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Mayeur S, Lancel S, Theys N, Lukaszewski M, Duban-Deweer S,
Bastide B, Hachani J, Cecchelli R, Breton C, Gabory A, Storme L,
Reusens B, Junien C, Vieau D, Lesage J. Maternal calorie restriction
modulates placental mitochondrial biogenesis and bioenergetic efficiency:
putative involvement in fetoplacental growth defects in rats. Am J Physiol
Endocrinol Metab 304: E14-E22, 2013. First published October 23, 2012;
doi:10.1152/ajpendo.00332.2012.— Low birth weight is associated with
an increased risk for developing type 2 diabetes and metabolic
diseases. The placental capacity to supply nutrients and oxygen to the
fetus represents the main determiner of fetal growth. However, few
studies have investigated the effects of maternal diet on the placenta.
We explored placental adaptive proteomic processes implicated in
response to maternal undernutrition. Rat term placentas from 70%
food-restricted (FR30) mothers were used for a proteomic screen.
Placental mitochondrial functions were evaluated using molecular and
functional approaches, and ATP production was measured. FR30
drastically reduced placental and fetal weights. FR30 placentas dis-
played 14 proteins that were differentially expressed, including sev-
eral mitochondrial proteins. FR30 induced a marked increase in
placental mtDNA content and changes in mitochondrial functions,
including modulation of the expression of genes implicated in bio-
genesis and bioenergetic pathways. FR30 mitochondria showed
higher oxygen consumption but failed to maintain their ATP produc-
tion. Maternal undernutrition induces placental mitochondrial abnor-
malities. Although an increase in biogenesis and bioenergetic effi-
ciency was noted, placental ATP level was reduced. Our data suggest
that placental mitochondrial defects may be implicated in fetoplacen-
tal pathologies.

placenta; proteomic; mitochondria; fetal growth; rat

FETAL GROWTH IS DEPENDENT primarily upon the nutritional,
hormonal, and metabolic environment provided by the mother
(13). A wartime famine study in Holland first showed that a
low food intake during pregnancy produces smaller-size in-
fants at birth (1). Growing evidence indicates that being of
small size at birth from malnutrition is associated with an
increased risk of developing type 2 diabetes, metabolic syn-
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drome, and cardiovascular disease (2, 26, 30). However, the
physiopathological effects acting in utero on the programming
of the offspring’s metabolic profile remain confused and may
implicate numerous molecules and physiological systems. Fe-
tal growth is a complex process that depends on the genotype
and epigenotype of both the fetus and parents, the availability
of nutrients and oxygen to the fetus, and a variety of growth
factors and proteins of maternal and fetoplacental origin. How-
ever, along with pregnancy, the placental capacity to supply an
adequate amount of nutrients and oxygen to the fetus repre-
sents one of the main determiners of the fetal growth (12).
Evidence that the placenta is a programming agent for cardio-
vascular diseases is accumulating (14, 33, 35). Because the
placenta is the primary communication and nutrient acquisition
organ for the fetus and presumably acts to maintain fetal
homeostasis, it is also an appropriate organ to examine how
differences in maternal food consumption are sensed by the
developing offspring (14). Placental function follows a care-
fully orchestrated developmental cascade during gestation.
Disruption of this cascade can lead to abnormal development
of the placental vasculature of the trophoblast. Both its devel-
opment and ongoing functions can be dynamically regulated by
environmental factors, including the maternal nutrient status
(4, 14). Because of the significant and increasing proportion of
women eating inadequately during pregnancy and the fact that
such disturbance may compromise adult health in offspring, it
is urgent that we better understand how the placenta elaborates
adaptative responses to maternal diet. In the present study, we
investigated the ways in which maternal food restriction might
influence the placental proteome of rat term placentas. In this
study, we observed diet-specific differential expression of a
limited number of placental proteins, and we noted that impor-
tants part of them were from mitochondrial origin. Because
few studies have investigated the physiology of mitochondria
in the placenta, we studied using molecular and functional
analyses the effect of maternal undernutrition on these organ-
elles. Our data provide novel evidence for a critical role of
defective placental mitochondrial function in the pathology of
fetal growth restriction associated with maternal suboptimal
nutrition, suggesting that mitochondria in this organ may exert
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a critical role in the fetoplacental development and putatively
in the offspring’s metabolic profile programming.

MATERIALS AND METHODS

Animal model. Experiments were conducted in accordance with the
principles of laboratory animal care of the European Communities
(86/609/EEC). Animal use accreditation by the French Ministry of
Agriculture (no. 04860) was granted to our laboratory for experimen-
tation with rats. Adult Wistar rats (280 g) were purchased from
Janvier (L’ Arbresle, France) and housed with a controlled light cycle
(12:12-h light-dark cycle, lights on at 7 AM) and temperature (22 *
2°C), with free access to chow (SAFE 04, containing 16% protein, 3%
fat, and 60% carbohydrates; UAR) and tap water. After acclimation,
females were mated with a male. Embryonic day 0 (EO) was defined
the following day if spermatozoa were found in vaginal smears.
Pregnant females were transferred to individual cages. Two groups of
pregnant rats were studied. In the control (C) group (n = 9), dams
were fed ad libitum during gestation. In the food-restricted group
(FR30 group; n = 9), females received 30% of the food intake of
control mothers, which has been determined previously in pilot
studies (7.2 g/day of food from EO to E21).

Plasma and tissue collection. At E21, mothers were rapidly weighed
and euthanized between 9 and 10 AM. The placentas and fetuses were
collected by caesarean section; they were weighed, and the sex was
determined. For each measurement, only male fetuses and their
placentas were used. For fetal and placental parameters litters were
averaged, and then these averages were used for comparisons.
Placentas were cut in two pieces and were frozen in liquid No.
Maternal and fetal blood glucose level was determined using a
glucometer (Glucotrend 2; Roche Diagnostics), and samples were
collected and centrifuged at 4,000 g for 10 min at 4°C. Plasma
aliquots were stored at —20°C. Metabolic parameters (triglyceride
and cholesterol plasma levels) were obtained using an automatic
biochemistry analyzer (VetTest; IDEXX).

Sample preparation for two-dimensional analysis. Frozen halves of
male placentas from each litter were processed individually by grind-
ing. Frozen powders from each placenta were pooled in each litter and

Table 1. Parameters of the primers used for gRT-PCR

E15

thawed by adding 800 wl of cold lysis buffer [0.3% SDS, 1X protease
inhibitor mix (Amersham Bioscience), and 50 mM Tris at pH 7.4] and
sonicated for 30 s (Vibracell; Sonics & Material). Sonicated solutions
were centrifuged at 10,000 g for 10 min at 4°C. Supernatants were
collected and treated for 30 min at 30°C with 100 units of Benzonase
nuclease (E8263; Sigma-Aldrich). Tubes were centrifuged at 10,000 g
for 10 min at 4°C. Supernatants were collected, and protein concen-
trations were measured using a Bradford-based protein assay (DC
protein assay; Bio-Rad) with BSA as standard.

Two-dimensional gel electrophoresis. Placental lysates from each
litter were pooled to constitute the two experimental groups (FR30
and controls). For the first-dimension separation, 500 g of sample
protein was diluted in 500 pl of buffer {8 M urea, 2% 3-[(3-
cholamidopropyl)dimethylammonio]-1-propanesulfonate, 10 mM
DTT, 0.2% carrier ampholytes} and loaded onto an immobilized pH
gradient (IPG) strip (Immobiline Drystrip pH 3-10 NL, 18 cm; GE
Healthcare) by overnight passive in-gel rehydratation. Isoelectric
focusing within the strips was performed at 20°C with an Ettan
IPGphor system (Amersham) using a total of 80,000 V/h, with a
maximum of 8,000 V. For the second dimension separation, the IPG
strips were soaked for 2 X 15 min in 5 ml of equilibration buffer
(6 M urea, 30% glycerol, 2% SDS, 1% DTT, and 0.375 M Tris, pH
8.8), followed by 15 min in 5 ml of a second equilibration buffer (with
2.5% iodoacetamide substituted for 1% DTT), and positioned against
15% SDS duracryl gels in an Ettan DALTsix (GE Healthcare Life
Sciences) at 12 mA/gel for 20 min and then 45 mA/gel until
the bromophenol blue dye front reached the bottom of the gel. Gels
were fixed, and resolved protein spots were visualized with silver
nitrate staining.

Image analysis of two-dimensional gels. Image acquisitions were
performed with a calibrated Umax Scanner (Amersham Biosciences,
Orsay, France) using the Labscan 3.0 software. Digitized images were
stored in the Tagged Image File format. Scanned images were com-
pared using Progenesis SameSpots software (Nonlinear Dynamics,
Durham, NC) for detection of differentially expressed spots. Spot
matching was performed automatically and then manually. The soft-

Primer Sequence Amplification
Temperature Amplicon

Gene Forward Reverse O Size Genbank No.
Gapdh 5'-TGA CTC TAC CCA CGG CAA GTT-3' 5'-CTT CCC ATT CTC AGC CTT GACT-3' 60 52 NM_017008
Ppib 5'-TTT CGG CAA AGT TCT GGA AGG CA-3' 5'-CTT GCC ACA GTC TAC AAT GAT CAC A-3' 60 109 NM_022536
Hprtl 5'-GTG TCA TCA GCG AAA GTG GA-3' 5'-ATG GCC ACA GGA CTA GAA CG-3' 60 123 NM_012583
Aplnr 5'-CCT TCA TCA TCA TGC TGA CCT GTT A-3" 5-GGT GGT AAG GCA TCC AGC ACA G-3' 64 159 NM_031349
mt-Col 5'-ATC TAT AGG AGC AGT ATT CGC C-3' 5'-TGG GCT TTT GCT CAT GTG TC-3' 64 96 YP_665631
mt-Co2  5'-TGA GCC ATC CCT TCA CTA GG-3' 5'-TGA GCC GCA AAT TTC AGA G-3’ 60 120 YP_665632
Ppargcla 5'-GTT CCC GAT CAC CAT ATT CCA-3' 5'-TGT GCG GTG TCT GTA GTG GC-3' 60 104  NM_031347
Nrfl 5'-CTC ACC CTC CAA ACC CAA ccC-3' 5'-CCA GCG CAG ACT CCA GGT C-3' 60 110 XM_231566
Tfam 5'-GGC GAA GTG ATC TCA TCC G-3' 5'-TTC TTG TGC CCA ATC CCA A-3’ 60 101 NM_031326
mt-Nd4l  5'-TCC CAA TTA CCA TTC TAG TTT T-3' 5'-AGG TTT TGT ACG TAG TCT GTT CCG T-3' 60 103 YP_665637
mt-Atp6  5'-TCG CTT CGC TTT GTA CTC TCT T-3' 5'-GGT CAG CAG TCT CTG TGC ATT T-3' 60 122 YP_665634
Ucpl 5'-AAG ACA GAA GGA TTG CCG AAA C-3’ 5'-ACT GGG ACC TAC AAT GCT TAC A-3' 60 286  NM_012682
Ucp2 5'-CTC CCA ATG TTG CCC GAA A-3’ 5'-GAG GTC GTC TGT CAT GAG GTT G-3' 60 144 NM_019354
Ucp3 5'-GGG ACT TGG CCC AAC ATC ACA A-3’ 5'-CCA CCA CCG TGG CAC AGA AAC C-3' 60 163 NM_013167
Slc25a27 5'-TTT TAG CCA ATC CAA CTG ACC TA-3' 5'-TAT TCA CCA GTG CTG CTC TTT GT-3' 60 186 NM_053500
Slc25al4 5'-GTT CCG CTT TAA GCC ATG AGA TG-3' 5'-CGA TAC TCT GAC CTT GGA CTT GC-3’ 60 119 NM_053501
Slc25a4  5'-CCC TCT GCT TCG TCT ACC CAC TG-3' 5'-GGG CAA TCA TCC AGC TCA CAA TA-3' 60 273 NM_053515
Sle25a5 5'-GGA CTT CTT GGC TGG TGG AGT GG-3' 5'-TAT CTG CCG TGA TTT GCT TGC TG-3’ 60 116  NM_057102

Ppib (CycloB), peptidylprolyl isomerase B; Hprtl, hypoxanthine phosphoribosyltransferase I; Aplnr, apelin receptor; mt-Col cytochrome c¢ oxidase I,
mitochondrial; mz-Co2, cytochrome ¢ oxidase II, mitochondrial; Ppargcla (Pge-1a), peroxisome proliferator-activated receptor-y coactivator-1lo; Nrfl, nuclear
respiratory factor 1; Tfam mitochondrial transcription factor A; mt-Nd4l, NADH dehdrogenase 4L, mitochondrial; mt-Atp6, ATP synthase 6, mitochondrial; Ucp1,
uncoupling protein 1; Ucp2, uncoupling protein 2; Ucp3, uncoupling protein 3; Slc25a27 (Ucp4), solute carrier family 25, member 27; Sic25a14 (Bmcepl), brain
mitochondrial uncoupling 1; Slc25a4 (Antl), solute carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 4; Slc25a5 (Ant2), solute
carrier family 25 (mitochondrial carrier; adenine nucleotide translocator), member 5.
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Table 2. Maternal and fetal parameters

Control FR30 P Value
Maternal weight, g 444 = 8 270 = 11 <0.001
Maternal blood glucose, mmol/l 4.87 = 0.202 4.02 =0.172 0.008
Maternal blood triglycerides, g/l 1.86 = 0.347  0.73 = 0.211 0.017
Maternal cholesterol, g/l 0.771 = 0.099 0.564 = 0.049 0.011
Litter size 12.1 £ 1.68 11.6 £0.72 NS
Male/female ratio 1.01 = 0.181 1.1 = 0.127 NS
Fetal weight, g 5.56 £ 0.073 397 £0.164 <0.001
Fetal height, mm 459 0433 427 £0.615 <0.001
Fetal blood glucose, mmol/l 7.44 = 0.778 4.33 =0.522 <0.001
Fetal blood triglycerides, g/l 0.467 = 0.079  0.382 = 0.060 NS
Fetal blood cholesterol, g/l 0.476 = 0.084 0.362 = 0.040 NS
Placental weight, mg 592 = 17 443 = 19 <0.001
Fetus/placental ratio 9.44 £0.25 9.06 = 0.54 NS

Values are means = SE. Control group: n = 9; food-restricted group

(FR30): n = 8.

ware was programmed to select significant spots (ANOVA with P <
0.05 and cutoff spots with a significant =1.4-fold difference).
In-gel trypsin digestion. Differentially expressed spots were ex-
cised. Destaining of excised pieces was performed with two 20-min
washes with 1.6% sodium thiosulfate and potassium ferricyanate.
Pieces were washed with water until the gels were clear. Following
dehydration with 100% acetonitrile, 10 nl of 7.5 ng/pl sequencing
grade trypsin (Promega) was added to gel pieces for 5 min at 4°C. The
supernatant was removed, and the pieces were incubated overnight at
37°C with 30 wl of 20 mM sodium bicarbonate, pH 8. Supernatants
containing tryptic peptides were extracted for protein identification.

PLACENTAL MITOCHONDRIA AND FETAL GROWTH

Matrix-assisted laser desorption ionization-time-of-flight/time-of-
flight analysis. The matrix-assisted laser desorption ionization target
plate (MALDI) (AnchorChip; Bruker Daltonics) was covered with
extracted peptides mixed up with a-cyano-4-hydroxy-cinnamic acid
matrix (0.3 mg/ml in acetone-ethanol, 3:6 vol/vol). The molecular
mass measurements were performed in automatic mode using Flex-
Control 2.2 software on an Ultraflex II time-of-flight/time-of-flight
(TOF/TOF) instrument and in the reflectron mode for MALDI-TOF
peptide mass fingerprint (PMF) or LIFT mode for MALDI-TOF/TOF
peptide fragmentation fingerprint (PFF). External calibration over a
1,000- to 3,200-mass range was performed using the [M + H]™
monoisotopic ions of bradikinin 1-7, angiotensin I, angiotensin II,
substance P, bombesin, and adrenocorticotropic hormone [ACTH
1-17 and ACTH 18-39 (CLIP)] from a peptide calibration standard
kit (Bruker Daltonics). Briefly, an accelerating voltage of 25 kV, a
reflector voltage of 26.3 kV, and a pulsed ion extraction of 160 ns
were used to obtain the MS spectrum. Each spectrum was produced by
accumulating data from 800 laser shots. A maximum of four precursor
ions per sample were chosen for LIFT-TOF/TOF-MS/MS analysis.
Precursor ions were accelerated to 8 kV and selected in a timed ion
gate. Metastable ions generated by laser-induced decomposition were
further accelerated by 19 kV in the LIFT cell and their masses
measured in reflectron mode. Peak lists were generated from MS and
MS/MS spectra using Flexanalysis 2.4 software (Bruker Daltonics).
Database searches through Mascot 2.3 (Matrix Science, London, UK),
using combined PMF and PFF data sets, were performed in the
UniProt 2011_02 database via ProteinScape 2.1 (Bruker Daltonics). A
mass tolerance of 75 ppm and one missing cleavage site for PMF and
MS/MS tolerance of 0.5 Da and one missing cleavage site for MS/MS
search were allowed. Carbamidomethylation of cysteine and oxidation
of methionine residues were also considered. Relevance of protein
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Fig. 1. Two-dimensional gel analyses of proteins from control and food-restricted (FR30) placenta. A: representative image of 2-dimensional gel of placental
protein profiles in rat separated by isolectric point (p/) on a pH 3-10 gradient strip and then molecular weight (MW) on a 15% SDS-PAGE gel. Directions of
arrows indicate differential expression in FR30 group. B: classification of differentially expressed proteins according to their cellular localization.
C: representative quantitative 3-dimensional view of the SLC25A23 protein (spot n°5) used for confirmation by Western blotting. D: confirmation of differential
SLC25A23 expression in control (n = 7) and FR30 (n = 7) groups by Western blotting. **P < 0.01 vs. FR30 group.
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identities was judged according to the probability-based Mowse score,
calculated with a P value of 0.05.

Western blot analysis. Proteins (30 pg) from placental lysates used
for the two-dimensional gels were separated on 12% SDS-PAGE and
transferred electrophoretically onto a nitrocellulose membrane. Blots
were blocked with 5% skimmed milk in Tris-buffered saline solution
containing 0.1% Tween-20 and probe with the following antibodies:
goat anti-rat SLC25A23 (sc-162206; Santa Cruz Biotechnology),
MitoProfile Total OXPHOS Rodent WB Antibody Cocktail (MS604;
Mitosciences), mouse anti-a-tubulin (T6199; Sigma-Aldrich), or rab-
bit anti-rat GAPDH (2118S; Cell signaling). Blots were incubated
with primary antibody (SLC25A23 at 1:400 dilution, OXPHOS at
1:1,000 dilution, a-tubulin at 1:2,000 dilution, or GAPDH at 1:5,000
dilution) overnight at 4°C and then incubated with secondary antibody
[SLC25A23: anti-goat IgG peroxidase conjugate at 1:50,000 dilution
(A5420; Sigma-Aldricht); OXPHOS and a-tubulin: goat anti-mouse
IgG (H + L)-horseradish peroxidase (HRP) conjugate at 1:5,000 and
1:35,000 dilution, respectively (172-1,011; Bio-Rad); GAPDH: goat
anti-rabbit IgG (H + L)-HRP conjugate at 1:10,000 (172-1,019,
Bio-Rad)] for 1 h at room temperature. Blots were exposed using a
chemiluminescent detection method (Western lightning plus ECL;
Perkin-Elmer). A densitometric analysis was conducted using GS-800
Imaging densitometer and QuantityOne Software (Bio-Rad). Expres-
sions were normalized with both GAPDH and a-tubulin.

mtDNA measurement. A quarter of placenta was mixed with 1 ml
of lysis buffer [100 ng of proteinase K (Sigma-Aldrich), 100 mM
Tris, pH 8, 0.2% SDS, 5 mM EDTA, and 200 mM NaCl] and
incubated overnight at 55°C. Placentas were grinded and centrifuged
at 13,000 g for 20 min at room temperature. Supernatants were
collected and mixed with phenol pH 8/chloroform (vol/vol). Tubes
were centrifuged at 13,000 g for 10 min at 18°C. Supernatants (150
wrl) were collected, and sodium acetate (0.1 V) with cold ethanol was
added to precipitate DNA. After 1 h, tubes were centrifuged at 13,000
g for 10 min at 4°C, and DNA was dissolved with 50 wl of water.
Quantification of mitochondrial DNA (mtDNA; mean of mt-Col and
mt-Co2 genes) levels relative to nuclear DNA (nDNA; Aplnr gene)
was performed using a quantitative PCR (qPCR) method. qPCR was
performed with a SYBR Green technology (Roche) and a LightCycler
480 (Roche), following Table 1 and the manufacturer’s instructions.
Each sample was evaluated in duplicate. Analysis of DNA level was
carried out by first using the determination of the threshold cycle Cr
for each reaction corrected by the efficiency. The amount of target
relative to a calibrator was computed by the 274¢T method, as
validated previously (23).

Quantitative RT-PCR. Total RNAs were isolated, as described
previously (23), from the second half of placenta used for the
proteomic analysis, and quantitative RT-PCR (qRT-PCR) was per-
formed with a Light Cycler 480 SYBR Green I master and a Light-
Cycler 480 (Roche), following the Table 1 and the manufacturer’s
instructions. Three different housekeeping genes (Gapdh, Ppib, and
Hprtl) were used for the normalization.

Placental mitochondria isolation and high-resolution respirometry.
For respirometry analysis, a series of placentas was selected and
compared with the data of the Table 1. For each mother, mitochondria
isolation was performed on two pools of two selected placentas. For
respiratory measurement, each pool was quantified in duplicate on
separate chambers. Each mean value was obtained from a total of n =
32 placentas from eight control mothers and n = 24 placentas from six
FR30 mothers. The average of values found in each litter was
calculated and used for the statistical analysis. Placentas were placed
in isolation buffer A containing 300 mM sucrose, S mM TES, and 0.2
mM EGTA, pH 7.2, at 4°C. Placentas were then minced and homog-
enized by the use of a Kontes tissue grinder. After centrifugation (800
g for 7 min), the supernatant was centrifuged at 8,800 g for 7 min.
Mitochondrial pellet was suspended in 1 ml of buffer A and centri-
fuged at 8,800 g for 7 min. Protein concentration was determined
according to the Bradford method. Mitochondrial pellet was sus-

Table 3. List of identified proteins that were differentially expressed (>1.4-fold ratio increased or decreased) between control and FR30 rat placenta

Sequence

MW, kDa

pl/

Subcellullar Location

PFF-Matched
Peptides

PFF

PMF-Matched
Peptides

PMF
87.4

coverage,
%o

Accession Change
No.2 t-Test® Fold®

Gene
Name?

Protein name

Spot
No

Cytoplasm
Cytoplasm
Cytoplasm

58.0 3

11

19 72,0

26

0.002 +3.71 940 9.02 17.9

P10111

Ppia
Prdxl

Peptidyl-prolyl cis-trans isomerase A

1
Peroxiredoxin-1
Destrin

2
3

8 61.0

71.4

39,2

22.1

8.97
8.41
7.82
5.07

0.009 +3.59  9.20

Q63716

98.0

16,5

21

18.5

8.19
5.28
7.19

—2,25
—-1,77
—1,69

0.008

Q7MOE3
QI9CPV4  <0.001

Dstn
Glod4

Mitochondria

61.0

30 26,8

19

333

Glyoxalase domain-containing protein 4
Calcium-binding mitochondrial carrier

Mitochondria

68.6

20,6

52.4

0.009

Sle25a23  Q6GQS1

5

protein SCaMC-3
Proteasome subunit-3 type-2

Haptoglobin
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Cytoplasm, nucleus

Secreted
Cell membrane

Secreted

66.5
60.0
168

90.4
62.5

35

16,9
3,0

32,8
57,7

77

35.7 46
24.8

47
2

229 26
38.5

115

76.3

8.02
5.04
6.04
7.61

7.70
6,.0

7.35
7.14

—1,65
—1,54
—1,54
—-1,53
-1,50
—1,49
—1,49
—1,47
—1,40

0.021
0.008
0.043
0.011
0.041

P40307
P06866
Q5U2X5
P12346
P04636

7
Mdh2

Psmb2
P
Tnk2

Activated CDC42 kinase 1

Serotransferrin

6
7
8
9

Mitochondria

16
10
46

115

8.77

8.83

Malate dehydrogenase, mitochondrial

Peroxiredoxin-6

Nesprin-2

10
11

Cytoplasm, lysosome

Everywhere
Cytoplasm

5.64 6.37 27 33,5 83.0

5.23
5.31

035244 0.002

Prdx6
Syne2

61.0

790 7822 36 7,7
459 114

5.78

0.002

Q6ZWQO
P63259

12
13
14

Cytoplasm, nucleus

18 218
138

11

9
24 434 92.0

41.8
20.1

690 7.78

0.017
<0.001

P23928

Actgl
Cryab

Actin, cytoplasmic 2
Alpha-crystallin B chain

pl, isoelectric point; MW, molecular weight; T, theorical; E, experimental; PMF, peptide mass fingerprinting; PFF, peptide fragment fingerprinting. *Gene name and accession number according Uniprot.

®Protein fold ratio between control and FR30 placenta. A negative number indicates a decreased expression in FR30 placenta. P value was calclated unsing Student’s #-test.
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Fig. 2. Measurement of mitochondrial biogenesis indicators. A: relative quan-
tification of mitochondrial DNA (mtDNA) content by real-time quantitative
PCR (qPCR) analysis in control (n = 7) and FR30 (n = 7) placenta. B: relative
quantification of PGC-1a, nuclear respiratory factor 1 (NRF1), and mitochon-
drial transcription factor (TFAM) mRNA expression by RT-qPCR in control
(C; n = 8-9) and FR30 (n = 9) groups. *P < 0.05 vs. FR30 group; **P <
0.01 vs. FR30 group; ***P < 0.001 vs. FR30 group.

pended in buffer B, pH 7.1, containing 100 mM sucrose, 20 mM
HEPES, 1 mM KH>POj,, 20 mM taurine, 3 mM MgCl,.6H,0, 60 mM
K-MES, 0.5 mM EGTA, and 1 g/l BSA-fraction V.

For high-resolution respirometry, 2,250 g of protein from mito-
chondrial fraction was measured at 25°C in a two-chamber respirom-
eter (Oroboros O2k oxygraph; Oroboros, Innsbruck, Austria) contain-
ing a volume of 2 ml of buffer B. Respiration state 1 was determined.
Respiratory state 4 (without ADP) was determined with glutamate (10
mM) plus malate (2 mM) plus pyruvate (5 mM), which activate the
Krebs cycle enzyme malate dehydrogenase, providing NADH to the
respiratory chain (complex I). Respiratory state 3 (coupled respira-
tion) was determined in the presence of ADP (2.5 mM). Once the
steady state was reached, the quality of mitochondria was assessed
using a cytochrome c test (16). If the increase in oxygen consumption
was >10% after the addition of 10 pM cytochrome c, the experiments
were excluded. The coupling of phosphorylation to oxidation was
determined by calculating the respiratory control ratio as the ratio of
state 3 to state 4. Then, complex II was activated by succinate (10
mM) addition. Addition of FCCP (0.5 wM; a chemical-uncoupling
molecule) was used to calculate the maximal respiratory capacity of
mitochondria. To measure the respiration starting from complex II,
rotenone (0.5 wM) was added to inhibit the complex I activity. To
determine the capacity of cytochrome ¢ oxidase (complex IV), anti-
mycine A (2.5 wM; an inhibitor of Complex II) and N,N,N'N’-
tetramethyl-p-phenylenediamine 0.5 mM plus ascorbate (2 mM) were
used as an artificial redox mediators that assist the transfer of electrons
from ascorbate to cytochrome c. In the presence of ADP (2.5 mM) and
antimycine A (5 uM), only complex IV respiration was stimulated.
Because antimycine blocks electron transfer from complex III, the
TMPD-related respiration rate may evaluate the complex IV-related

PLACENTAL MITOCHONDRIA AND FETAL GROWTH

maximal respiration rate, excluding complexes I, II, and III. Finally,
sodium azide (1 mM) was added for inhibiting complex IV and
calculating the complex I'V-related maximal respiration without auto-
oxydation of TMPD-ascorbate itself. Analyses for the palmitoyl
carnithine experiment was performed from fresh mitochondrial en-
richment by the addition of 20 wM of palmitoyl carnithine, and then
coupled respiration was determined in the presence of ADP (2.5 mM).
Rates of respiration are given in picomoles O, per second per
milligram protein. Data acquisition and analysis were performed with
Datlab4 software (Oroboros).

Placental ATP and ADP measurements. Placental ATP and ADP
measurements were determined using the ATP Colorimetric/Fluoro-
metric Assay kit and the ADP Colorimetric/Fluorometric Assay kit
(Abcam). Measurements were performed with the fluorometric assay,
following the manufacturer’s instructions, on 30 wg of frozen pla-
centa. ATP and ADP contents were measured in duplicate and
calculated per microgram of tissue.

Statistical analysis. Results are reported as means * SE. Statistical
analyses were performed using one-way ANOVA and a post hoc
comparison with Dunnett’s test. A P value of <0.05 was considered
significant. Analyses were performed using SigmaStat software (Sys-
tat Software).

RESULTS

Maternal and fetal parameters. At E21, maternal FR30 did
not modify either litter size or sex ratio (Table 2). Food
restriction (FR30) reduced maternal body weight by 39% (P <
0.001) and induced a fetal growth restriction, as reflected by
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Fig. 3. Measurement of respiratory chain mRNA and protein expression.
A: relative quantification by RT-qPCR analyses of mtDNA-encoded RNA
(C: n = 9; FR30: n = 7-9). B: relative expression of respiratory chain proteins
encoded by nuclear DNA. (C: n = 9; FR30: n = 9). P < 0.05 vs. FR30 group.
##P < 0.01 vs. FR30 group.
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Fig. 4. High-resolution respirometry on enriched placental mitochondrial fraction. Measurement of placental mitochondrial respiration. A: without substrate or
with substrate for complex I [glutamate malate pyruvate (GMP)]. B: in the presence of ADP with substrate for complex I (I) and/or complex II (II; succinate)
and measurement of maximal mitochondrial respiration with a chemical uncoupling molecule (FCCP). C: respiratory control ratio with GMP consumption.
D: complex IV respiration in the presence of an inhibitor of complex III (antimycine A) and an electron donor (N,N,N'N’-tetramethyl-p-phenylenediamine-
ascorbate). E: measurement of mitochondrial oxygen consumption in the presence of palmitoyl carnitine (PC) with or without ADP. F: respiratory control ratio
with PC consumption. C (n = 5-8 pools) and FR30 (n = 5-6 pools). *P < 0.05 vs. FR30 group; **P < 0.01 vs. FR30 group.

decrease in length and weight of fetuses (—9 and —29%
respectively, P < 0.001). The placental weight was decreased
(—=25%, P < 0.001). Maternal blood glucose level and plasma
triglyceride and cholesterol levels were also decreased in FR30
rats. In FR30 fetuses, blood glucose level was decreased
(—42%, P < 0.001).

Proteomic analysis of FR30 placentas. Protein profiles were
analyzed using two-dimensional gel electrophoresis (2D-gel)
coupled to mass spectroscopy. Figure 1A shows a representa-
tive control 2D-gel profile. Comparative software-guided anal-
yses of these gels revealed 14 differentially expressed spots
identified using MALDI-TOF/TOF. Table 3 is a list of differ-
entially expressed proteins with their calculated fold change
relative to controls, P values, both theorical and experimental
isoelectric point and molecular weight, and subcellular loca-
tion. As seen in Fig. 1B, it was particularly interesting that
mitochondria are the most affected subcellular organelles.
Figure 1C is a tridimensional view of the control and FR30
2D-gel in which decreased expression of the most affected
mitochondrial protein is indicated (SLC25A23, —1.69-fold
change). Differential protein expression of SLC25A23 was
verified by Western blotting (—1.49-fold change, P = 0.006).

mtDNA analysis and mitochondrial mRNA and proteins
levels. mtDNA in FR30 placentas was strongly increased
(+250%, P < 0.001) (Fig. 2A). Maternal FR30 increased the
expression of three factors implicated in mtDNA replication,
i.e., PPARY coactivator-1a (Pgc-1a), nuclear respiratory factor
1 (Nrfl), and mitochondrial transcription factor A (Tfam)
mRNA levels (P < 0.01, P < 0.05, and P < 0.001, respec-
tively; Fig. 2B). The expression of mitochondrial genes, in-
cluding mt-Col (—18%), mt-Co2 (+38%), and mt-ATP6

(—15%), was also modulated by FR30 (Fig. 3A). However,
protein levels of NDUFB8, UQCRC2, and ATP5A1 were not
affected (Fig. 3B).

Mitochondrial oxygen consumption determination. For high-
resolution respirometry analysis, a similar placental mitochon-
drial quantity from both groups was used (Fig. 4). Under basal
conditions (P < 0.01) as well as after glutamate malate
pyruvate (GMP) addition to activate the complex I (P < 0.05),
FR30 mitochondria displayed a higher oxygen consumption
(Fig. 4A). By adding ADP, the mitochondrial respiration was
also increased (P < 0.05; Fig. 4B) by stimulating the complex
I but not substrates of the complex II (Fig. 4B). In addition, the
maximal respiration of FR30 group, using the uncoupling
agent FCCP, was not significantly modulated (Fig. 4B). The
respiratory control ratio was increased in FR30 placentas (P <
0.05; Fig. 4C). Similarly, by stimulating the complex IV, a
higher respiratory capacity of FR30 mitochondria was ob-
served (P < 0.01; Fig. 4D). Using palmitoyl fatty acid as
substrate, no difference was noted between groups (Fig. 4, E
and F).

mRNA levels of mitochondrial factors: ATP and ADP
determination. Placental expression of several uncoupling pro-
teins [UCPI1, -2, -3, and -4 and BMCP1 (UCP5)] and two
adenine nucleotide translocators (Antl and Ant2) was per-
formed using qRT-PCR. mRNAs for UCP2, UCP3, UCPS5,
Antl, and Ant 2 were detected. We found that UCP2 is the
most expressed uncoupling protein. Placental mRNA level of
UCP2 was reduced (P < 0.05; Fig. 5A), and those of adenine
nucleotide translocators Antl (+58%) and Ant2 (—38%) were
also affected by FR30 (Fig. 5B). The amount of placental ATP
was decreased by 51% in the FR30 group (P < 0.001; Fig. 5C).
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Fig. 5. Measurement of energy production. A: relative quantification by RT-qPCR analyses of the uncoupling protein (UCP) gene family. C: n = 7-8; FR30:
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group; ***P < 0.001 vs. FR30 group.

In contrast, ADP content was increased (P < 0.05), and the
ATP/ADP ratio was reduced drastically (—70%) by maternal
FR30 (P < 0.01; Fig. 5, D and E).

DISCUSSION

In the present study, maternal FR30 drastically reduced both
fetal and placental weights, demonstrating that maternal calorie
restriction induces an intrauterine growth restriction in rats, as
has been described previously with other maternal regimens (4,
19, 23, 24). To unravel the mechanisms of placental adaptation
under this deleterious condition, we investigated the ways in
which maternal food restriction had influenced the placental
proteome.

Protein profiles were analyzed using two-dimensional gel
electrophoresis coupled with mass spectroscopy to identify
differentially expressed proteins. A total of 14 differentially
expressed proteins were identified using MALDI-TOF/TOF
analysis in this part of the placental proteome. We noted that
the subcellular location of the most affected proteins was the
mitochondrion. These data prompted us to investigate the
changes in placental mitochondrial function induced by mater-
nal FR30.

Few studies have investigated the physiology of mitochon-
dria in the placenta, although these organelles play critical
roles in both placental development and materno-fetal ex-
changes (15, 25). It has been proposed that placental mitochon-
drial dysfunction could be present in cases of placental insuf-
ficiency and may be critical in fetal programming (17). In mice,
it was shown that impaired mitochondrial function in the
embryo affects subsequent fetal and placental growth (34).

Here, we investigated the effect of maternal FR30 on placental
mtDNA content, mitochondrial respiratory capacity, and ex-
pression of several mitochondrial genes and proteins. We
found that placental mtDNA content was strongly increased by
maternal FR30 and that the gene expression of Nrfl, Tfam, and
PGC-la, three genes implicated in mtDNA replication (11,
36), was also increased. These data suggest that maternal
undernutrition may increase placental mitochondrial biogene-
sis, as has been reported in other tissues (7, 9, 20). Then, we
postulated that these disturbances may change the expression
of the mitochondrial genome, and indeed we found a disturbed
gene expression of several genes, including mt-col, mt-co2,
and ATP6. Because mtDNA genes exclusively produce pro-
teins of the respiratory chain, we looked for a putative defec-
tive mitochondrial bioenergetic efficiency in FR30 placentas
using high-resolution respirometry analysis.

Under basal conditions, FR30 mitochondria displayed higher ox-
ygen consumption. This observation was also found after
specific activation of the Krebs cycle and stimulation of the
complex I but not complex II. Similarly, by stimulating the
complex IV, a higher respiratory capacity of FR30 mitochon-
dria was observed. These data demonstrated that the coupling
of phosphorylation to oxidation was increased in FR30 pla-
centa and revealed that the activity of the respiratory chain is
increased by modulation of complex I and/or IV activities.
However, using palmitoyl fatty acid metabolism as substrate,
FR30 mitochondria did not display modulated respiratory ca-
pacity, showing an absence of modified capacity to fatty acid
metabolism. Our findings demonstrated that the efficiency of
the mitochondrial respiratory chain was increased under the
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FR30 condition potentially to maintain ATP production. In
accord with our findings, we found that the expression of
UCP2, an uncoupling protein that reduces the ATP production
(37), was reduced by FR30 and that the expression of the
adenine nucleotide translocator Antl, which transfers ATP
from the mitochondria to the cytoplasm (5), was increased but
that the expression of Ant2 was decreased. Ant2’s role would
be to import into mitochondria ATP to maintenance of the
membrane potential (8). Thus, the reduction of Ant2 in FR30
placental cells may thus increase the availability of ATP in the
cytoplasm to sustain metabolic activities. For the first time, we
reported here, using qRT-PCR, that several types of UCP
proteins and two types of Ant are expressed in the placenta. In
summary, FR30 triggers off molecular and metabolic mito-
chondrial adaptations in the placenta potentially to maintain
cellular bioenergetic status when substrate’s availability to the
placenta is drastically reduced by maternal food restriction.

Using a comparable amount of placental extract, we found
that both ATP content and ATP/ADP ratio were drastically
reduced in FR30 placentas, showing that an impaired ATP
synthesis occurs despite the previously described mitochon-
drial plasticity. Altogether, our data demonstrate for the first
time a functional plasticity of mitochondria in the placenta.
Under the FR30 condition, a marked increase in mitochondrial
biogenesis occurs, and at a functional level, molecular adapta-
tions ensure a higher efficiency of the mitochondrial respira-
tory chain. These adaptations have probably been mobilized by
the drastic reduction in substrate availability and could consti-
tute compensatory mechanisms to sustain the fetal growth
under this deleterious gestational condition.

In conclusion, we provide first evidence that maternal under-
nutrition induces mitochondrial abnormalities in the placenta.
Mitochondria are implicated in numerous critical functions for
the fetoplacental development, such as ATP production for
placental growth and transplacental nutrient transfers, reduc-
tion of oxidative stress, control of cell apoptosis, and produc-
tion of hormones (17, 25, 31, 34). Mitochondrial defects may
contribute to modify the placental activity, which may
strengthen the effect of maternal undernutrition and thus be
involved in the restriction of both fetal and placental growth.
These hypotheses remain to be explored in this model. A
causal linkage between placental mitochondrial defects and
later-life diseases in offspring remains to be established. Inter-
estingly, using the same experimental model, we reported
previously that adult FR30 rats develop several pathologies,
such as hypertension (29), an altered food intake behavior (6),
and fat deposition (22), demonstrating the maternal FR30
program’s long-term pathologies. Finally, mitochondrial com-
pensatory mechanisms would likely be mobilized in several
organs of FR30 fetuses, and we can postulate that fetal organ
mitochondrial abnormalities might persist in adult FR30 rats.
In accord with this hypothesis, long-term mitochondrial dys-
functions have been demonstrated in the pancreatic 3-cells of
rats prenatally exposed to a low-protein diet (28, 32). To
conclude, growing evidence suggests that mitochondrial dys-
functions may be implicated in several metabolic diseases,
such as type 2 diabetes (21), obesity (18), and vascular diseases
(27), and our present findings suggest that placental mitochon-
drial defects may also be implicated in part in the etiology of
fetal growth restriction.
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