
development, late pregnancy (at the last trimester) is the critical time for human BAT
formation [15, 16]. The human brown adipocytes in the interscapular are rapidly lost after
birth via either degeneration and replacement with white adipocyte, or transdifferentiation
into white adipocytes. However, brown adipocytes reside in the deeper neck and
supraclavicular regions, remain active to adolescence and adulthood until they lost
thermogenic potential with the progression of obesity, type 2 diabetes, or aging [6]. Given
these developmental similarities, the regulation of interscapular BAT in rodents during
pregnhancy seems to be translatable to BAT around the neck and supraclavicular in humans.

BAT development is modulated by epigenetic modifications that are heritable and reversible
changes in gene expression occur without altering DNA sequences through DNA
methylation, chromatin histone remodeling, and noncoding RNAs such as miRNAs [17-19].
Nearly a dozen miRNAs have been identified in promoting the transcriptional program of
brown adipogenesis [20]. On the other hand, the site-specific acetylation (Ac) and
methylation (Me) status on the lysine (K) residues of histone tails, especially at H3K9 and
H3K27, play essential roles in adipogenesis by controlling gene activation or repression[21,
22]. Maternal nutrition is a key epigenetic modulator for fetus development. However, it is
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largely unknown whether the BAT epigenome is a viable target for obesity control through
maternal nutrition.

Accumulating evidence has supported that n-3 PUFA promotes brown adipogenesis and
adaptive thermogenesis [23-27]. We have previously demonstrated that eicosapentaenoic
acids (EPA) promote the brown adipogenic program through a miRNA-dependent epigenetic
mechanism in the murine primary brown adipocytes [28], suggesting that maternal n-3
PUFA nutrition may be effective in reinforcing embryonic BAT developmental program
during pregnancy. This study aimed to investigate the impact of early n-3 PUFA exposure
through maternal nutrition on the fetal BAT development. Here, we demonstrate that
maternal n-3 PUFA intake during pregnancy and lactation enhanced brown transcriptional
programming through miRNA and histone modification-mediated epigenetic regulations.
These results open a new research avenue emphasizing that ‘boosting prenatal BAT
development’ could be a novel therapeutic target for attenuating childhood obesity through
thermogenic energy expenditure.

Material and methods

2.1 Animals

All animal experiments were conducted according to the protocols approved by the
Institutional Animal Care and Use Committee (IACUC) at the University of Nebraska-
Lincoln. C57BL/6 male and female mice were purchased at 8-10 weeks of age from the
Jackson Laboratory. After 3 days of acclimatization period, mice were put into the breeding
colony. Female mice were randomly assigned to two diet groups receiving either a diet
containing 3% of n-3 PUFA from the fish oil (FO) or a diet devoid of n-3 PUFA (Cont). The
AIN-93G rodent formulation was modified for the fat composition containing 15% of total
calorie from fat either 10% palm oil (Cont) or fish oil (FO), the other 5% of total calorie
from soybean oil as a source of essential FA. Gas Chromatography (GC) was used to
analyze fatty acid profiles of each diet and dietary composition in Supplement Table 1. The
same diets were maintained throughout gestation and lactation. The pregnancy of the female
mice last for 19-21 days, and the pups (n=16 each group) were weaned (3 weeks
postpartum). Necropsy was conducted at weaning, to collect blood, liver, interscapular BAT
(iBAT), and inguinal (iWAT) and epididymal WAT (eWAT). Tissue samples were snap-
frozen in liquid nitrogen and kept at —80 °C for further analysis.

2.2 Energy expenditure by metabolic cages

To measure the effect of maternal n-3 PUFA intake on energy expenditure, pups (n=5 each
group) were individually placed into the metabolic cage (TSE systems) for six days (two
days of adaptation and four days of measurement). Indirect oxygen consumption (VO,) and
carbon dioxide production (VCO,) were used to calculate metabolic parameters. Energy
expenditure (EE) and respiratory exchange rate (RER=VCO,/VVO,) were calculated and
obtained from the TSE systems software and plotted into a figure with hourly time point.
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2.3 Cold exposure, measurement of rectal temperature and heat release

To measure the long-term effect of maternal n-3 PUFA supplementation on the offspring’s
thermogenic potential, male pups from both maternal fish oil or control diet (n=6 per group)
were switched to a standard AIN-93G diet (no additional n-3 PUFA). At week 11, mice were
exposed to cold temperature (6°C) acutely (1-3 hour) or for 24 hours (See Fig 5A study
design). To measure the core body temperature, a rectal thermometer (Kent Scientific Corp)
was used. The probe was positioned into the anal ducts of the mice and three readings of
each time point were recorded. Infrared (IR) camera (A655sc, FLIR Systems) was used to
detect thermal release and to capture images of the surface body temperature. FLIR
Research IR program software was used to display surface heat release via color palette
representing temperatures between 22 and 34 °C.

2.4 Gas Chromatography (GC) for fatty acid analysis

To determine FA profiles in the red blood cells, whole blood was collected, and red blood
cells were precipitated by centrifugation (6000xg for 15 minutes). A 200l of the packed
volume of red blood cells were transferred to a fresh glass vial and total lipids were
extracted. They were then subjected to FA methylation by 14 % boron trifluoride (BFs3)-
methanol reagent (Sigma, USA) at 100 °C for 1 hour to form fatty acid methyl ester
(FAME). Agilent Technologies HP-88 column (100m x 0.25mm x 0.2 um film thickness)
was used. The individual FA peak was identified by comparing its relative retention times
with the commercial mixed-FA standard (NuCheck PreP), and the area percentages for all
resolved peaks were analyzed using the GC Chemstation software.

2.5 Blood Chemistry

To measure plasma glucose, insulin, and cAMP levels, immunoassays were conducted by
using mouse glucose assay (Crystal Chem), ultra-sensitive mouse insulin ELISA kit (Crystal
Chem), and mouse cAMP parameter assay kit (R&D Systems), respectively, in accordance
to the manufacturer’s protocol.

2.6 gPCR of mRNA and microRNA analysis

Total RNA was extracted using Trizol® reagent (Invitrogen) from homogenized tissues.
RNA was purified using DNase treatment & removal kit (Invitrogen), and 2 ug of RNA was
converted into cDNA (iScript, BioRad) via reverse transcription. Relative gene expressions
were determined based on the 272ACT method with normalization of the raw Ct value to 18s.
For miRNA analysis, miRNA was converted to cDNA using the miScript reverse
transcription kit (Qiagen) according to the manufacturer’s instructions. MiRNA was
measured by using the commercial miScript Universal Primer, with the miScript primer
assay kit (Qiagen). Primers of miR-30b, —193b, —365, and RNU6-2 were purchased from
Qiagen. The Ct values were normalized to RNU6-2 (U6 small nuclear).

2.7 Western blot analysis

Total protein was extracted from tissue by homogenizer using RIPA buffer along with a
protease inhibitor and phosphatase inhibitor. Proteins were separated by SDS-PAGE and
transferred onto polyvinylidene fluoride (PVDF) membrane (0.45 pm, Thermogenic
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Scientific) using a wet-transfer method. Antibody targeting UCP1 (14670), PPARy (2444)
and p-actin (4967) were purchased from Cell Signaling Technology. PRDM16 (sc-55697)
was purchased from Santa Cruz Biotechnology. Blots were visualized with a FluorChem™E
imaging system (Protein Simple).

2.8 Chromatin immunoprecipitation assay (ChlP)

The murine brown adipocyte cell-line (HIB1B) was a generous gift from Dr. Johannes Klein
(University of Lubeck, Lubeck, Germany), who has generated the cell line from brown fat of
newborn or 6-8 week old of C57BL/6 or FVB mice [29]. HIB1B cells were differentiated
and treated with EPA (100 &M), as we described previously [28]. Chromatin
immunoprecipitation assay was performed using CHIP-IT® Express kit according to the
manufacturer’s instructions (Active Motif, USA). Cells were fixed with 1% formaldehyde to
cross-link DNA and proteins. Chromatins were isolated and DNA was sheared into 200-
1000 bp length. Fifty pl of each sample was removed as the input control. The samples were
incubated with magnetic beads-AcH3K27 antibody complex (Cell Signaling Technology,
USA) overnight. Next, magnetic beads were washed, and chromatins were eluted and
reversely cross-linked. After treated with Proteinase K, DNA was ready to be used
immediately for real-time qPCR analysis using SYBR Green (QuantStudio 6, life
technology). The UcpI and Pgcla promoter regions were assessed in acetylation histone 3
at lysine 27 (H3K27) ChIP samples. Fold of enrichment was calculated and presented
according to the methods provided by the manufacturer. Primer sequence: Ucpl proximal
promoter, 5’-CCCACTAGCAGCTCTTTGGA-3’ and 5’-
CTGTGGAGCAGCTCAAAGGT-3’; Pgcl a CRE region, 5’-
CAAAGCTGGCTTCAGTCACA-3" and 5’-AAAAGTAGGCTGGGCTGTCA-3’ [30].

2.9 Statistical Analysis

All data are presented as mean + SEM. Independent samples from control group and
treatment group were analyzed and compared using two-tailed Student’s t-test, with * P <
0.05, ** P < 0.01, *** P <0.001. All statistical analyses were conducted by Graph Pad Prism
7 (Version 7.03).

3. Results

3.1. Maternal n-3 PUFA supplementation decreased WAT mass and n-6/n-3 PUFA ratio

To investigate the effects of n-3 PUFA on BAT development on offspring, C57BL/6 female
were fed either a diet containing with 3% of n-3 PUFA from fish oil (FO) or an isocaloric
diet absent of additional n-3 PUFA (Cont) during pregnancy and lactation. Both male and
female pups were weaned at 3 weeks postpartum. There was a significant decrease in body
weight in FO compared to Cont in both genders. Although there was no difference in liver
weight, WAT was significantly reduced in both genders, indicating that maternal n-3 PUFA
intake decreased white fat accumulation. A similar trend was observed in iBAT mass,
although the differences did not reach a statistical significance (Fig LA-C).

To investigate the impact of maternal n-3 PUFA intake in the pups, FA profile was
determined in the red blood cells of the weaned pups. There was a significant decrease in
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n-6/n-3 PUFA ratio in the maternal n- 3 PUFA received group (FO) compared to the control,
indicating that maternal n-3 PUFA was effectively delivered from mothers to the pups (Fig
1D). Concomitantly, the content of arachidonic acid (ARA), a precursor for pro-
inflammatory eicosanoids, was significantly decreased in the maternal n-3 PUFA group (Fig
1E). Also, there was a trend towards a decrease in plasma glucose (p=0.09) and insulin
concentrations (p=0.1) in the maternal n-3 PUFA group (Fig 1F, G), indicating that maternal
n-3 PUFA intake may have an impact on the glucose tolerance and insulin sensitivity in pups
at weaning. Adrenaline, released via the action of the sympathetic nervous system, plays a
vital role in brown and beige adipose tissue thermogenic program [31]. Our results also
indicated that there was a significant increase in cAMP levels (p<0.01) in the plasma of FO
group (Fig. 1H), which is a downstream target upon B3-adrenergic receptor (ADRB3)
activation, thereby regulating lipolysis and UCP1-mediated thermogenic responses [32].

3.2. Maternal n-3 PUFA supplementation promoted the fetal BAT development

Despite there were no differences in iBAT mass, maternal n-3 PUFA intake was linked with
a darker in color in the picture of BAT taken upon sacrifice (Fig 2A), and lower lipid
accumulation in the H&E staining image (Fig 2B). Similar to the results from red blood
cells, maternal FO intake significantly altered the lipid profile in the iBAT with a 5-fold
reduction in n-6/n-3 ratio and a 2-fold decrease in ARA content compared to control (Fig
2C). To identify the effect of maternal n-3 PUFA supplementation on BAT activities, we
measured the brown-specific gene expression levels in the iBAT. There was a significant
increase in Ucpl, Cidea, Prdm16, and Pgcla, along with the Gpr120, a membrane receptor
of long chain fatty acid receptor in both gender pups (Fig. 2D-F). In accordance with the
increased brown- specific transcripts, protein expressions of UCP1, PRDM16, and GRP120
were higher in the maternal FO-fed group (Fig 2G). The mitochondrial DNA content
showed a trend towards an increase in the maternal n-3 PUFA group, but it was not
statistically significant (p=0.08) (Fig 2H).

3.3 Maternal n-3 PUFA supplementation modulated epigenetic factors for BAT
developments

We have previously demonstrated that n-3 PUFA potentiate brown adipogenesis in the
primary murine brown precursor cells via miRNA-mediated epigenetic mechanisms [28].
After confirming that maternal n-3 PUFA upregulated BAT transcriptional programs of the
offspring (Fig 2), we sought to determine whether the similar epigenetic mechanisms are
involved in this process. The functional cluster of miRNAs of miR-30b, miR-193b, and
miR-365 was significantly increased in maternal FO received pups (Fig 3A), recapitulating
our /n vitro results [28]. Intriguingly, the BAT with maternal n-3 PUFA exposure showed a
substantial increase of Drosha, an RNA double-strand ribonuclease and critical component
of the microprocessor for initiating the cleavage of pri-miRNA into stem-loop pre-miRNA
(Fig 3B), in both gene and protein expression (Fig 3C, D). These results suggest that nuclear
processing of pri-miRNA might be upregulated by early exposure of FO during fetal BAT
development.

Next, we examined the role of maternal n-3 PUFA intake on histone modifications. There
was a remarkable decrease in histone deacetylase 1 (HDAC1). The reduced HADC1 levels
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were linked with an increase of acetylation (Ac), but a decrease of tri-methylation (me3), at
histone H3 lysine 27 (H3K27) site (Fig 4A), a critical post-translational modifications
(PTM) mark for brown adipogenesis[22]. The decrease H3K27me3 was consistent with
decreased gene expression of JmjC domain-containing protein 3 (Jmjd3), an H3K27-specific
demethylase [33], in FO group compared to control (Fig 4B). Intriguingly, no specific
increase in acetylation levels at H3K9, another critical regulatory site for brown
adipogenesis. However, there was a distinct increase in methylation status (H3K9me2) with
maternal n-3 PFUA intake (Fig 4A). Consistently, the expression of euchromatic histone N-
lysine methyltransferase 1 (EhmtI), a methyltransferase to H3K9[34], was significantly
increased without altering expression levels of Jumonji Domain Containing 1A (JmjdIa,
same with Kdm3a or JmdmZ2a), an H3K9-specific demethylase (Fig 4B). These site-specific
epigenetic modulations by maternal n-3 PUFA were linked with increased brown adipocyte
differentiation evidenced by increased protein expression of PPARy, fatty acid synthase
(FAS) and fatty acid binding protein aP2 in the iBAT compared to control (Fig 4C).

To further ascertain whether the modulation of H3K27Ac occurs at the promoter/enhancer
region of Ucpland Pgcla we conducted chromatin immunoprecipitation (ChlP) assay by
pulling down the DNA with the antibody targeting to H3K27Ac in the murine HIB1B brown
adipocyte cell lines that are treated with or without EPA treatment (100 zM). There was
more than a 2-fold enrichment at H3K27Ac in the n-3 PUFA treated group compared with
the control both in the UcpI enhancer region and Pgcla-cAMP response element (CRE)
binding region (Fig 4D). Taken together, these results suggest that maternal FO exposure
alters the epigenetic signature of histone acetylation and methylation and miRNA abundance
in the fetal BAT, thereby enhancing brown-specific transcriptional program.

3.4 Maternal n-3 PUFA supplementation conferred long-lasting thermogenic benefits to

offspring

To gain an insight as to whether augmented BAT activity by maternal FO intake exerts
extended metabolic benefits, we conducted additional experiments. The weaned mice with
or without maternal n- 3 PUFA intake were kept in the same diet without additional n-3
PUFA until they were used for measurement of energy expenditure (at 5-week of age) and
cold resistance (at 11-week of age) (Fig 5A). The pups that received maternal n-3 PUFA
showed significantly higher (p=0.04) energy expenditure especially at night (Fig 5B). There
were no significant differences in RER (p=0.3), implicating no difference in the substrate
use between groups (Fig 5C). Subsequently, upon mice reaching 11 weeks of age (8 weeks
after maternal nutrition), mice were subjected to acute cold treatment (6°C), and rectal
temperature was recorded. At the 3-hour time point, core body temperature was significantly
higher in the maternal n-3 PUFA fed group compared to control group (Fig 5D).
Additionally, under the IR camera, pups from maternal FO group presented a higher heat
release on the surface than control mice (Fig 5E). After 24-hour cold exposure, adipocyte
morphology was visualized by H&E staining. In iBAT, fat accumulation was lower in
maternal FO-received mice than Cont, indicating the higher BAT activity (Fig 5F). Similarly,
cold exposure induced the massive brown-like adipocyte morphology in the inguinal WAT
(iWAT) in the FO group, but not in the Cont group (Fig 5F). Consistently, UCP1 protein
expression was higher in both iBAT (2-fold) and iWAT (3.5-fold) of the FO group than
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control (Fig 5G). The brown-specific gene expression levels, i.e., Ucpl, Pgcla and Prdm16,
were maintained higher in the iBAT of the FO group than control (Fig 5H). In addition, the
browning related gene expressions of Ucp1, Ppary, and Pgcla were significantly higher in
the iIWAT of FO group than the control (Fig 51). However, the transcript levels of
sarcoplasmic/endoplasmic reticulum calcium-ATPase (Serca2b), a responsive gene for
calcium-dependent thermogenesis[35], was not different between groups (Fig 51). In
addition, the two gene expressions that are responsible for another UCP1-independent
thermogenic program via creatine-driven substrate cycle, 7.e., Ckmt1, CkmtZ, were not
detectable in both groups (data not shown). These results suggest that maternal FO
supplementation not only maintains stronger thermogenic potential in the iBAT but also
links with enhanced adaptive thermogenesis (UCP1-dependent) in the iWAT. Taken together,
augmented BAT formation by maternal FO may also mediate extended metabolic benefits in
later life.

4. Discussion

Emerging evidence suggests that n-3 PUFA potentiate thermogenic programs in brown and
beige adipocytes [26, 36, 37]. Although pregnancy is a critical time frame for BAT
development [8], it is largely unknown whether the availability of n-3 PUFA to the fetus
could modulate embryonic BAT development. This study is designed to identify the effects
of maternal n-3 PUFA intake on fetal BAT development, potential mechanisms, and long-
term metabolic consequences. Here, we demonstrated that maternal n-3 PUFA intake altered
the neonates’ FA profiles by reducing the n-6/n-3 PUFA ratio in the neonates, suggesting
that n-3 PUFA is effectively delivered from mothers to the pups (Fig 1). The maternal n-3
PUFA intake (3%) was sufficient to potentiate transcriptional programming of the brown
adipogenesis (Fig 2) via mechanisms involved in miRNA production (Fig 3) and histone
modification (Fig 4). Furthermore, the augmented thermogenic activities endowed offspring
with long-lasting metabolic benefits (Fig 5). Based on these results, we proposed that
maternal n-3 PUFA intake is a molecular driver in promoting epigenetic liability of brown
differentiation via a two-pronged mechanism through brown-specific miRNA biogenesis and
histone modulation (Fig 6). To our knowledge, it is the first study to evaluate the potential of
prenatal BAT as a new and feasible therapeutic target to promote thermogenic energy
expenditure via maternal dietary intervention.

Regulation of fetal BAT development by maternal n-3 PUFA intake

The health benefits of maternal n-3 PUFA intake on offspring have received extensive
attention [35, 38, 39]. Since the synthesis of n-3 PUFA in the fetus side is limited, the
transfer of n-3 PUFA cross the placenta from the mother to the fetus is vital and necessary
when it comes to maternal nutrition [40]. The maternal supplementation of n-3 PUFA
increases the n-3 PUFA concentration in placenta and uterus cord blood, suggesting that
maternal n-3 PUFA is effectively transferred to fetus prenatally [41]. Despite the multiple
metabolic benefits of maternal n-3 PUFA intake to the offspring [42—-45], the effects of
maternal n-3 PUFA intake on modulating the fetal BAT development and thermogenic
activities remain elusive. Indeed, per our knowledge, our study is the first to demonstrate
maternal n-3 PUFA supplementation decreases n-6/n-3 ratio in the neonatal BAT (Fig 2C).
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Our results also provide scientific evidence that maternal n-3 PUFA supplementation
promoted brown adipogenesis-related gene expressions including Ucpl, Pgcla, Cidea, and
Prdm16 (Fig 2). It is notable that activation of brown- specific genes in the iBAT relies on
GPR120, a membrane sensor for n-3 PUFA. There was a robust increase in GpriZ0 mRNA
expression in iBAT in response to the maternal supply of n-3 PUFA in both genders. These
results align with our previous finding that EPA-induced brown adipogenesis is dependent
on GPR120 [28]. It is also compatible with the literature showing that knockout of GPR120
or treatment of GPR120 antagonist dampened the thermogenic activities [36]. Consistent
with this notion, genetic ablation of GPR120 in mice results in hepatic steatosis and insulin
resistance [46]. In humans, lack of GPR120 signaling activity due to a genetic mutation in
the GPR120 gene (p.R2700H) is correlated with increased risk of obesity [46].

Intriguingly, augmented BAT activity by maternal n-3 PUFA was sustained for at least 8
weeks post-weaning (Fig 5); the pups received the maternal n-3 PUFA supplementation not
only maintained the higher BAT activities in the iBAT but also exerted higher adaptive
thermogenesis in the IWAT (Fig 5). Our results are consistent with the recent report that low
perinatal n-6/n-3 ratio is important to attenuate susceptibility against diet-induced obesity in
adult offspring [47]. Human studies also support an inverse correlation between maternal n-3
PUFA intake and prevalence of childhood obesity. Specifically, a higher risk of childhood
obesity was correlated with a higher maternal n-6/n-3 fatty acid diet ratio, while maternal
n-3 PUFA intake was linked with a lean body fat mass of children [48-51]. In contrast, there
exist some inconsistent human studies that fail to observe the negative correlation between
maternal n-3 PUFA and adiposity of the offspring [52-54]. These studies might be
compounded by the variables such as supplementation periods, dose, and the ratio of DHA
to EPA. Future human clinical trials with the long-term follow-up research design are
warranted to establish the effect of maternal n-3 PUFA on thermogenesis and energy
expenditure at the time of birth, childhood and adolescence.

Epigenetic regulation of BAT by early exposure to maternal n-3 PUFA

In terms of the underlying mechanism, we propose that maternal n-3 PUFA intake promotes
brown transcriptional program of neonatal BAT via the synergistic action of miRNAs and
histone modifications.

MiRNAs are short non-coding RNAs associated with post-transcriptional regulation of gene
expression, which play a critical role in BAT differentiation [20, 55-57]. The blockage of
miRNA biogenesis by adipocyte-specific deletion of dicer significantly impairs BAT
development [58]. The miR-193hb/365 was first identified as a brown-specific miRNA cluster
to promote brown adipogenesis by suppressing the myogeneic-lineage differentiation in the
Myf5* precursor cells[59]. Also, miR-30b was reported to induce brown-specific gene
expressions and increased mitochondrial respiration through degradation of the
transcriptional corepressor receptor-interacting protein 140 (Rip140) [28, 60]. Previously,
we demonstrated the cell-autonomous function of n-3 PUFA in promoting brown
adipogenesis in the primary brown precursor cells, leading to an increase of clusters of
brown-specific miRNAs including miR-30b and miR-193b/365 [28]. In agreement with our
in vitro study, n-3 PUFA exposure during pregnancy recapitulated the involvement of the
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same profile of miRNAs including miR-30b, and miR-193/365 cluster (Fig 3A).
Interestingly, augmented BAT thermogenesis is correlated with an increase of the Drosha
gene and protein expression (Fig 3C, D). Drosha is a ribonuclease and a critical component
of the microprocessor for initiating the cleavage of pri-miRNA into stem-loop pre-miRNA
[61]. It is conceivable that n-3 PUFA availability may alter microprocessor activity resulting
in pre-miRNA biogenesis in the iBAT, thereby augmenting the microbiome of iBAT. In
supporting this idea, deletion of fat-specific Dgcr8, a subunit of the microprocessor complex
that recognizes and mediates the processing of pri-miRNA into pre-miRNA, resulted in
defective BAT formation and severe cold intolerance [62]. We are currently investigating
whether maternal n-3 PUFA intake alters the miRNA processor activities, thereby increasing
the pri-miRNAs processing rate in the nucleus.

Histone madifications represent another important mode of epigenetic regulation of
transcription in directing cell-lineage specification and tissue-specific gene expression.
Accumulating evidence suggests that BAT development is governed by dynamic changes in
post-translation modification via acetylation and methylation on the N-terminal tail region of
histones[22]. In general, histone acetylation of lysine (K) side chains decreases positive
changes and reduces chromatin compactness, thereby contributing to transcriptional
activation. Histone acetylation is regulated by the balance between histone acetyltransferase
(HAT) and histone deacetylases (HDACS). Jin et al. showed that Gen5/PCAF, a HAT
enzyme, facilitates brown adipogenesis [63]. The inhibition of HDACL1 [30] or HDAC9 is
linked with transcriptional activation of brown adipogenesis [32, 39]. In contrast,
deacetylase activity of HDAC3 is required for thermogenic adipose program [64]. Histone
methylation occurs on lysine (K) or arginine (R) residue, thereby altering the DNA
accessibility to the binding of chromatin modifiers and transcription factors or epigenetic
readers. It is important to note that site-specific H3K9 methylation by G9a represses brown
differentiation [38], while methyl transfer by EHMT1 promotes BAT-selective thermogenic
program [34]. Controversially, deletion of demethylase IMJD1a, demethylase at H3K®9, is
linked with obesity [65, 66]. Another critical epigenetic site for histone methylation is
H3K27. The reduction of H3K27me3 by demethylase enzymes of UTX [30] or IMJID3 [33]
is essential for brown adipogenesis. Recently, the dynamic interplay between histone
acetylation and methylation at H3K27was revealed during brown adipogenesis. The p3-
adrenergic stimulation induced dissociation of HDACL, resulting in increased H3K27
acetylation followed by H3K27me3 demethylation thus allowing transcription in the isolated
brown precursor cells [30].

Most aforementioned epigenetic histone modifications during brown differentiation were
derived from the animals or cells with specific deletions of epigenetic writers (enzymes that
catalyze the addition of epigenetic marks) or erasers (enzymes that catalyze the removal of
epigenetic marks). To our surprise, little information is available about how environmental
factors such as diet modify epigenetic markers for brown adipogenesis. The transcriptional
activation of the fetal brown thermogenic program by n-3 PUFA were linked with altered
PTMs, i.e., enhanced H3K27Ac and diminished H3K27me3, through the coordinated
modulation of epigenetic erasers between HDAC1 and JMJD3. In addition, the enhanced
H3K9me2 status by n-3 PUFA intake was associated with an increase of epigenetic writer
EHMT1 without altering the demethylase IMJD1 (Fig 4A, B). These results unanimously
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suggest that prenatal n-3 PUFA exposure serves as an epigenetic modulator, thereby
potentiating transcriptional brown thermogenic program.

Limitation and future studies

One caveat of our study design is that we cannot distinguish the effects of prenatal n-3
PUFA exposure from the n-3 PUFA supply through lactation. Aware of this limitation, we
plan to conduct new experiments to address the separate role of prenatal BAT development
and lactation by collecting BAT at birth or swapping the pups during the lactation period. To
ascertain the long-term metabolic benefits, we are currently investigating whether maternal
n-3 PUFA intake confers the resistance against high fat diet- induced obesity and insulin
resistance in adulthood. Despite numerous indications in experimental animals, our current
understanding regarding the thermogenic function of n-3 PUFA in humans is inconsistent
[47-54]. In particular, the role of maternal n-3 PUFA supplementation on
thermogenicactivities in offspring, presumably through epigenetic modifications, has yet to
be established. As pregnant women are recommended to take approximately 600~800 mg of
n-3 PUFA daily during pregnancy [67, 68], the exact role of n-3 PUFA on fetal BAT
development and its long-term metabolic benefits through enhanced brown thermogenic
potential should be addressed in humans. Here, we presented initial evidence that fetal BAT
development could be a feasible therapeutic target to attenuate childhood obesity via
maternal n-3 PUFA supplementation.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
. Maternal n-3 PUFA intake potentiates the transcriptional program of the fetal
BAT.
. Maternal n-3 PUFA intake promotes the brown-specific miRNA biogenesis.

. Maternal n-3 PUFA intake alters site-specific histone PTM marks in the fetal
BAT (/.e., H3K27Ac and H3K9me2).

. Maternal n-3 PUFA intake increases energy expenditure in offspring
. Maternal n-3 PUFA intake may result in long-lasting metabolic benefits in
offspring.
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P < 0.001 by Student’s t-test.
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Figure 2.
Maternal n-3 PUFA supplementation enhanced BAT development in offspring at the time of

weaning. A. Gross image of iBAT without (Cont) or with (FO) maternal n-3 PUFA
supplementation. B. Representative microscopic images with H&E staining of iBAT. C.
n-6/n-3 PUFA ratio and arachidonic acid (ARA) content (%) in the iBAT (left) by GC
analysis. D-F. Brown signature gene expressions of Ucp1, Gpr120, Pgcl-a, Cidea, and
Prdm16in all pups (D), female pups (E) and male pups (F) by gPCR. G. Western blot
pattern of UCP1, GPR120, and PRDM16 in the iBAT (left). Relative protein intensities to p-
actin quantified by Image J (right). H. Relative mitochondrial DNA to genomic DNA in the
iBAT (n=6). All data are shown as mean £ SEM. *p < 0.05, **p < 0.01 and ***p < 0.001 by
Student’s t-test.
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Figure 3.

Maternal n-3 PUFA supplementation promoted brown adipogenesis via miRNA biogenesis
at the time of weaning. A. gPCR analysis of miRNAs of miR-30b, 193b, and 365 in all pups
(n=18), B. Schematic diagram of the nuclear processing of pri-miRNA by Drosha. C.
Drosha mRNA expression (n=8) by qPCR, D. Protein levels of Drosha in iBAT (upper), and
its relative intensity to B-actin by Image J (lower). All data are shown as mean £ SEM. *p <
0.05, **p < 0.01 and ***p < 0.001 by Student’s t-test.
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Maternal n-3 PUFA supplementation promoted brown adipogenesis via histone
modifications at the time of weaning. A. Western blot pattern of epigenetic markers of
HDAC1, H3K27Ac, H3K27Me3, H3K9Ac, H3K9me2 (left). Image J was used to determine
the relative status of histone acetylation and methylation at the H3K27 and H3K9 (right). B.
gPCR analysis of epigenetic enzymes of histone methyltransferase £Amt1, and demethylases
of Jmjd3and Jmyjd1. C. Western blot pattern of adipocyte proteins of PPARy, FAS, and aP2
(left). The membrane intensity was quantified by Image J (right). D. Enrichment of
H3K27Ac at the promoter region of Ucpl and Pgcla by ChIP assay in the HIB1B cells that
were differentiated with either vehicle (BSA) or EPA (n=4). All data are expressed as mean
+ SEM. *p< 0.05, **p< 0.01, ***p<0.001 by Student’s t-test.
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Figure 5.
Maternal n-3 PUFA supplementation was associated with metabolic improvement in the

later life of offspring. A. Schematic presentation of experimental design. The pups received
maternal control diet (Cont)- or FO-diet (FO) were weaned at 3 week-old, and maintained
until 11 week-old with no additional dietary modification. B. Average energy expenditure
for 4 days measured by metabolic cages (n=5) C. Average RER (VO,/\VCO,) values for 4
days measured by using metabolic cages (n=5). D. Core body temperature measured by
rectal temperature upon exposure to cold temperature (6°C) for 3 hours (n=6). E. Heat
release captured by IR camera upon 3-hour cold exposure. F. Representative images with
H&E staining of iBAT and iWAT after 24-hour exposure to cold temperature (6°C). Red
arrows indicate the emergence of brown-like structure within iWAT. G. Western blot pattern
of UCP1 in the iBAT and iWAT after 24-hour cold exposure (left). Relative UCP1 levels
were quantified by Image J (right). H. Brown signature gene expressions of Ucpl, Pgcla,
and Prdmi6in the IBAT after 24-hour cold exposure (n=6), I. Gene expression levels of
Ucpl, Pgcla, PPARy and ScercaZb (a responsible gene for calcium- cycling dependent
thermogenesis) in the iWAT after 24-hour cold exposure (n=6). All data are expressed as
mean £ SEM. *p< 0.05, **p< 0.01, ***p<0.001 by Student’s t-test.
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Figure 6.
The proposed mechanism by which maternal n-3 PUFA supplementation potentiates fetal

BAT development via epigenetic modulation. Maternal n-3 PUFA intake provides n-3 PUFA
to the fetus across the placenta. In fetus, activation of GPR120, a membrane sensor for n-3
PUFA, triggers at least two epigenetic modulations, histone modifications, and miRNA
biogenesis. Fetal availability of n-3 PUFA increases CAMP levels and alters PTM marks of
H3K27Ac and H3K9me2, presumably with modulation of epigenetic enzymes including
reduced HDAC1, resulting in enhanced transcriptional activation for brown specific genes,
i.e., Ucpl, Pram16, Ppary, and Pgcla. The augmented transcriptome by histone acetylation
concurrently increases miRNA-gene transcription and Drosha expression, leading to
enhanced nuclear pri-miRNA processing and mature miRNA biogenesis. With this concerted
action of histone modification and miRNA regulation, early exposure to n-3 PUFA

iR 193b
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potentiates transcriptional program of the fetal BAT, which may mediate to long-lasting
metabolic benefits in later life.
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