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Abstract
The cellular mechanisms whereby excess maternal nutrition during pregnancy increases

adiposity of the offspring are not well understood. However, nicotinamide (NAM), a funda-

mental micronutrient that is important in energy metabolism, has been shown to regulate

adipogenesis through inhibition of SIRT1. Here we tested three novel hypotheses: 1) NAM

increases the adipogenic response of human umbilical cord tissue-derived mesenchymal

stem cells (MSCs) through a SIRT1 and PPARγ pathway; 2) lipid potentiates the NAM-

enhanced adipogenic response; and 3) the adipogenic response to NAM is associated with

increased percent fat mass (%FM) among neonates. MSCs were derived from the umbilical

cord of 46 neonates born to non-obese mothers enrolled in the Healthy Start study. Neona-

tal %FM was measured using air displacement plethysmography (Pea Pod) shortly after

birth. Adipogenic differentiation was induced for 21 days in the 46 MSC sets under four con-

ditions, +NAM (3mM)/–lipid (200 μM oleate/palmitate mix), +NAM/+lipid, –NAM/+lipid, and

vehicle-control (–NAM/–lipid). Cells incubated in the presence of NAM had significantly

higher PPARγ protein (+24%, p <0.01), FABP4 protein (+57%, p <0.01), and intracellular

lipid content (+51%, p <0.01). Lipid did not significantly increase either PPARγ protein

(p = 0.98) or FABP4 protein content (p = 0.82). There was no evidence of an interaction

between NAM and lipid on adipogenic response of PPARγ or FABP4 protein (p = 0.99 and

p = 0.09). In a subset of 9 MSC, SIRT1 activity was measured in the +NAM/-lipid and vehicle

control conditions. SIRT1 enzymatic activity was significantly lower (-70%, p <0.05) in the
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+NAM/-lipid condition than in vehicle-control. In a linear model with neonatal %FM as the

outcome, the percent increase in PPARγ protein in the +NAM/-lipid condition compared to

vehicle-control was a significant predictor (β = 0.04, 95% CI 0.01–0.06, p <0.001). These

are the first data to support that chronic NAM exposure potentiates adipogenesis in human

MSCs in-vitro, and that this process involves PPARγ and SIRT1.

Introduction
Nutrition in pregnancy has been shown to affect various aspects of fetal growth and develop-
ment [1]. A maternal high-fat diet (HFD) during pregnancy increases newborn adiposity in
both rodents and in non-human primates [2–4]. In addition to increased macronutrient con-
tent, modulation of adipogenesis may also occur through pathways involving micronutrients
that can interact directly with proteins involved in promoting adipose tissue accretion. Evi-
dence from cell culture models suggests that niacin may be one such “obesogenic”micronutri-
ent, where bone marrow-derived mesenchymal stem cells (MSCs) treated with nicotinamide
(NAM), the amide form of niacin, demonstrated increased adipogenesis in vitro [5]. Further,
niacin treatment has recently been linked to increased risk of new onset diabetes in a large
meta-analysis of clinical trials [6]. However, the mechanism by which niacin induces a greater
adipogenic response and metabolic dysfunction is unclear.

One prominent nutrient sensor that governs adipogenesis is the silent mating type informa-
tion regulation 2 homolog 1 (SIRT1), a NAD(+)-dependent deacetylase. SIRT1 has been
shown in several in-vitro studies to govern adipogenesis in a 3T3L pre-adipocyte cell model
[7]. In addition, SIRT1 governs adipogenesis in-vivo. Adipose-specific SIRT1 knockout mice
have increased PPARγ protein activity, increased adiposity, and metabolic dysfunction [8].
SIRT1 has also been shown to inhibit adipogenic differentiation when stimulated by a pharma-
cologic activator, resveratrol [9]. Importantly, SIRT1 is potently inhibited by NAM suggesting
that nutritional micronutrient levels govern its activity. Likewise, HFD inhibits adipose tissue
SIRT1 activity through proteolysis [10], and its activity is suppressed in the fetal livers of non-
human primate offspring whose mothers consumed a HFD during gestation [11]. Taken
together, these data suggest a pathway whereby dietary fat and NAM promote adipogenesis,
possibly through modulation of a SIRT1 and adipogenic proteins (e.g. PPARγ and FABP4).
Moreover, NAM-mediated inhibition of SIRT1 activity may be one mechanism by which
maternal diet in pregnancy could increase adipogenesis in-utero and fetal adiposity.

Micronutrients have received very little attention as modulators of fetal developmental pro-
gramming. In this study we investigate the effect of nicotinamide, in combination with excess fatty
acids, on SIRT1 activity and the adipogenic response potential of human umbilical cord-derived
mesenchymal stem cells, which represent a fetal stem cell population. We hypothesized that in-
vitroNAM exposure would decrease SIRT1 activity and induce greater adipogenic response and
that co-incubation with lipids would amplify these effects. We also tested the hypothesis that
NAM-induced increases in adipogenic response (e.g. increased protein levels of PPARγ and
FABP4) would be associated with infant adiposity at birth, possibly reflecting the potential for
NAM exposure in-utero to increase adipogenic response in fetuses across a range of fat mass.

Materials and Methods
We cultured human umbilical cord-derived mesenchymal stem cells (MSCs) from umbilical
cord tissue collected from neonates whose mothers were enrolled in the Healthy Start study, a
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longitudinal pre-birth cohort study of ethnically diverse women in Colorado. The Healthy
Start study recruited pregnant women ages 16 and older with a gestational age less than 24
weeks from the obstetrics clinics at the University of Colorado Hospital during 2010–2014.
Women were excluded if they had prior diabetes, a prior premature birth or fetal death, asthma
with active steroid management, serious psychiatric illness, or a current multiple pregnancy.
The Healthy Start study was approved by the Colorado Multiple Institutional Review Board
and all participants provided written informed consent prior to delivery for collection of the
umbilical cord tissue for cell culture purposes (COMIRB #09–0563).

Healthy Start data collection methods have been described in detail elsewhere [12]. Briefly,
with regard to measures used in this study, infant body composition was measured within 72
hours after birth using air displacement plethysmography (Pea Pod). Fat mass and fat-free
mass were estimated from total body mass and percent fat mass (%FM) was generated by cal-
culating the proportion of fat mass over total body mass. Body composition was measured
twice for each infant with a third measurement taken if the two preceding %FMmeasures dif-
fered by more than two percentage points. Values used in this study are the average of the two
closest measures of body composition.

Sample Collection, MSC Isolation and Culture
We collected, cultured, and cryogenically stored 165 samples of unique MSC sets from infants
that make-up the Healthy Start Baby Biology of intra-Uterine Metabolic Programming (Baby-
BUMP) Project, which is the mechanistic arm of the parent Healthy Start study. For the current
study, MSCs from up to 46 individual infants born to non-obese, healthy mothers were ran-
domly selected for experimentation (28 with BMI< 25 kg/m2, 18 with BMI 25–25.9 kg/m2).
These 46 MSC sets (cell passage 3) were used to measure cellular protein content of adipogenic
response markers, PPARγ and FABP4 (detailed in the section entitled Adipogenic Induction of
MSCs). A subset of 9 MSC sets (cell passage 4) was selected for analysis of SIRT1 enzymatic
activity and additional measures (detailed in the sections entitled SIRT1 Activity Assay, Acety-
lation of SIRT1 Target Proteins, and Quantitative PCR Analysis). This subset of 9 was selected
from infants born to normal weight (BMI< 25 kg/m2) mothers and had protein profiles repre-
sentative of the adipogenic response.

At delivery, trained research personnel cut a 4-inch section of the umbilical cord below the
placement of the clamp and rinsed the segment thoroughly with deionized water. The tissue
section was then immersed in PBS with 0.01% penicillin and streptomycin (PEN-STREP) and
stored at 4°C until processing. All tissue samples were processed within 24 hours of delivery.

Umbilical cord tissue was cut into 12, 50–100 mg pieces with 6 pieces arranged equidistant,
Wharton’s Jelly side down, on each of two 10 cm dishes with bovine serum albumin (BSA)
(Sigma-Aldrich, St. Louis, MO, USA) to assist with adhesion of the tissue to the plate. Tissue
was immersed in low-glucose (1.0 g/L) Dubelcco’s Modified Eagle’s Serum (DMEM) supple-
mented with MSC growth factors (MSCGM;Lonza, Walkersville, MD, USA). Cells were then
cultured to 80–100% confluence in MSCGM at which point they were stored in liquid nitrogen
with 0.05% DMSO for cryogenic preservation. We have shown this method to yield cells>98%
positive for MSC markers [13].

Adipogenic Induction of MSCs
For adipogenesis experiments, cells were thawed and sub-cultured to confluence into 10 cm
dishes. At 100% confluence, cells were plated at an approximate cell density of 1x104/cm2 onto
standard 96-well culture plates. Day 0 of experimentation occurred when experimental plates
were 90–100% confluent. Differentiation was induced as described [12]. Briefly, on Day 0
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growth media was replaced with adipogenic induction media (AIM) consisting of low-glucose
DMEM supplemented with 5% fetal bovine serum (FBS), 0.01%-STREP, 1.0 uM dexametha-
sone (DEX), 0.2 mM indomethasone (INDO), and 170 pM insulin [14]. After 3 days of AIM,
media was changed to adipogenic maintenance media (AMM) consisting of low-glucose
DMEM, 5% FBS, 10 units/mL:10 ug/mL PEN:STREP, and 170 nM insulin and incubated for 3
days. Cells were exposed to AIM twice more with a rest period of AMM in between (S1 Table).

For adipogenesis in the presence of NAM and/or lipid, adipogenic induction was performed
as described above, with or without 3 mMNAM and/or lipid (1 mM carnitine + 200 μM oleate
and palmitate in a 2:1, oleate:palmitate ratio, bound to BSA at a molar concentration of 2.5:1).
The four treatment conditions are: -NAM/-lipid (vehicle-control), +NAM/-lipid, -NAM/+lipid,
and +NAM/+lipid. The oleate-to-palmitate ratio that we chose for our lipid exposure condition
is most representative of the physiological lipid composition obtained from the diet [15]. Fur-
ther, the concentration of the lipid is relatively low to limit toxicity to the cells [15]. Prior to
experimentation, a dose-response curve of NAM (2.5, 3.0, 4.5 mM) was performed to determine
the optimal concentration for PPARγ induction (S1 Fig). Ethanol was used as vehicle-control.
On day 21 plates were rinsed twice with PBS and then fixed to culture plates with 4% formalin
diluted in PBS for 5 min at room temperature. Plates were stored in PBS at 4°C until assays were
performed.

In-Cell ELISA (ICE)
Antibody Selection and Optimization. We quantified adipogenic differentiation

response by measuring protein content of PPARγ (Cell Signaling Technology, Inc., Danvers,
MA, USA) and FABP4 (Cell Signaling). We also measured intracellular SIRT1 protein content
(Santa Cruz Biotechnology, Inc., Dallas, TX, USA). Beta(β)-actin was measured for total pro-
tein normalization (Cell Signaling). Primary antibodies for these proteins were selected based
on their successful application by the manufacturer to either immunohistochemistry or in-cell
ELISA platforms. Goat anti-rabbit horseradish peroxidase (HRP)-conjugated secondary anti-
body (Goat 6¼Rabbit; Abcam, Cambridge, MA, USA) was also selected based on this criterion.

Antibody optimization for the ICE was performed on purchased human bone marrow-
derived mesenchymal stem cells (hBM-MSC; Lonza). hBM-MSCs were grown in 96-well plates
for 21 days according to the adipogenic differentiation protocol above (without treatment con-
ditions). Antibody dilutions were optimized in-house, listed in S2 Table. The slope profiles for
each antibody dilution were analyzed. Dilutions presenting with multiple stable slope values
over 5 minute intervals within the 30-minute read time were chosen as optimal dilution factors
for the respective antibody.

ICE Assay Procedure. Cells were permeabilized at room temperature rotating for 1 hour
using permeabilizaton/blocking buffer (0.1% Fraction V BSA, 5% goat serum, 0.3% Triton X-
100, and 0.2% sodium azide in PBS). Wells were rinsed at room temperature for 2x5 minutes
with rotation with rinse buffer (0.01% Fraction V BSA and 1% goat serum in PBS). Primary
antibodies were diluted in antibody buffer (0.1% Fraction V BSA and 5% goat serum in PBS)
and added to all wells, except the no primary control (NPC) wells. Plates were incubated over-
night at 4°C with rotation.

After primary antibodies were removed, wells were rinsed at room temperature for 7x5 min-
utes with rotation using rinse buffer. Goat6¼Rabbit secondary antibody (S2 Table) was added
to all wells and plates were incubated at room temperature for1 hour with rotation. Wells were
then rinsed at room temperature for 3x5 minutes with rotation using rinse buffer, then for 2x5
minutes with rotation using PBS. Wells were emptied and blotted dry on absorbent paper, and
HRP developing solution (Thermo Fisher Scientific Inc., Waltham, MA, USA) was added to all
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wells. Color change was measured at 1-minute intervals for 10 min at 650 nm. Stable slopes for
5 consecutive minutes were used to quantify the content of proteins of interest. All data were
normalized to β-actin protein content.

Lipid Accumulation and Oil-Red-O Staining
Intracellular lipid accumulation in differentiated cells on d21 was measured on cells fixed in
4% formalin and stained with 0.2% Oil Red-O dissolved in 85% propylene glycol for one hour.
Cells were rinsed with 85% propylene glycol (2x) followed by two rinses with deionized water.
Pictures were then taken of representative plate wells using a phase contrast microscope with
a10x objective lens. The ORO stain was then solubilized from the cell by submergence in iso-
propanol for 5 minutes. Lipids were measured on a spectrophotometer (520 nm) with endpoint
analysis and normalized to total protein.

SIRT1 Activity Assay
Cells were grown to confluence in 6 cm petri dishes, differentiated for 9 days (peak adipogen-
esis in the second AIM induction) and 21 days (endpoint of adipogenic induction) using the
adipogenic protocol with and without NAM treatment and harvested in CellLytic lysis buffer
(Sigma-Aldrich) with 0.01% protease inhibitor (Sigma-Aldrich) added. Cell lysate was soni-
cated and centrifuged; the supernatant was flash frozen and stored at -80°C until assay.

SIRT1 protein was extracted from cell supernatant using immunoprecipitation. Briefly, a
1:50 dilution of SIRT1 antibody (Abcam) was added to each sample of cell supernatant and
incubated overnight at 4°C with agitation. The antibody-supernatant mixture was added to a
50% slurry of protein A agrose bead (Cell Signaling) and incubated for 3 hours at 4°C with agi-
tation. SIRT1 protein activity was then measured by fluorometric assay at 350 nm (Abcam)
according to the manufacturer’s protocol for quantification of SIRT1 activity.

Total SIRT1 protein was measured simultaneously by Simple Western size-based protein
assay (WES, ProteinSimple, Santa Clara, CA) following manufacturer’s protocol. Results from
WES were analyzed using ProteinSimple Compass software. SIRT1 activity in each cell set was
normalized to the cell set’s total SIRT1 protein as measured by WES.

Acetylation of SIRT1 Target Proteins
PPARγ and β-catenin are directly de-acetylated by SIRT1 [16, 17]. Therefore, as an additional
measure of SIRT1 deacetylase activity, we quantified acetylated protein content of these specific
proteins in the same representative sample of 9 cell sets described above at day 9 of adipogenic
differentiation. Total acetylated protein was immunoprecipitated from cell supernatant using
an antibody to acetylated lysine as described above and the content of PPARγ and β-catenin in
the immunoprecipitant was measured on WES, and expressed relative to total PPARɣ and β-
catenin protein that was also measured on WES. Antibody specifics for WES are listed in S2
Table. Total acetylated protein was normalized to total protein, as measured by WES, in the
respective cell sets.

Quantitative PCR Analysis
Cells were rinsed with PBS (x2) and then harvested in Buffer RLT (Qiagen, Valencia, CA) with
1% 2-mercaptoethanol (Bio-Rad, Hercules, CA, USA). Total RNA was isolated using RNeasy
Plus mini kit (Qiagen, Valencia, CA, USA). Total RNA (0.5 μg) was reverse transcribed using
the iScript cDNA synthesis kit (Bio-Rad). Quantitative PCR was performed using primer sets
for genes of interest and reference genes (designed using NCBI’s Primer3/BLAST) and iTaq
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Universal SYBR Green Supermix (Bio-Rad) following manufacturer's protocols. Reactions
were run in duplicate on an iQ5 Real Time PCR detection system (Bio-Rad) along with a no-
template control per gene. Validation experiments were performed to demonstrate that effi-
ciencies of target and reference genes were approximately equal. Data were normalized to three
reference genes using the comparative Ct method. Gene names and primer sequences are listed
in S3 Table.

Statistical Analysis
All analyses were conducted with Type I error rate set to 0.05, using SAS 9.4 (SAS Institute,
Cary, North Carolina).

We conducted MANOVA by fitting a separate general linear multivariate model for each
protein marker (day 21 PPARγ, SIRT1, and FABP4). The four treatment conditions (vehicle-
control, +NAM/-lipid, -NAM/+lipid, +NAM/+lipid) correspond to the elements of a complete
two-by-two factorial design. Thus, we tested for the effect of NAM across lipid conditions
(main effect of NAM), the effect of lipid across NAM conditions (main effect of lipid), and the
interaction between NAM and lipid. Specifically, within the MANOVA we used the Hotelling-
Lawley trace to consider the NAM by lipid interaction. If the interaction was non-significant,
we tested the main effect of lipid across NAM conditions and the main effect of NAM across
lipid conditions. We did not account for multiple comparisons, because we conducted a
planned sequence of a priori hypothesis tests for only three protein outcomes. We used regres-
sion diagnostics to examine the assumptions of multivariate normality of the residuals.

In our sub-sample (N = 9) of the full dataset (N = 46), we used the Wilcoxon signed rank t-
test for matched pairs to compare vehicle-control to +NAM/-lipid for the outcomes of ORO,
SIRT1 activity, acetylated SIRT1 target proteins, and gene expression.

The percent change in PPARγ protein content in response to +NAM/-lipid treatment was
expressed relative to the vehicle-control cells and defined as 100% times the ratio of the mean
difference in PPARγ protein content between the +NAM/-lipid condition and the vehicle-
control condition (numerator), over the mean PPARγ protein content in the vehicle-control
(denominator). The percent increase for FABP4 was calculated similarly.

To examine the association between adipogenic response in the MSCs and the outcome of
%FM at birth in the neonate, we fit a general linear univariate model. The two predictors were
percent increase in PPARγ and FABP4. We produced 95% confidence intervals for the beta
coefficients of the models, as measures of the association between adipogenic response to
NAM treatment and adiposity in the neonate.

All data will be made available upon request to the authors.

Results

NAM Increased PPARγ on Day 9 in MSCs
We investigated the effects of NAM at day 9 of differentiation, and as expected, we observed a
significant increase in PPARγmRNA content between the vehicle-control and NAM condi-
tions (+47%, p<0.01) (Fig 1A). SIRT1 activity was unchanged between the vehicle-control
treated cells and the NAM-treated cells on day 9 of adipogenic differentiation (Fig 1B) as were
levels of acetylated PPARγ and β-catenin (Fig 1C and 1D). However, interestingly, NAMPT
mRNA, the rate limiting enzyme in the NAD+ salvage pathway that normally increases SIRT1
activity [18] was significantly lower in the NAM-treated cells compared to the vehicle-control
treated cells (-34%, p<0.01) (Fig 1E).
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NAM Incubation Decreased SIRT1 Activity in Differentiated MSCs
We compared the effect of NAM and lipid treatments over 21 days of differentiation, with the
hypothesis that this would decrease SIRT1 protein content. There was no significant interac-
tion between lipid and NAM (p = 0.51). However, there was a significant main effect of NAM
on SIRT1 protein (+20%, p<0.01) across lipid conditions (Fig 2A). However, SIRT1 enzyme

Fig 1. Effects of NAM (3mM) incubation during adipocyte cell differentiation in humanMSC. Cells were harvested at day 9
of differentiation and mRNA expression of PPARγ (A), SIRT1 enzyme activity (B), and acetylation of SIRT1 protein targets,
PPARγ (C) and β-catenin (D), and mRNA expression of NAMPT (E) in the vehicle-control and NAM only conditions as described
in Methods. N = 9 per group. *p<0.05 vs. vehicle-control.

doi:10.1371/journal.pone.0159575.g001

Fig 2. Effects of NAM (3mM) and lipid (200uM) during adipose differentiation on SIRT1 protein and
enzyme activity. SIRT1 protein content in MSCs measured by ICE assay at day 21 in all four treatment
conditions in the full experimental cohort of 46 cell sets (A). A representative sample of 9 sets of cells from the
46 experimental sets was used for SIRT1 enzyme activity at day 21 in vehicle-control and NAM conditions
only (B). *p<0.05 for t-test of NAM vs. vehicle-control; #p<0.05 for main effect of NAM regardless of lipid
treatment using MANOVA.

doi:10.1371/journal.pone.0159575.g002
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activity was suppressed significantly at day 21 of differentiation in NAM-treated cells by an
average of 71% (p = 0.01) (Fig 2B).

NAM but Not Lipid Increases Adipogenic Markers in Terminally
Differentiated MSCs
To test the effects of lipid and NAM on differentiation, we measured PPARγ and its down-
stream target FABP4 on day 21 of differentiation. The interaction between NAM and lipid
treatment was non-significant for PPARγ and FABP4 protein (p = 0.99 and p = 0.09 for each,
respectively). When testing for the main effects we found that NAM treated cells had signifi-
cantly greater PPARγ and FABP4 protein content regardless of lipid treatment (PPARγ +24%,
p<0.01; FABP4 +57%, p<0.01), whereas there was no significant main effect of lipid on either
(p = 0.98 and p = 0.82 for each, respectively) (Fig 3A and 3B). Further, lipid accumulation, as
measured by ORO was significantly greater in cells treated with NAM, compared to vehicle-
control (+51%, p<0.05) as shown in Fig 3C and 3D.

Adipogenic Response to NAM in MSCs is Associated with Infant
Adiposity at Birth
We compared the NAM-induced adipogenic response in MSCs with the %FM of the neonate
from which the cells were derived (Fig 4). In investigating the independent associations
between PPARγ and FABP4, we found that the percent change in PPARγ protein between the
NAM (+NAM/-lipid) and vehicle-control condition was significantly and independently asso-
ciated with neonatal %FM at birth (β = 0.04, 95% CI 0.01–0.06, p<0.001) while the percent
increase in FABP4 protein was not associated with %FM (p = 0.53) when adjusted by PPARγ.

Discussion
The present study tested the hypothesis that SIRT1 may be involved in micronutrient-induced
enhancement of adipogenic differentiation of human MSCs. Our results suggest that NAM
inhibits SIRT1’s activity during adipogenic differentiation and increases adipogenic protein
markers in MSCs. While this is the first study to demonstrate this effect in human MSCs, our
results are consistent with other cell culture studies of the effect of SIRT1 inhibitors on adipo-
genic cell fate using different species and cell lines [5, 19].

We have also shown in this study that lipid exposure did not increase adipogenic protein
markers in our MSCs; rather NAM exposure appeared to account entirely for the increased
adipogenic response in the NAM-only and co-incubated NAM and lipid conditions. Intracellu-
lar lipid accumulation in the NAM condition was also significantly higher than the vehicle-
control condition. Together these results suggest that NAMmay accelerate adipogenesis even
in the absence of lipids. However, whether NAM is capable of inducing adipogenesis alone,
without concomitant adipogenic induction, is not known. Further, our failure to induce greater
adipogenesis with lipid treatment may be due in part to our attempt at mimicking a physiologi-
cally relevant fatty acid concentration ratio of oleate-to-palmitate [15, 20] whereas other stud-
ies of fatty acid-induced adipogenesis have used much higher lipid doses [21, 22].

Our study showed a potentially delayed effect of chronic exogenous NAM exposure on reduc-
ing SIRT1 action during adipogenesis in that SIRT1 activity was not significantly reduced until
terminal adipogenic differentiation (day 21). Our early analysis on day 9 showed that NAM treat-
ment appeared to reduce the key NAD+ salvage pathway enzyme, NAMPT. The intracellular de-
novo synthesis of NAD+ from NAM is dependent on the NAD+ Salvage Pathway that involves
the rate-limiting enzyme, NAMPT. The availability and activity of NAMPT is essential for
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maintaining the NAD+-to-NAM ratio and is therefore important for regulating SIRT1 activity
[18, 23, 24]. In a murine model of MSC cell fate, Yi and colleagues demonstrated that the NAMPT
inhibitor, FK866, increased intracellular NAM levels and decreased SIRT1 activity which subse-
quently increased PPARγ expression, lipid accumulation, and adipocyte formation [19].

Fig 3. NAM increases PPARγ, FABP4, and lipid content in MSC-derived adipocytes.MSCs were incubated
with standard differentiation media for 21 days +/-NAM (3mM) as described in Methods. Protein content at day 21
was measured by ICE assay in all treatment conditions (A and B) (N = 46). *p<0.05 for t-test of NAM vs. vehicle-
control; #p<0.05 for main effect of NAM regardless of lipid treatment using MANOVA. A representative sample of 10
sets of cells from the 46 experimental sets was used for day 21 Oil-red O staining (ORO); lipid accumulation
measured by ORO in vehicle-control and NAM conditions only and normalized to total protein content (C and D);
the scale bar represents 500 pixels. Photographs were taken with a 10x objective lens on a phase contrast
microscope. Photographs are for representative purposes only; quantitative assessment of ORO staining was
obtained using spectrophotometric measures. A representative sample of PPARγ protein as measured byWES is
shown in (E).

doi:10.1371/journal.pone.0159575.g003
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In our experimental model, the early reduction in NAMPT expression would potentially
diminish the intracellular pool of NAD+ and increase the endogenous levels of NAM. This
decreased NAD-to-NAM ratio could compound the direct inhibitory effects of the exogenous
NAM, possibly reaching a threshold later in the adipogenic induction, which could explain
why SIRT1 activity was not significantly lower in the NAM condition until day 21 of adipo-
genic differentiation. There was a slightly higher SIRT1 protein content at day 21 in the NAM
conditions despite significantly reduced SIRT1 enzyme activity (+70%) at this same time point.
This discordance may be due, in part, to a compensatory response of the SIRT1 enzyme to the
reduced availability of the NAD+ substrate for enzyme activity possibly resulting from the
early (day 9) reduction in NAMPT. However, in several studies NAMPT was reportedly
increased during adipogenic induction of 3T3-L1 cells [22, 25], therefore suggesting that under
normal adipogenic conditions NAMPT is up-regulated presumably to accommodate the
increased demand for NAD+. It remains unknown, however, how NAM directly impacts
NAMPT expression and activity and therefore this finding and proposed mechanism requires
further investigation. Further, the increase in PPARγ in the early phases of differentiation with-
out a change in SIRT1 activity suggests that the effects of NAM on PPARγ expression in early
adipogenesis are not straightforward, and could be governed by other early factors that affect
PPARγ expression (e.g. C/EBPs, CREB, or OCT1).

Importantly, this is the first study to demonstrate a significant association between in-vitro
markers of adipogenesis in the MSCs treated with NAM and in-vivo neonatal adiposity at birth
in the infants from which the cells were derived; infants with greater adiposity at birth had cor-
respondingly larger percent changes for cellular PPARγ in response to NAM treatment. This
finding, notably in cells derived from infants born to non-obese mothers, suggests a potential
adipogenic susceptibility of MSCs to excess NAM exposure in-utero. Further, given that the
MSC population is retained throughout an individual’s lifetime, this MSC model of adipogen-
esis and NAM exposure also highlights the potential for postnatal sensitivity to dietary NAM-
enhanced adipogenesis.

In addition to its novelty, our study has several significant strengths. Most importantly is
the relevance of the MSC model for studying in-utero and postnatal adipogenic mechanisms
in human offspring given that they are sourced directly from fetal tissue and are precursor cells
to adipose tissue as well as other metabolically active tissues. Furthermore, the parent study,

Fig 4. Scatter plots depicting the correlation between neonatal adiposity and the percent change of PPARγ (A) and FABP4
(B) protein content at day 21 between vehicle-control and NAM only conditions (N = 46).

doi:10.1371/journal.pone.0159575.g004
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Healthy Start provides extensive phenotyping of participants both during pregnancy and post-
natally. This has facilitated our ability to take in-vitromeasures of adipogenesis and compare
them to in-vivo adiposity of the participating infants, therefore helping to generalize our find-
ings to living, intact human systems. The detailed information available from Healthy Start
will also allow future mechanistic investigations using the BabyBUMP Project sample into the
impact of other pregnancy and postnatal exposures on fat, muscle, bone, and some neuronal
tissue development.

In conclusion, our study has shown the potentially “obesogenic” effect of excess NAM in-
vitro. NAM is ubiquitous in the diet and may be even more prevalent in diets with high con-
sumption of processed grains and animal products. Among pregnant women specifically, addi-
tional NAM, and not nicotinic acid is consumed through prenatal vitamins [26]. In the context
of our in-vitro results presented here, further investigation is needed to determine whether
maternal NAM consumption during pregnancy in a free-living human population contributes
to greater infant adiposity at birth.

Supporting Information
S1 Fig. A dose-response curve of NAM (2.5, 3.0, 4.5 mM) was tested to determine the opti-
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S2 Table. Antibodies and their dilutions for the differentprotein detection methods used in
this study.
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S3 Table. Gene names and primer sequences for PCR analysis.
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