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Abstract

Gestational hypoxia inhibits mitochondrial function in the fetal heart and placenta contributing to fetal growth restriction
and organ dysfunction. NAD + deficiency may contribute to a metabolic deficit by inhibiting oxidative phosphorylation and
ATP synthesis. We tested the effects of nicotinamide riboside (NR), an NAD + precursor, as a treatment for reversing known
mitochondrial dysfunction in hypoxic fetal hearts. Pregnant guinea pigs were housed in room air (normoxia) or placed in a
hypoxic chamber (10.5%0,) for the last 14 days of gestation (term =65 days) and administered either water or NR (1.6 mg/
ml) in the drinking bottle. Fetuses were excised at term, and NAD + levels of maternal liver, placenta, and fetal heart ventri-
cles were measured. Indices of mitochondrial function (complex IV activity, sirtuin 3 activity, protein acetylation) and ATP
synthesis were measured in fetal heart ventricles of NR-treated/untreated normoxic and hypoxic animals. Hypoxia reduced
fetal body weight in both sexes (p =0.01), which was prevented by NR. Hypoxia had no effect on maternal liver NAD + levels
but decreased (p =0.04) placenta NAD + levels, the latter normalized with NR treatment. Hypoxia had no effect on fetal heart
NAD + but decreased (p < 0.05) mitochondrial complex IV and sirtuin 3 activities, ATP content, and increased mitochondrial
acetylation, which were all normalized with maternal NR. Hypoxia increased (p < 0.05) mitochondrial acetylation in female
fetal hearts but had no effect on other mitochondrial indices. We conclude that maternal NR is an effective treatment for
normalizing mitochondrial dysfunction and ATP synthesis in the hypoxic fetal heart.
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Introduction

Gestational hypoxia is a significant pregnancy complication
that affects both the mother and fetus. Chronic intrauterine
hypoxia inhibits mitochondrial function and generates oxi-
dative stress in both the placenta and fetal organs includ-
ing the heart [1-4]. Mitochondrial function is central to the
generation of the cell’s energy supply, which is regulated by
the delivery of NADH to complex I in the respiratory chain
for the generation of ATP. Hypoxia inhibits mitochondrial
respiration by reducing oxygen availability for ATP synthe-
sis, increasing ROS (reactive oxygen species) formation,
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and reducing NAD + levels, all of which inhibit oxidative
phosphorylation [5]. Thus, we hypothesize that gestational
hypoxia reduces NAD + levels in fetal organs, which gener-
ates a significant metabolic deficit affecting fetal growth,
development, and organ function.

NAD + (nicotinamide adenine dinucleotide) is the most
abundant molecule in the body [6] and a cofactor impor-
tant in hundreds of enzymatic reactions including oxida-
tive phosphorylation (OXPHOS) [7]. It also activates
NAD + -dependent enzymes such as mitochondrial sirtuins
(SIRTs), for deacetylation of proteins of the respiratory
chain [7, 8].

Several dietary NAD + substrates including nicotina-
mide (NAM), nicotinic acid, nicotinamide mononucleotide
(NMN), and nicotinamide riboside (NR) can be delivered
to the cell and converted to NAD + by ectoenzymes (CD38)
at the plasma membrane and/or enter the cell via membrane
transporters (e.g., ENTs and SLCs) and then converted
to NAD + through its salvage pathway [6]. Intracellular
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NR generates NAD + after being converted to NMN by
NRK1/2 (nicotinamide riboside kinase). NR is the preferred
NAD + precursor, over other precursors, because of its high
oral bioavailability, greater efficiency in cellular uptake, and
increases NAD +levels in humans with fewer side effects,
such as flushing [6, 8, 9].

Few studies have investigated the role of NAD +in preg-
nancy and fetal organ function and, particularly, under con-
ditions of chronic hypoxia. Yet, NAD + deficiency plays a
causal role in aging [10], obesity [11], and heart disorders
[12, 13], generating multiple clinical trials (clinicaltrial.
gov) on the treatment benefits of NAD + precursors. In the
adult heart, NAD + deficiency is causally linked to mito-
chondrial and contractile dysfunction via hyperacetylation
of mitochondrial proteins [13—17]. In early development,
NAD +deficiency contributes to congenital malformations
in several organs including the heart [18] and plays a role in
preeclamptic pregnancy, where both maternal hypertension
and fetal growth restriction are reversed with NR treatment
in a mouse model of elevated soluble Flt1 levels [19].

Chronic intrauterine hypoxia impairs contractile [20,
21] and mitochondrial [22-25] function in fetal hearts, and
downregulates fetal cardiac mitochondrial respiratory com-
plex L, I, and V subunits, and alters complex I and IV activ-
ity rates [25]. Chronic hypoxia inhibits oxygenases of the
NAD + synthetic tryptophan pathway [26], as well as, sirtuin
activity of fetal cardiac mitochondrial proteins [27]. Sirtuin
3 (SIRT3) is an NAD + -dependent deacetylase [28] and the
most important mitochondrial SIRT whose activity regulates
protein acetylation of respiratory complex subunits I and
IV [29]. SIRT3 knockout mice exhibit hyperacetylation of
OXPHOS enzymes, reduced ATP, and cardiac hypertrophy
[30]. Thus, the effects of hypoxia on NAD + levels identify
an important link between mitochondrial respiration, SIRT3
activity, and NAD +regulation [7]. The aim of this study is
to investigate the role of NR administration as a treatment
for normalizing conditions of impaired mitochondrial res-
piratory function in the hypoxic fetal heart [22-25].

Methods
Animal Model

Hartley guinea pigs were purchased from Elm Hill Labs
(Chelmsford, MA) and housed under conditions of 12 h of
light/12 h of dark with free access to food and water. Timed-
mated pregnant Hartley guinea pigs were exposed to either
normoxia (room air, N=27) for the entire pregnancy or
placed in a hypoxic (10.5%0,, N=30) environment for 14d
duration from 50- to 64-day gestation (term =65-day gesta-
tion). This gestational age of HPX exposure corresponds
to the period of rapid fetal growth, post organogenesis,
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placental maturation, and greatest oxygen utilization by the
guinea pig fetus [31]. The hypoxic chamber consists of a
plexiglass box where animals are housed in individual con-
tainers with food and water. Oxygen levels in the chamber
are reduced to 10.5%0, with N, gas mixed with room air,
monitored with an O, sensing probe (Reming Bioinstru-
ments, Redfield, NY) and regulated by a servo-controlled
feedback regulator. Excess CO, and H,O vapor are scrubbed
with soda lime and silica gel, respectively, placed in sepa-
rate containers. All animals are housed in a temperature-
controlled room with a light/dark cycle every 12 h. Nor-
moxic and hypoxic pregnant animals were administered
ad libitum either water or nicotinamide riboside (NR) in
their drinking bottles for the last 14 days of pregnancy (50-
to 64-day gestation). Food (g/day/kg) and water (ml/day/
kg) intake rates were measured every other day. NR was
administered at a single concentration of 1.6 mg/ml in the
water bottle, and achieved a dose range of 117-151 mg/kg/
day determined by the animal’s water intake rate. This dose
was based on acquiring a significant increase in maternal
liver NAD + levels, which confirmed oral bioavailability in
pregnant sows. Dose ranges of 15 mg/kg/day in humans [9]
and 185-300 mg/kg/day in rodents [8, 9] are considered safe
and effective. Nicotinamide riboside chloride salt was pro-
vided as a gift from ChromaDex, Inc (Irvine, CA).

Extraction of Fetal Tissue

At 64-day gestation, pregnant sows were anesthetized with
ketamine (80 mg/kg, s.c.) and xylazine (6 mg/kg, s.c.),
administered a lidocaine (2%) skin block, and an abdom-
inal incision and hysterotomy performed for fetal extrac-
tion. Anesthetized fetuses were removed from the uterus;
the placenta detached from uterine wall, fetuses, and pla-
centas weighed. Fetal organs (heart, liver, kidney, and
brain) of untreated and NR-treated normoxic and hypoxic
animals were extracted and weighed and normalized to
their respective fetal body weight as relative organ weight
(organ wt/fetal body wt). Placentas and fetal heart left ven-
tricles were excised and immediately frozen in liquid N,
and stored in — 80 °C until the time of the assay. The right
lobe of the maternal liver was also excised and frozen for
NAD + analysis.

Mitochondrial Protein Extraction

To obtain mitochondrial fractions of fetal heart ventricles,
20-30 mg frozen pieces were ground with a mortar and pes-
tle in liquid N, and resuspended in 800 pl of ice-cold homog-
enization buffer. The mitochondrial fraction was isolated by
a standard differential centrifugation method [22, 24]. The
pellet containing the mitochondrial fraction was resuspended
in 1 X RIPA Lysis Buffer (Millipore, Burlington, MA) and
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supplemented with 1 X protease inhibitor cocktail tablet
(Roche Diagnostics, Munich, Germany). This procedure
generates mitochondrial fractions [32] without contamina-
tion. Protein concentrations were determined by the Bio-Rad
Protein Assay (Bio-Rad, Hercules, CA). Mitochondrial frac-
tions were used for Western immunoblot and measurement
of SIRT3 and CIV enzyme activities.

NAD + Analysis

NAD +levels were measured using a NAD/NADH-Glo™
Assay (Promega, Madison, WI). Briefly, 10-20 mg frozen
maternal liver, placenta, and fetal heart ventricles were
ground into powder in liquid N, and added to PBS/bicarbo-
nate buffer according to the manufacturer’s instructions. An
aliquot was obtained for determination of protein concentra-
tion using the Pierce 660 nm Protein Assay (ThermoFisher,
Lanham, MD) method. NAD/NADH-Glo™ Detection Rea-
gent was added to each microplate well, shaken, and incu-
bated at room temperature for 30-60 min, and luminescence
was recorded using a luminometer. Tissue NAD + content
was measured as nMoles/mg protein (liver) or pMoles/mg
protein (placenta and fetal heart) from the standard curve.

Western Immunoblot

Isolated mitochondrial protein (20-30 pg) were loaded onto
precast 4—12% Bis-Tris mini gels (Invitrogen, Waltham, MA)
for gel electrophoresis and then transferred to a PVDF mem-
brane. Acetylation of mitochondrial proteins was detected
by anti-acetylated-lysine (Ac-K>-100) (1:1000, Cell Signal-
ing Technology). For mitochondrial fractions of fetal heart
ventricles, VDAC/Porin (1:1000)(Abcam, Cambridge MA)
was used as the loading control [27]. Density values of each
of the sample bands were normalized to their correspond-
ing loading control as relative expression. A peroxidase-
conjugated secondary antibody (SeraCare Life Sciences,
Gaithersburg, MD) was used for all immunoblots.

SIRT 3 Activity Assay

SIRT3 is a mitochondrial NAD + -dependent deacetylase
[28]. SIRT3 activity of mitochondrial fractions of fetal heart
ventricles was measured using the SIRT3 Activity Assay
Kit (Abcam, Cambridge MA) per the manufacturer’s proto-
col. Briefly, 50 pg of mitochondrial protein was added into
individual microplate wells containing a designated amount
of fluorescence-labeled acetylated substrate peptide, nico-
tinamide adenine dinucleotide (NAD), and the developer.
Fluorescence intensity was measured (Excitation at 350 nm/
Emission at 450 nm) for 30 min at 1-min intervals by the
microplate reader (BioTek, Winooski, VT). Enzyme activity
rate was calculated as AOD/min.

Cytochrome c Oxidase (Complex IV Subunit) Activity

Complex IV (cytochrome c oxidase) activity is responsible
for reduction of O, to H,O and is a measure of the oxidative
capacity of the respiratory chain. Cytochrome c oxidase activ-
ity of fetal heart ventricles was measured colorimetrically
following the oxidation of reduced cytochrome c (ferrocy-
tochrome c¢). Mitochondrial protein (4 pg) was selected for
an optimal reaction rate and added to a 96-well plate contain-
ing the assay buffer (10 mM Tri-HCl, pH 7.0, and 120 mM
KCl) plus 0.04 mM reduced cytochrome ¢ (Sigma-Aldrich, St.
Louis, MO) [33]. The OD values generated by oxidation of the
reduced cytochrome ¢ were measured as a decrease in absorb-
ance at 550 nm in a 96-well plate reader (BidTek, Winooski,
VT) at 10-s intervals. The reaction rates of each sample were
directly determined from a tangent drawn on the reaction curve
at the 3-min time interval [34]. Cytochrome c oxidase activity is
measured as units/mg protein derived from the following equa-
tion, AOD/time)/e X protein (mg), where e =7.04 mM~'em™L.

Fetal Heart ATP Content

Tissue ATP content was measured in frozen fetal heart ven-
tricles of each treatment group. Tissue lysates were gener-
ated by homogenizing tissue, sitting on ice, in 100 ul ATP
Assay buffer with a Dounce homogenizer. ATP content
was obtained using a Fluorometric ATP Assay kit (Abcam,
Cambridge MA) by following the manufacturer’s protocol.
Briefly, 50 pl of Reaction Mix from the assay kit was mixed
with 50 pl of lysates in a 96-well microplate. Fluorescence
of signal was detected at excitation at 535 nm and emis-
sion at 587 nm on a microplate reader at 5-min interval for
30 min (BioTek, Winooski, VT). Sample ATP levels were
measured in duplicate and averaged. ATP content of each
sample was derived from the standard curve, normalized to
their mg protein, and calculated as nM/mg protein.

Statistical Analysis

Data are expressed as means + SE. Each N value represents
a single fetus. A total number of 18 normoxia (NMX), 18
hypoxia (HPX), 9 NMX+NR, and 12 HPX + NR pregnant
sows were generated to obtain male and female fetuses from
each group. N values varied for each group because multiple
fetuses from the same litter were needed to complete all
assays due to the limitation of fetal heart tissue availability.
Fetal body weight characteristics were generated from all
of the fetuses used in the study. Statistical analysis was per-
formed using Systat software (San Jose, CA). Comparisons
between the four treatment groups were made using one-
way ANOVA. If differences between means were significant
(p <0.05), a post hoc analysis using the Holm-Sidak method
was performed to identify differences between groups. For
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Western blot analysis, comparisons between two groups
loaded onto a single gel were made using Student’s 7 test.

Results

Effects of Hypoxia and NR Treatment on Fetal Body
and Organ Weights

Food intake rates were similar between all 4 treatment
groups (Table 1). Water intake rates were similar in all but
HPX + NR, which was significantly decreased (p=0.01).

The decrease in volume intake in HPX animals compared to
the other 3 treatment groups (i.e., NMX, HPX, NMX + NR)
accounted for the significant decrease in the NR dose in
HPX animals.

Chronic hypoxia generates a significant decrease (p=0.01)
in fetal body weight along with an increase (p <0.01) in the
relative placenta weight in both sexes (Table 1), demonstrating
a compensatory response of the placenta to HPX. NR treat-
ment normalized the decrease in body weight in HPX fetuses
of both sexes compared to NMX but had no effect on body
weight of NMX fetuses. In male fetuses, hypoxia also decreased
(p=0.005) absolute fetal heart, but had no effect on relative

Table 1 Effects of chronic

hypoxia and nicotinamide Control Nicotinamide riboside
riboside (NR) on fetal organ Pregnant sows NMX HPX NMX HPX
weights N values 18 18 9 12
Food Int (g/d/kg) 41.7+1.8 42.1+£29 42.2+3.30 37717
Volume Int (ml/d/kg) 100.6+12.3 131.9+18.5 949+11.0 76.6 £6.0*
NR dose (mg/d/kg) 0.0 0.0 151.0+16.8 117.0+7.6*
Fetal weights Males
Control Nicotinamide riboside
NMX HPX NMX HPX
N values 23 18 10 16
Absolute Wt
FBW(g) 92.7+3.19 81.2+1.63* 94.8+4.94 89.0+3.20
Plac Wt (g) 4.65+0.23 4.92+0.28 4.71+0.25 5.61+0.33
FHt (g) 0.53+0.02 0.45+0.017 0.53+0.03 0.51+0.01
FBr (g) 2.63+0.03 2.51+0.04 2.66+0.05 2.60+0.04
Relative Wt
Plac/FBW 0.0499+0.0016  0.0607 +0.0035+  0.0498 +0.0017 0.0633 +0.0030+
FHY/FBW 0.0058+0.0002  0.0055 +0.0002 0.0056 +0.0002 0.0058 +0.0002
FBr/FBW 0.0289+0.0009  0.0310+0.0005 0.0285+0.0011 0.0295 +0.0008
Females
Control Nicotinamide riboside
NMX HPX NMX HPX
N values 19 18 12 15
Absolute Wt
FBW(g) 98.2+4.04 79.1+3.78* 88.6+5.23 85.8+4.31
Plac Wt (g) 4.96+0.21 4.73+0.21 4.48+0.18 5.12+0.20
FHt (g) 0.56+0.02 0.47+£0.027 0.50+0.027 0.47+0.027
FBr (g) 2.58+0.03 2.43+0.06 2.51+0.05 2.56+0.05
Relative Wt
Plac/FBW 0.0507+0.0012  0.0611+0.0030f 0.0542+0.0029 0.0613 +£0.00327F
FHt/FBW 0.0057+£0.0001  0.0062 +0.0004 0.0060 +0.0003 0.0056 +0.0001
FBr/FBW 0.0268 +0.0009  0.0315+0.00107  0.0313+0.0022 0.0306+0.0012
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NMX normoxia, HPX hypoxia, F fetal, BW body wt, Ht heart, Br brain, Plac placenta, Int intake

Comparisons between treatments using one-way ANOVA with statistical significance (P <0.05) indicated
by an asterisk from their respective NMX control. If P<0.05, then a post hoc analysis using Holm-Sidak

method was performed to identify differences between groups

*p<0.05, tp<0.01 vs NMX control
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fetal organ weights compared to NMX controls. NR treatment
prevented the decrease in heart weight in HPX fetuses and were
similar to NMX controls. In females, HPX decreased (p=0.01)
absolute fetal heart weight and increased (p =0.008) relative
brain weight. NR treatment did not prevent the decrease in fetal
heart weight in HPX fetuses but did normalize the increase in
relative fetal brain weight. The increase in fetal brain weight rel-
ative to body weight indicates a brain sparing effect to hypoxia
as a mechanism for improving organ survival.

NAD +Levels

Hypoxia had no effect on maternal liver NAD +levels com-
pared to NMX controls (Fig. 1). However, oral administra-
tion of NR increased hepatic NAD + levels under conditions
of both normoxia (p=0.03) and hypoxia (p =0.04). Hypoxia
significantly (p=0.04) reduced NAD +levels in placentas by
27% compared to NMX controls. NR treatment normalized
NAD +levels of HPX placentas to levels similar to NMX con-
trols but had no additional effect in NMX placentas. In contrast,
HPX had no significant effect on NAD +levels in fetal heart
ventricles. NR administration slightly elevated NAD + levels
in HPX hearts although there was no significant difference

Fig. 1 Tissue NAD +levels

of maternal liver, placenta,
and fetal heart ventricles in
response to 4 treatments (nor-
moxia (NMX), hypoxia (HPX,
10.5%0,, 14 days), NMX plus
NR (nicotinamide riboside,

14 days) or HPX plus NR

(14 days)). *p<0.05. n=6 in
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the bioavailability of oral maternal NR to the placenta.

SIRT3 Activity Rate

To determine the effectiveness of NR administration on
its NAD + -dependent molecular targets such as SIRT3,
we measured the catalytic activity using isolated fetal
heart mitochondria (Fig. 2). Chronic hypoxia decreased
(p=0.04) SIRT3 activity in males but not females com-
pared to their NMX controls. NR administration increased
(p=0.006) SIRT3 activity in HPX males compared to
the HPX untreated controls, despite a lack of change in
NAD + levels. In females, hypoxia had no significant
effect on SIRT3 activity although NR treatment increased
(p=0.004) SIRT3 activity in HPX hearts compared to
untreated controls.

Mitochondrial Acetylation Levels

Acetylation of proteins is a posttranslational modifica-
tion that inhibits the activity of enzymes and targets
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mitochondrial complex subunits in the respiratory
chain [35]. Protein acetylation was identified as strong
bands of acetylated-lysine at ~ 20 kDa, which is associ-
ated with respiratory complex I (NDUFB8) in guinea
pig fetal heart ventricle [27]. Hypoxia significantly
increased acetylation in both male (p =0.04) and female
(p =0.46) heart mitochondria (Fig. 3). Maternal treat-
ment of NR reduced mitochondrial acetylation in both
male (p =0.002) and female (p =0.01) HPX hearts com-
pared to their untreated HPX controls. Maternal NR sig-
nificantly (p =0.005) reduced mitochondrial acetylation
levels in NMX hearts of females but not males (data not
shown).
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Fig.3 Effects of hypoxia and nicotinamide riboside (NR) on protein
acetylation of isolated mitochondria from fetal heart ventricles from
male (top) and female (bottom) animals exposed to NMX (normoxia),
HPX (hypoxia, 10.5%02, 14 days) or HPX plus NR (14 days).
Western immunoblots (top) identify acetylated mitochondrial pro-
tein (Ack) at~20 kDa. Each lane represents a different fetal sample.
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Cytochrome c Oxidase Activity (CIV) Rate

Cytochrome c oxidase is a catalytic subunit of mitochondrial
CIV. Hypoxia reduced (p=0.037) CIV activity in male but
not female hearts (Fig. 4). NR administration normalized
the decrease in CIV activity in male fetal hearts to levels
similar to normoxic levels. NR had no effect on CIV activity
in female hearts.

ATP Content

Chronic hypoxia significantly reduced (p=0.034) ATP con-
tent in male but not female heart ventricles (Fig. 5). In HPX
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Graphic analysis below each blot illustrates the expression levels
(density value) of acetylated protein for each treatment group relative
to its own loading control (VDAC/Porin). No other proteins on the
gel were acetylated to levels that were quantifiable. *p <0.05. n=7 in
each group
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male hearts treated with NR, ATP levels were increased but
did not reach significance (p=0.07) compared to its untreated
HPX controls. Hypoxia had no effect on ATP levels in female
hearts and were unaltered by treatment with NR.

Discussion

This study demonstrates that oral administration of NR to
the pregnant sow normalizes placental NAD + levels and
fetal heart mitochondrial respiratory protein dysfunction
in response to hypoxia. This identifies a novel treatment of
protection against gestational hypoxia in both the placenta
and fetal heart. The protective effects of NR in hypoxic fetal
hearts are hypothesized to be mediated by activation of
mitochondrial SIRT3 and hypoacetylation of mitochondrial
proteins.

Exposure to hypoxia in late gestation reduces fetal
growth despite a compensatory increase in relative placental
weight, suggestive of placental insufficiency. Fetal growth

F oF & &
& .g‘;xe

4
& &

restriction in hypoxic fetuses is likely attributed to the effects
of hypoxia on placental function and/or fetal growth mecha-
nisms rather than nutrient deficiency since food intake rate
was unaffected by hypoxia exposure. In the current study, the
normalization of fetal body weight in hypoxic male fetuses
by NR could be mediated by improving placental function
via its increase in placental NAD +level and improving
cell metabolism [36], mitochondrial respiratory function
[24], and trophoblast survival [37-40]. In adverse pregnan-
cies, NAD + deficiency reduces SIRT activity and initiates
decreased placental function contributing to increased oxi-
dative stress, inflammation, altered placental metabolism,
and decreased trophoblast survival [36]. Chronic intrauterine
hypoxia reduces mitochondrial respiratory complex I and
IV activities in the placenta [24] and inhibits endovascu-
lar invasion of trophoblast cells [37—40] concomitant with
fetal growth restriction. Restoring NAD + levels in hypoxic
placentas improves trophoblast metabolism and potentially
nutrient transport functions because of NAD + ’s ubiquitous
roles in metabolic reactions [41]. Further, in preeclampsia
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mouse models, nicotinamide (NAM, an NAD + precursor)
administration normalized NAD + deficiency and prevented
embryo growth restriction via placental mechanisms asso-
ciated with inhibiting endothelin-1 receptor activation,
improving endothelial function and perfusion [19, 42].

NR may also have a direct effect on the fetus and its
growth since NR increased ATP synthesis and normalized
mitochondrial SIRT3 and CIV activities in hypoxic fetal
hearts. Since maternal NR targets the fetal heart, other fetal
organs such as skeletal muscle [43] could also be affected by
NR through NAD +’s action on glycolysis and TCA cycling
[18, 19, 42, 44]. The ability of NR to alter mitochondrial
respiratory mechanisms in the fetal heart is likely to impact
metabolic processes other fetal organs in contributing to nor-
malizing fetal body weight.

There was a differential response of NR on NAD + levels
in the maternal liver, placenta, and fetal heart. The increase
in hepatic NAD + levels with NR demonstrates the bioavail-
ability of oral NR [reviewed in 8] in the pregnant sow. How-
ever, in fetal heart, NAD + levels were unchanged by hypoxia

alone or altered with NR administration despite having
effects on both cardiac enzymatic activities and ATP levels.
The ability of the fetal heart to maintain a stable NAD + pool
through its salvage pathways may occur via degradation of
NAM, converted to NMN by NAMPT (NAM phosphori-
bosyltransferase) and then back into NAD + [45—47]. The
heart has the highest level of NAD + content compared
to other tissues such as liver, kidney, and skeletal muscle
[48], necessary for supporting its high oxidative require-
ments [49, 50]. Seventy percent of the cardiac NAD + pool
is contained within the mitochondria [47, 49, 50] compared
to neurons and hepatocytes [51]. Further, heart NAD +lev-
els remain stable even in the presence of reduced cytoplas-
mic NAD +[49] due to a difference in compartmentation
between the mitochondria and cytosol [11, 52]. Thus, in the
current study, any small changes in cardiac NAD + content
generated by hypoxia and/or maternal NR may be unable to
be detected because of the heart’s high capacity to maintain
a stable pool. Further, both heart [9] and brain [16] nicotinic
acid adenine dinucleotide (NAAD) [9], a major metabolite

Cardiac Cell
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Hypoxia

3 NAD+
JSIRT3

TCA
NAD+

e Acetylated

Metabolism
Contractile Function

Fig.6 Schematic diagram of effect of nicotinamide riboside (NR) on
mitochondrial function in fetal heart cell. NR enters the cell and is
converted into NAD + via the salvage pathway. Hypoxia can decrease
NAD +levels by inhibiting oxygenases of the tryptophan pathway
[26]. Reduced mitochondrial NAD +levels decrease mitochondrial
SIRT3 activity, which hyperacetylates mitochondrial respiratory pro-
teins, decreases CIV activity and ATP levels. NR may reverse the
effects of hypoxia on mitochondrial proteins by elevating mitochon-
drial NAD +levels, activating NAD +-dependent SIRT3, deacetylat-
ing mitochondrial respiratory proteins and normalizing CIV activity
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and ATP levels. Restoration of ATP levels by NR may sustain car-
diac metabolism and function as a mechanism against fetal hypoxia.
NAD +enters the mitochondria by being converted to NMN in the
cytoplasm and transported across mitochondrial membranes and
converted to NAD+. (SIRT3, mitochondrial sirtuin activity rate;
CIV, complex IV activity rate; NMN, nicotinamide mononucleotide;
NAD +, nicotinamide adenine dinucleotide; red arrows=directional
change in response to hypoxia alone, green arrows=directional
changes with NR treatment during hypoxia)
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of NAD +, has been shown to increase in the absence of
changes in NAD +, identifying a more sensitive index for
assessing changes in NAD +levels. Yet, NR increased fetal
cardiac NAD + -dependent SIRT3 activity, CIV activity, and
ATP levels in males and SIRT3 activity in females despite
the lack of measurable changes in NAD + levels in hypoxic
or NR-treated fetal hearts.

The cardioprotective role of SIRT3 activity is well
established in adult heart disease [46, 53]. SIRT3 is the
most important NAD + -dependent enzyme in normal
heart function because of its role in mitochondrial acety-
lation of OXPHOS proteins [6] and stimulating TCA and
p-oxidation [52]. In hypoxic fetal hearts, the decrease in
SIRT3 activity impairs normal metabolic function as evi-
denced by its hyperacetylation of mitochondrial proteins
associated with the respiratory chain [27]. CIV activity
was also reduced by hypoxia in male hearts and normal-
ized with NR treatment, which affects the electron flux
along the respiratory chain. It is reasonable to suggest that
maternal NR restores ATP levels in hypoxic fetal hearts
by maintaining OXPHOS via stimulating SIRT3 activity,
reversing hyperacetylation of mitochondrial proteins, and
restoring CIV activity.

While contractile function of the fetal heart was not
assessed, ATP levels were measured as a functional index
of cardiac metabolism, which were decreased with hypoxia
and normalized by NR treatment. In ischemic hearts,
reduced ATP levels are mediated by reduced NAD + lev-
els [54-57]. Hyperacetylation of mitochondrial proteins
is considered an inducer of cardiac dysfunction [15-17].
In the fetal heart, chronic hypoxia increases the suscepti-
bility to ischemia/reperfusion injury [58] and decreases
ventricular function in fetal chickens [59]. Despite a com-
pensatory increase in diastolic relaxation in hypoxic fetal
guinea pig hearts [60], prenatally hypoxic offspring exhibit
both reduced cardiac mitochondrial and contractile func-
tion [23], suggesting that fetal hypoxia alters underlying
mitochondrial respiratory mechanisms contributing to
functional deficits postnatally. If hypoxia-induced hypera-
cetylation of respiratory proteins is limiting ATP synthesis,
maternal NR may be cardioprotective against fetal hypoxia
by maintaining a normal energy supply. In adult hearts, the
effect of NR in ameliorating adverse cardiac remodeling
and dysfunction is mediated by restoring NAD + levels
[13]. The decrease in ATP levels in the hypoxic fetal heart
identifies a metabolic deficit that could lead to decreased
myocardial performance. Interestingly, female hearts were
less affected by hypoxia with regards to ATP levels, and
CIV and SIRT3 activity rates, perhaps identifying a favora-
ble adaptive response to chronic hypoxia with regards to
mitochondrial function [23, 25, 27].

In conclusion, maternal NR administration provides pro-
tection against gestational hypoxia by mechanisms restoring
the NAD + pool in the placenta and activating SIRT3 in the
fetal heart. Figure 6 illustrates how maternal NR adminis-
tration could normalize mitochondrial function in hypoxic
mitochondria by stimulating SIRT3, deacetylating respira-
tory complexes, thereby increasing CIV activity and ATP
levels. Given the effects of chronic hypoxia on the regula-
tion of mitochondrial respiratory proteins in fetal hearts [13,
24,25, 27], maternal treatment of NR may protect against
programming effects of mitochondrial dysfunction in the
prenatally-hypoxic offspring, which exhibits both decreased
cardiac contractile and mitochondrial function [23].

Funding The project described is supported in part by a National Insti-
tute of Health (NIH HL126859, LPT) grant.

Data Availability All data generated is included in this publication.

Code Availability Not applicable.

Declarations

Ethics Approval All animal procedures were approved by the Uni-
versity of Maryland Animal Care and Use Committee in accordance
with the Association for Assessment and Accreditation of Laboratory
Animal Care-accredited procedures (Animal Welfare Assurance No.
A3200-01).

Consent to Participate Not applicable.

Consent for Publication Received from Chromadex, Inc. for MTA
compliance.

Conflict of Interest The authors declare no competing interests.

Disclaimer The content is solely the responsibility of the authors and
does not necessarily represent the official view of the National Institute
of Health.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

@ Springer


http://creativecommons.org/licenses/by/4.0/

984

Reproductive Sciences (2024) 31:975-986

References

10.

11.

12.

13.

14.

15.

Hu X-Q, Zhang L. Hypoxia and mitochondrial dysfunction in
pregnancy complications. Antioxidants. 2021;10(3):405. https://
doi.org/10.3390/antiox 10030405. (Basel).

Giussani DA, Camm EJ, Niu Y, Richter HG, Blanco CE,
Gottschalk R, Blake EZ, Horder KA, Thakor AS, Hansell JA,
Kane AD, Wooding FB, Cross CM, Herrera EA. Developmental
programming of cardiovascular dysfunction by prenatal hypoxia
and oxidative stress. PLoS One. 2012;7(2):e31017. https://doi.org/
10.1371/journal.pone.0031017.

Giussani DA, Davidge ST. Developmental programming of car-
diovascular disease by prenatal hypoxia. J Dev Orig Health Dis.
2013;4(5):328-37. https://doi.org/10.1017/S204017441300010X.
Giussani DA, Niu Y, Herrera EA, Richter HG, Camm EJ, Tha-
kor AS, Kane AD, Hansel JA, Brain KL, Skeffingtonn KL, Itani
N, Wooding FBP, Cross CM, Allison BJ. Heart disease link to
fetal hypoxia and oxidative stress. In: Zhang L, Ducsay C (eds)
Advances in fetal and neonatal physiology. Advances in experi-
mental medicine and biology, vol. 814. Springer, New York, NY.
vol 814, 2014. https://doi.org/10.1007/978-1-4939-1031-1_7.
Fuhrmann DC, Briine B. Mitochondrial composition and func-
tion under the control of hypoxia. Redox Biol. 2017;12:208-15.
https://doi.org/10.1016/j.redox.2017.02.012.

Rajman L, Chwalek K, Sinclair DA. Therapeutic potential of
NAD-boosting molecules: the in vivo evidence. Cell Metab.
2018;27(3):529-47. https://doi.org/10.1016/j.cmet.2018.02.011.
Cant6 C, Menzies KJ, Auwerx J. NAD(+) Metabolism and the
control of energy homeostasis: a balancing act between mitochon-
dria and the nucleus. Cell Metab. 2015;22(1):31-53. https://doi.
org/10.1016/j.cmet.2015.05.023.

Mehmel M, Jovanovi¢ N, Spitz U. Nicotinamide riboside—
the current state of research and therapeutic uses. Nutrients.
2020;12(6):1616. https://doi.org/10.3390/nul12061616.
Trammell SA, Schmidt MS, Weidemann BJ, Redpath P, Jaksch
F, Dellinger RW, Li Z, Abel ED, Migaud ME, Brenner C. Nico-
tinamide riboside is uniquely and orally bioavailable in mice and
humans. Nat Commun. 2016;10(7):12948. https://doi.org/10.
1038/ncomms12948.

Srivastava S. Emerging therapeutic role for NAD+ metabolism
in mitochondrial and age-related disorders. Clin Trans Med.
2016;5:25. https://doi.org/10.1186/s40169-016-0104-7.

Canto C, Houtkooper R, Pirinen E, Youn DY, Oosterveer MH,
Cen Y, Fernandez-Marcos PJ, Yamamoto H, Andreux PA, Cet-
tour-Rose P, Gademann K, Rinsch C, Schoonjans K, Sauve AA,
Auwerx J. The NAD+ precursor nicotinamide riboside enhances
oxidative metabolism and protects against high-fat diet induced
obesity. Cell Metab. 2012;15(6):838—47.

Zhang Y, Wang B, Fu X, Guan S, Han W, Zhang J, Gan Q,
Fang W, Ying W, Qu X. Exogenous NAD+ administration sig-
nificantly protects against myocardial ischemia/reperfusion injury
in rat model. Am J Transl Res. 2016;8(8):3342-3350

Diguet N, Trammell SAJ, Tannous C, Deloux R, Piquereau J,
Mougenot N, Gouge A, Gressette M, Manoury B, Blanc J, Breton
M, Decaux J-F, Lavery GG, Baczké I, Zoll J, Garnier A, Li Z,
Brenner C, Mericskay M. Nicotinamide riboside preserves cardiac
function in a mouse model of dilated cardiomyopathy. Circulation.
2018;137(21):2256-73. https://doi.org/10.1161/CIRCULATIO
NAHA.116.026099.

Walker MA, Tian R. Raising NAD in heart failure: time to trans-
late? Circulation. 2018;137(21):2274-7. https://doi.org/10.1161/
CIRCULATIONAHA.117.032626.

Lee CF, Chavez JD, Garcia-Menendez L, Choi Y, Roe ND,
Chiao YA, Edgar JS, Goo YA, Goodlett DR, Bruce JE, Tian R.
Normalization of NAD+ redox balance as a therapy for heart

@ Springer

16.

17.

18.

19.

20.

21.

22.

23.

24

25.

26.

27.

28.

29

failure. Circulation. 2016;134(12):883-94. https://doi.org/10.
1161/CIRCULATIONAHA.116.022495.

Lee CF, Caudal A, Abell L, Gowda GAN, Tian R. Targeting NAD*
metabolism as interventions for mitochondrial disease. Sci Rep.
2019;9(1):3073. https://doi.org/10.1038/s41598-019-39419-4.
Horton JL, Martin OJ, Lai L, Riley NM, Richards AL, Vega RB,
Leone TC, Pagliarini DJ, Muoio DM, Bedi KC Jr, Margulies KB,
Coon JJ, Kelly DP. Mitochondrial protein hyperacetylation in the
failing heart. JCI Insight. 2016;2(1):e84897. https://doi.org/10.
1172/jci.insight.84897.

Shi H, Enriquez A, Rapadas M, Martin EMMA, Wang R, Moreau
J, Lim CK, Szot JO, Ip E, Hughes JN, Sugimoto K, Humphreys
DT, Mclnerney-Leo AM, Leo PJ, Maghzal GJ, Halliday J, Smith
J, Colley A, Mark PR, Collins F, Sillence DO, Winlaw DS, Ho
JWK, Guillemin GJ, Brown MA, Kikuchi K, Thomas PQ, Stocker
R, Giannoulatou E, Chapman G, Duncan EL, Sparrow DB, Dun-
woodie SL. NAD deficiency, congenital malformations, and niacin
supplementation. N Engl J Med. 2017;377(6):544-52. https://doi.
org/10.1056/NEJMoal616361.

Li F, Fushima T, Oyanagi G, Townley-Tilson HWD, Townley-
Tilson HWD, Sato E, Nakada H, Oe Y, Hagaman JR, Wilder J, Li
M, Sekimoto A, Saigusa D, Sato H, Ito S, Jennette JC, Maeda N,
Karumanchi SA, Smithies O, Takashashi N. Nicotinamide ben-
efits both mothers and pups in two contrasting mouse models of
preeclampsia. Proc Natl Assoc Sci. 2016;113(47):13450-5.
Gilbert RD. Fetal myocardial responses to long-term hypoxemia.
Comp Biochem Physiol A Mol Integr Physiol. 1998;119(3):669—
74. https://doi.org/10.1016/s1095-6433(98)01003-4.

Gilbert RD, Pearce WJ, Longo LD. Fetal cardiac and cerebro-
vascular acclimatization responses to high altitude, long-term
hypoxia. High Alt Med Biol. 2003;4(2):203-13. https://doi.org/
10.1089/152702903322022802.

Al-Hasan YM, Evans LC, Pinkas GA, Dabkowski ER, Stanley
WC, Thompson LP. Chronic hypoxia impairs cytochrome oxidase
activity via oxidative stress in selected fetal guinea pig organs.
Reprod Sci. 2013;20(3):299-307.

Thompson LP, Chen L, Polster BM, Pinkas G, Song H. Prenatal
hypoxia impairs cardiac mitochondrial and ventricular function in
guinea pig offspring in a sex-related manner. Am J Physiol Regul
Integr Comp Physiol. 2018;315(6):R1232-41.

Song H, Telugu BP, Thompson LP. Sexual dimorphism of mito-
chondrial function in the hypoxic guinea pig placenta. Biol
Reprod. 2019;100(1):208-16. https://doi.org/10.1093/biolre/
ioy167.

Smith KLM, Swiderska A, Lock MC, Graham L, Iswari W,
Choudhary T, Thomas D, Kowash HM, Desforges M, Cottrell
EC, Trafford AW, Giussani DA, Galli GLJ. Chronic developmen-
tal hypoxia alters mitochondrial oxidative capacity and reactive
oxygen species production in the fetal rat heart in a sex-dependent
manner. J Pineal Res. 2022;73(3):e12821. https://doi.org/10.1111/
jpi.12821.

Cuny H, Rapadas M, Gereis J, Martin EMMA, Kirk RB, Shi
H, Dunwoodie SL. NAD deficiency due to environmental fac-
tors or gene-environment interactions causes congenital mal-
formations and miscarriage in mice. Proc Natl Assoc Sci.
2020;117(7):3738-47.

Song H, Thompson LP. Effects of gestational hypoxia on
PGCla and mitochondrial acetylation in fetal guinea pig hearts.
Reprod Sci. 2023;30:2996-3009. https://doi.org/10.1007/
$43032-023-01245-5.

Shahgaldi S, Kahmini FR. A comprehensive review of Sirtuins:
with a major focus on redox homeostasis and metabolism. Life
Sci. 2021;282:119803. https://doi.org/10.1016/j.1f5.2021.119803.
Foster DB, Liu T, Rucker J, O’Meally RN, Devine LR, Cole RN,
O’Rourke B. The cardiac acetyl-lysine proteome. PLoS One.
2013;8(7):e67513. https://doi.org/10.1371/journal.pone.0067513.


https://doi.org/10.3390/antiox10030405
https://doi.org/10.3390/antiox10030405
https://doi.org/10.1371/journal.pone.0031017
https://doi.org/10.1371/journal.pone.0031017
https://doi.org/10.1017/S204017441300010X
https://doi.org/10.1007/978-1-4939-1031-1_7
https://doi.org/10.1016/j.redox.2017.02.012
https://doi.org/10.1016/j.cmet.2018.02.011
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.1016/j.cmet.2015.05.023
https://doi.org/10.3390/nu12061616
https://doi.org/10.1038/ncomms12948
https://doi.org/10.1038/ncomms12948
https://doi.org/10.1186/s40169-016-0104-7
https://doi.org/10.1161/CIRCULATIONAHA.116.026099
https://doi.org/10.1161/CIRCULATIONAHA.116.026099
https://doi.org/10.1161/CIRCULATIONAHA.117.032626
https://doi.org/10.1161/CIRCULATIONAHA.117.032626
https://doi.org/10.1161/CIRCULATIONAHA.116.022495
https://doi.org/10.1161/CIRCULATIONAHA.116.022495
https://doi.org/10.1038/s41598-019-39419-4
https://doi.org/10.1172/jci.insight.84897
https://doi.org/10.1172/jci.insight.84897
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1056/NEJMoa1616361
https://doi.org/10.1016/s1095-6433(98)01003-4
https://doi.org/10.1089/152702903322022802
https://doi.org/10.1089/152702903322022802
https://doi.org/10.1093/biolre/ioy167
https://doi.org/10.1093/biolre/ioy167
https://doi.org/10.1111/jpi.12821
https://doi.org/10.1111/jpi.12821
https://doi.org/10.1007/s43032-023-01245-5
https://doi.org/10.1007/s43032-023-01245-5
https://doi.org/10.1016/j.lfs.2021.119803
https://doi.org/10.1371/journal.pone.0067513

Reproductive Sciences (2024) 31:975-986

985

30.

31.

32.

33.

34

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sundaresan NR, Gupta M, Kim G, Rajamohan SB, Isbatan A,
Gupta MPJ. Sirt3 blocks the cardiac hypertrophic response by
augmenting Foxo3a-dependent antioxidant defense mechanisms in
mice. Clin Invest. 2009;119(9):2758-71. https://doi.org/10.1172/
JCI39162.

Morrison JL, Botting KJ, Darby JRT, David AL, Dyson RM, Gat-
ford KL, Gray C, Herrera EA, Hirst JJ, Kim B, Kind KL, Krause
BJ, Matthews SG, Palliser HK, Regnault TRH, Richardson BS,
Sasaki A, Thompson LP, Berry MJ. Guinea pig models for transla-
tion of the developmental origins of health and disease hypothesis
into the clinic. J Physiol. 2018;596(23):5535-69. https://doi.org/
10.1113/JP274948.

Song H, Polster BM, Thompson LP. Chronic hypoxia alters car-
diac mitochondrial complex protein expression and activity in
fetal guinea pigs in a sex-selective manner. Am J Physiol Regul
Integr Comp Physiol. 2021;321(6):R912-24. https://doi.org/10.
1152/ajpregu.00004.2021.

Thompson LP, Song H, Polster BM. Fetal programming and sex-
ual dimorphism of mitochondrial protein expression and activity
of hearts of prenatally hypoxic guinea pig offspring. Oxid Med
Cell Longev. 2019;2(2019):7210249. https://doi.org/10.1155/
2019/7210249.

Yonetani T, Ray GS. Studies on cytochrome oxidase. VI. Kinet-
ics of the aerobic oxidation of ferrocytochrome C by cytochrome
oxidase. J Biol Chem. 1965;240:3392-8.

Lombard DB, Alt FW, Cheng H-L, Yang Y, Chen Y, Hirschey
MD, Bronson RT, Haigis M, Guarente LP, Farese RV Jr, Weiss-
man S, Verdin E, Schwer B. Mammalian Sir2 homolog SIRT3
regulates global mitochondrial lysine acetylation. Mol Cell Biol.
2007;27:8807-14. https://doi.org/10.1128/MCB.01636-07.
Kahmini FR, Ghaleh HD, Shahgaldi S. Sirtuins: Subtle regulators
involved in convoluted mechanisms of pregnancy. Cell Physiol
Biochem. 2022;56(6):644—662. https://doi.org/10.33594/00000
0588.

Thompson LP, Pence L, Pinkas G, Song H, Telugu BP. Placental
hypoxia during early pregnancy causes maternal hypertension
and placental insufficiency in the hypoxic guinea pig model. Biol
Reprod. 2016;95(6):128. https://doi.org/10.1095/biolreprod.116.
142273.

Steegers EA, von Dadelszen P, Duvekot JJ, Pijnenborg R. Pre-
eclampsia. Lancet. 2010;376:631-44.

Huppertz B. Trophoblast differentiation, fetal growth restriction
and preeclampsia. Pregnancy Hypertens. 2011;1:79-86.

Xie Y, Zhou S, Jiang Z, Dai J, Puscheck EE, Lee I, Parker G,
Huttemann M, Rappolee DA. Hypoxic stress induces, but can-
not sustain trophoblast stem cell differentiation to labyrinthine
placenta due to mitochondrial insufficiency. Stem Cell Res.
2014;13:478-91.

Aye ILMH, Aiken CE, Charnock-Jones DS, Smith GCS. Placental
energy metabolism in health and disease-significance of develop-
ment and implications for preeclampsia. Am J Obstet Gynecol.
2022;226(25):5S928-44. https://doi.org/10.1016/j.ajog.2020.11.
005.

Fushima T, Sekimoto A, Oe Y, Sato E, Ito S, Sato H, Takahashi N.
Nicotinamide ameliorates a preeclampsia-like condition in mice
with reduced uterine perfusion pressure. Am J Physiol Renal
Physiol. 2017;312(2):F366-72. https://doi.org/10.1152/ajprenal.
00501.2016.

Ryu D, Zhang H, Ropelle ER, Sorrentino V, Mazala DAG, Mouch-
iroud L, Marshall PL, Campbell MD, Ali AS, Knowels GM, Bel-
lemin S, Iyer SR, Wang X, Gariani K, Sauve AA, Cant6 C, Conley
KE, Walter L, Lovering RM, Chin ER, Jasmin BJ, Marcinek DJ,
Menzies KJ, Auwerx J. NAD+ repletion improves muscle func-
tion in muscular dystrophy and counters global PARylation. Sci
Transl Med. 2016;8(361):361ral309. https://doi.org/10.1126/scitr
anslmed.aaf5504.

44,

45.

46.

47.

48.

49

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Huynh PK, Takahashi N, Maeda-Smithies N, Li F. Beneficial
effects of nicotinamide on the mouse model of preeclampsia. OA
J Pregnancy Child Care. 2019;1:002. https://doi.org/10.33118/0aj.
preg.2019.01.002.

Liu L, Su X, Quinn WJ 3rd, Hui S, Krukenberg K, Frederick DW,
Redpath P, Zhan L, Chellappa K, White E, Migaud M, Mitch-
ison TJ, Baur JA, Rabinowitz JD. Quantitative analysis of NAD
synthesis-breakdown fluxes. Cell Metab. 2018;27(5):1067-1080.
e5. https://doi.org/10.1016/j.cmet.2018.03.018.

Xu W, Li L, Zhang L. NAD" metabolism as an emerging thera-
peutic target for cardiovascular diseases associated with sudden
cardiac death. Front Physiol. 2020;11:901. https://doi.org/10.
3389/fphys.2020.00901.

Alano CC, Tran A, Tao R, Ying W, Karliner JS, Swanson RA.
Differences among cell types in NAD(+) compartmentalization:
a comparison of neurons, astrocytes, and cardiac myocytes. J
Neurosci Res. 2007;85(15):3378-85. https://doi.org/10.1002/jnr.
21479.

Zapata-Pérez R, Tammaro A, Schomakers BV, Scantlebery AML,
Denis S, Elfrink HL, Giroud-Gerbetant J, Cant6 C, Lopez-Leon-
ardo C, Mclntyre RL, van Weeghel M, Sanchez-Ferrer A, Hout-
kooper RH. Reduced nicotinamide mononucleotide is a new and
potent NAD™* precursor in mammalian cells and mice. FASEB J.
2021;35(4):e21456. https://doi.org/10.1096/1j.202001826R.
Stein LR, Imai S-I. The dynamic regulation of NAD metabolism
in mitochondria. Trends in Endocrin Metab. 2012;23(9):420428.
Di Lisa F, Menabo R, Canton M, Barile M, Bernardi PJ. Opening
of the mitochondrial permeability transition pore causes depletion
of mitochondrial and cytosolic NAD+ and is a causative event in
the death of myocytes in postischemic reperfusion of the heart.
Biol Chem. 2001;276(4):2571-5. https://doi.org/10.1074/jbc.
MO006825200.

Sauve AA. NAD+ and vitamin B3: from metabolism to therapies.
J Pharmacol Exp Ther. 2008;324(3):883-93. https://doi.org/10.
1124/jpet.107.120758.

Pittelli M, Felici R, Pitozzi V, Giovannelli L, Bigagli E, Cialdai
R, Romano G, Moroni F, Chiarugi A. Pharmacological effects of
exogenous NAD on mitochondrial bioenergetics, DNA repair, and
apoptosis. Mol Pharmacol. 2011;80:1136-1146.

Winnik S, Auwerx J, Sinclair DA, Matter CM. Protective effects
of sirtuins in cardiovascular diseases: from bench to bedside. Eur
Heart J. 2015;36(48):3404—12. https://doi.org/10.1093/eurheartj/
ehv290.

Gero D, Szabo C. Salvage of nicotinamide adenine dinucleotide
plays a critical role in the bioenergetics recovery of post-hypoxic
cardiomyocytes. Br J Pharmacol. 2015;172:4817-32.

Nunez R, Calva E, Marsh M. Nicotinamide adenine dinucleotide
degradation in infarcted cardiac muscle. Recent Adv Stud Cardiac
Struct Metab. 1975;10:241-50.

Cave AC, Ingwall JS, Friedrich J, Liao R, Saupe KW, Apstein CS,
Eberli FR. ATP synthesis during low-flow ischemia: influence of
increased glycolytic substrate. Circulation. 2000;101(17):2090-6.
https://doi.org/10.1161/01.¢ir.101.17.2090.

Schriewer JM, Peek CB, Bass J, Schumacker PT. ROS-mediated
PARP activity undermines mitochondrial function after perme-
ability transition pore opening during myocardial ischemia-rep-
erfusion. ] Am Heart Assoc. 2013;2(2):e000159. https://doi.org/
10.1161/JAHA.113.000159.

Zhang P, Ke J, Li Y, Huang L, Chen Z, Huang X, Zhang L, Xiao
D. Long-term exposure to high altitude hypoxia during pregnancy
increases fetal heart susceptibility to ischemia/reperfusion injury
and cardiac dysfunction. IntJ Cardiol. 2019;274:7—-15. https://doi.
org/10.1016/j.ijcard.2018.07.046.

Jonker SS, Giraud GD, Espinoza HM, Davis EN, Crossley DA.
Effects of chronic hypoxia on cardiac function measured by pres-
sure-volume catheter in fetal chickens. Am J Physiol Regul Integr

@ Springer


https://doi.org/10.1172/JCI39162
https://doi.org/10.1172/JCI39162
https://doi.org/10.1113/JP274948
https://doi.org/10.1113/JP274948
https://doi.org/10.1152/ajpregu.00004.2021
https://doi.org/10.1152/ajpregu.00004.2021
https://doi.org/10.1155/2019/7210249
https://doi.org/10.1155/2019/7210249
https://doi.org/10.1128/MCB.01636-07
https://doi.org/10.33594/000000588
https://doi.org/10.33594/000000588
https://doi.org/10.1095/biolreprod.116.142273
https://doi.org/10.1095/biolreprod.116.142273
https://doi.org/10.1016/j.ajog.2020.11.005
https://doi.org/10.1016/j.ajog.2020.11.005
https://doi.org/10.1152/ajprenal.00501.2016
https://doi.org/10.1152/ajprenal.00501.2016
https://doi.org/10.1126/scitranslmed.aaf5504
https://doi.org/10.1126/scitranslmed.aaf5504
https://doi.org/10.33118/oaj.preg.2019.01.002
https://doi.org/10.33118/oaj.preg.2019.01.002
https://doi.org/10.1016/j.cmet.2018.03.018
https://doi.org/10.3389/fphys.2020.00901
https://doi.org/10.3389/fphys.2020.00901
https://doi.org/10.1002/jnr.21479
https://doi.org/10.1002/jnr.21479
https://doi.org/10.1096/fj.202001826R
https://doi.org/10.1074/jbc.M006825200
https://doi.org/10.1074/jbc.M006825200
https://doi.org/10.1124/jpet.107.120758
https://doi.org/10.1124/jpet.107.120758
https://doi.org/10.1093/eurheartj/ehv290
https://doi.org/10.1093/eurheartj/ehv290
https://doi.org/10.1161/01.cir.101.17.2090
https://doi.org/10.1161/JAHA.113.000159
https://doi.org/10.1161/JAHA.113.000159
https://doi.org/10.1016/j.ijcard.2018.07.046
https://doi.org/10.1016/j.ijcard.2018.07.046

986 Reproductive Sciences (2024) 31:975-986

Comp Physiol. 2015;308(8):R680-9. https://doi.org/10.1152/ajpre Publisher's Note Springer Nature remains neutral with regard to

2u.00484.2014. jurisdictional claims in published maps and institutional affiliations.
60. Thompson LP, Turan S, Aberdeen GW. Sex differences and the

effects of intrauterine hypoxia on growth and in vivo heart func-

tion of fetal guinea pigs. Am J Physiol Regul Integr Comp Physiol.

2020;319(3):R243-54. https://doi.org/10.1152/ajpregu.00249.2019.

@ Springer


https://doi.org/10.1152/ajpregu.00484.2014
https://doi.org/10.1152/ajpregu.00484.2014
https://doi.org/10.1152/ajpregu.00249.2019

	Nicotinamide Riboside, an NAD + Precursor, Protects Against Cardiac Mitochondrial Dysfunction in Fetal Guinea Pigs Exposed to Gestational Hypoxia
	Abstract
	Introduction
	Methods
	Animal Model
	Extraction of Fetal Tissue
	Mitochondrial Protein Extraction
	NAD + Analysis
	Western Immunoblot
	SIRT 3 Activity Assay
	Cytochrome c Oxidase (Complex IV Subunit) Activity
	Fetal Heart ATP Content
	Statistical Analysis

	Results
	Effects of Hypoxia and NR Treatment on Fetal Body and Organ Weights
	NAD + Levels
	SIRT3 Activity Rate
	Mitochondrial Acetylation Levels
	Cytochrome c Oxidase Activity (CIV) Rate
	ATP Content

	Discussion
	References


