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Background: Intrauterine growth restriction (IUGR) pre-
disposes to cardiovascular diseases in adulthood. The mecha-
nisms of this phenomenon remain cryptic. We hypothesized 
that heart mitochondria in IUGR-born adult rats are more 
sensitive to acute hypoxia which translates into dysfunctional  
cardiac response to hypoxic stress.
Methods: Adult IUGR-born male rats (the offspring of 
dams fed with calories-restricted diet during pregnancy) were 
exposed to acute hypoxic stress with echocardiographic assess-
ment of cardiac function. In parallel, mitochondrial respiration 
in organelles isolated from left ventricle (LV) and right ventricle 
(RV) was tested in normoxic and anoxic conditions. The extent 
of post-anoxic inhibition of mitochondrial respiration and car-
diac function was compared with controls, non-IUGR rats.
results: Compared with controls, in the IUGR rats hypoxia 
significantly reduced only RV contractility, evidenced by 
decreased fractional shortening, functional area of contraction, 
and tricuspid annular plane systolic excursion. In isolated mito-
chondria, anoxic challenge inhibited respiratory chain in both 
groups of rats. However, compared with controls, the extent 
of anoxic mitochondrial depression was significantly greater in 
IUGR-born rats, but only in the organelles isolated from RV.
conclusions: In adult IUGR-born rats, mitochondria from 
RV are hypersensitive to oxygen deprivation and this translates 
into maladaptive RV cardiac response to acute hypoxia.

Fetal programming, first proposed by Hales and Barker (1), 
describes the developmental origins of health and disease 

(2,3). Fetal stresses and environmental factors, including 
under- or overnutrition, anemia, exposure to cocaine, and 
maternal smoking, induce changes in genes, proteins, or meta-
bolic pathways implicated in remodeling of the hypothalamic–
pituitary–adrenal axis (4,5), obesity, and in increased risk of 
diseases of the cardiovascular system (6).

Cardiovascular changes associated with intrauterine growth 
restriction (IUGR) include centralization of the arterial cir-
culation (7), increases in fetal afterload, cardiac output, 
remodeling of the heart, and changes in arterial compliance 
(8). Maternal under- and overnutrition is known to influence 

cardiac function (7,8) and total cardiac mitochondrial activity 
in their juvenile offspring (9). Newborn rat offspring born to 
protein-restricted dams have smaller hearts with fewer cardio-
myocytes and are found to have cardiac remodeling and car-
diac output changes (increased afterload and reduced arterial 
compliance) later in their life (8,10). IUGR rats are found to 
have impaired adenosine triphosphate production (11) and 
oxidative phosphorylation in cardiomyocytes as well as cells 
from other major organs (12–15). Impaired oxidative phos-
phorylation has been linked to cardiomyocyte apoptosis, poor 
cardiac function, and dysfunctional mitochondrial Complex I 
and II, evident prior to the onset of cardiomyocyte apoptosis 
during transition from compensated left ventricular hypertro-
phy to failure (16).

Chamber-specific differences in mitochondrial respiration 
have been shown to occur in response to stress. Mitochondria 
from both LV and RV show evidence of morphological and func-
tional phosphorylation defects in response to chronic hypoxia, 
but the onset of these events in RV is delayed compared with 
LV (17). In contrast, there is a selective decrease in Complex I 
activity in RV compared with LV in rats with right heart fail-
ure secondary to pulmonary arterial hypertension associated 
with hypoxia (18). Theoretically, in IUGR-born mature subjects, 
hypoxic stress (sleep apnea, pneumonia, acute respiratory dis-
tress syndrome, etc.) may manifest with exacerbated RV dys-
function compared with non-IUGR born, normal population.

Our study tests the hypothesis that compared with non-
IUGR control counterparts, in IUGR-born adult male rats, 
acute hypoxic stress induces significantly greater RV dysfunc-
tion, and this is associated with selectively greater inhibition of 
RV cardiac mitochondrial respiratory chain.

RESULTS
IUGR Model
Before nutrient restriction, dam’s weights were similar in both 
groups. As expected, nutrient restriction significantly reduced 
weight gain throughout the treatment period (Figure 1a). No 
difference in litter size was detected (Control 12.7 ± 0.38; IUGR 
13.2 ± 0.36 pups). In IUGR offspring, body and heart weights at 
the initial day of life were significantly poorer compared with 
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controls (Figure 1b and Table 1). However, the ratio of heart 
weight to body weight was similar in both groups (Table 1). 
Maternal nutrient restriction significantly affected offspring 
body weights beyond neonatal and weaning age. At all tested 
ages, body weights in IUGR offspring were significantly lower 
compared with controls (Figure 1b).

Hypoxia and Echocardiography
Control and IUGR rats exhibited comparable baseline (pre-
hypoxic) SaO2, heart rate (HR) and respiratory rate (RR) 

(Figure  1c–e), and cardio-functional outcomes obtained by 
echocardiography (ECHO). Exposure to hypoxia caused a sig-
nificant decrease in SaO2, associated with significant increase 
in RRs compared with baseline values in both groups of rats 
(Figure 1c,e). Oxygen desaturation occurred more rapidly in 
IUGR rats compared with controls, as indicated by a steeper 
slope of decline in SaO2 with a lower nadir. HRs in IUGR 
and control rats were comparable at baseline and at 1 min of 
hypoxia, progressively declining to a greater extent in IUGR 
animals during hypoxia compared with controls (Figure 1d). 

Figure 1. Physiological parameters. (a) Body weight changes in pregnant rats. Controls, black circles, n = 26 and IUGR, open circles, n = 26. *P < 0.05, **P 
< 0.001, compared with IUGR rats. Arrow indicates start of feeding restriction. (b) Postnatal weight changes. Controls, black circles, n = 72 and IUGR, open 
circles, n = 71. *P < 0.05, **P < 0.0001, compared with IUGR group. (c–e) Changes in oxygen saturation (SaO2), heart rates, and respiratory rates in control 
(n = 10) and IUGR (n = 9) offspring during hypoxia. Data demonstrating significant difference between groups are outlined. Arrows indicate start and stop 
of hypoxia. Controls, black circles; IUGR, open circles. *P < 0.0001. IUGR, intrauterine growth restriction; NR, nutritional restriction.
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RR in both groups increased at the same rate for the initial 
2 min and then the rate of RR decline was significantly faster in 
the IUGR group (Figure 1e). Upon reoxygenation with room 
air, SaO2 normalized within 2 min in both groups. Post-hypoxic 
HR and RR did not differ between control and IUGR rats.

Results of echocardiographic exam are shown in Figure 2. 
Pre-hypoxic values of LV and RV functions did not differ 
between groups. In response to hypoxic challenge, LV systolic 
and diastolic dimensions and areas did not change in both 
groups of rats. However, RV systolic and diastolic areas sig-
nificantly enlarged in control rats (pre-hypoxia, 49.6 ± 1.9 vs. 
hypoxia, 74.8 ± 1.6; P < 0.001) and in their IUGR counterparts 
(pre-hypoxia, 61.1 ± 1.7 vs. hypoxia, 83.2 ± 1.5; P < 0.001). 
Importantly, in IUGR rats RV systolic function assessed by 
fractional shortening, fractional area change, and tricuspid 
annular plane systolic excursion decreased to a significantly 
greater degree compared with controls (Figure 2a–c). No sig-
nificant differences in LV systolic function were detected in 
response to hypoxia in both groups of rats (Figure 2a,b).

Mitochondrial Respiration
The baseline, normoxic, state 4 (resting respiration) and ade-
nosine diphosphate (ADP)-stimulated, state 3, and uncou-
pled, 2,4-dinitrophenol (DNP)-induced (DNP1), respirations 
were comparable in RV and LV between control and IUGR 
rats (Figure  3a,b). Following anoxic challenge, the DNP2 
(uncoupled respiration measured after anoxia) rate in both 
groups of rats in both ventricles significantly decreased com-
pared with that in normoxia (Figure 3–c–f). The extent of this 
anoxic depression of mitochondrial respiratory chain differed 
depending upon substrates: Organelles fueled with succinate–
glutamate (complex-II (C-II) dependent substrate) were less 
affected with anoxia, compared with the same mitochondria 
fueled with malate–glutamate (complex-I (C-1) dependent 
substrate) (Figure 3b,d). In control rats, mitochondria isolated 
from both LV and RV were depressed to a similar extent fol-
lowing anoxia. However, in IUGR rats, cardiac mitochondria 
isolated only from the RV demonstrated significantly poorer 
DNP2 O2 consumption rate compared with post-anoxic RV 
mitochondria from control rats (Figure 3f). This poorer mito-
chondrial respiratory chain function was detected only when 
RV mitochondria were supported with C-I dependent sub-
strates (malate–glutamate), but not C-II dependent succinate 
(Figure 3d,f).

Electron microscopy exam of RV isolated mitochondrial 
pellets revealed intact and well-preserved organelles in both 
control and IUGR rats (Figure 4a,c). Anoxic challenge mark-
edly changed mitochondrial morphology, causing swelling of 
organelles and partial loss of matrix cristae in both groups of 
rats (Figure 4b,d).

DISCUSSION
This study is the first to demonstrate a significant exacerbation 
of RV systolic dysfunction in response to acute hypoxic stress 
in adult rats born with IUGR. In IUGR-born rats only RV 
function, but not LV function, was depressed in response to 
acute hypoxic stress and during recovery. Mechanistically, this 

table 1. Maternal and litter characteristics

Control IUGR

Maternal anthropometrics

Total number of pregnant rats 26 26

Weight at gestation date 15 (g) 291.9 ± 4.4 290.4 ± 3.1

Weight at gestation date 22 (g) 395.5 ± 8.4 303.8 ± 4.5**

Litter size (number of pups) 12.7 ± 0.38 13.2 ± 0.36

Pup anthropometrics

Body weight (g) 7.0 ± 0.1(n = 188) 6.1 ± 0.1(n = 174)*

Heart weight (mg) 31.9 ± 0.58 (n = 60) 27.2 ± 0.5 (n = 64)*

Heart/body weight ratio 0.46 ± 0.01 (n = 60) 0.46 ± 0.01 (n = 60)

IUGR, intrauterine growth restriction.
Values are mean ± se. *P < 0.05; **P < 0.001.

Figure 2. Echocardiographic indices in Control and IUGR rats, prior to-, 
during and after hypoxia. (a) Fractional shortening %, (b) fractional area 
change %, and (c) tricuspid annular plane systolic excursion. Circle with 
solid line is Control LV; circle with dotted line is IUGR LV; triangle with solid 
line Control RV and triangle with dotted line is IUGR RV. *P < 0.01, **P < 
0.001 compared with corresponding values in controls. IUGR, intrauterine 
growth restriction; LV, left ventricle; RV, right ventricle.

60
a

b

c

50

40

F
S

 %
FA

C
 %

TA
S

P
E

 %

30

**

§

**

20
Prehypoxia Hypoxia Posthypoxia

Prehypoxia Hypoxia Posthypoxia

Prehypoxia Hypoxia Posthypoxia

70

60

50

40

30

20

10

25

20

15

10

Volume 80  |  Number 4  |  October 2016      Pediatric ReseARCH 549



Copyright © 2016 International Pediatric Research Foundation, Inc.

Articles         Keenaghan et al.

IUGR-associated exacerbation of RV dysfunction was linked 
to a significantly greater sensitivity of RV mitochondria to oxy-
gen deprivation compared with that in control rats.

There are numerous IUGR models that have been used 
to investigate fetal programming of adult diseases (19–21), 
including the model of caloric restriction, that we have cho-
sen for this study. Our anthropometric data are consistent 
with results of other reports on this model (10,20–23). Body 
weights in IUGR rats remained significantly lower than in 
controls at all studied ages, although an accelerated (catch-up) 
growth rate in IUGR groups generally occurs around 2–3 wk of 
life (24,25). However, this usually does not occur, if maternal 
protein/caloric restriction is maintained after birth and during 

the preweaning period, as it was in our model (21,26,27). The 
proportion of heart weight to body weight in two groups was 
not statistically different, and this is also consistent with previ-
ous observations (10,20,21). Based on studies (10,20–23), one 
may conclude that the heavier rats have bigger hearts and vice 
versa. This suggests that postnatal heart size is a function of 
overall somatic growth. Functional implication of fetal IUGR 
on cardiac performance was assessed during acute hypoxic 
challenge, the most common life-threatening stress in humans. 
Here we show that in response to acute hypoxemia, RV con-
tractility was significantly reduced in both groups of rats. 
However, the extent of this RV systolic dysfunction (evidenced 
by a shorter tricuspid annular plane systolic excursion distance 

Figure 3. Mitochondrial respiration before and after anoxia. Baseline state 4 (a) and state 3 (b) RV mitochondrial O2 consumption rates. Substrates, 
malate–glutamate (n = 11, IUGR and 10, Control). (c) Representative tracing of RV mitochondrial respiration supported with succinate–glutamate; 
control (bold line) and IUGR (dotted line). (d) The ratios of post-anoxic to pre-anoxic mitochondrial maximal (uncoupled) respiration (DNP2/DNP1 in %) 
in organelles isolated from LV or RV in control (n = 4) or IUGR rats (n = 4). Substrate, succinate–glutamate. (e) Representative tracing of RV mitochondrial 
respiration supported with malate–glutamate; control (bold line) and IUGR (dotted line). (f) The ratio of post-anoxic to pre-anoxic mitochondrial maximal 
(uncoupled) respiration (DNP2/DNP1 in %) in organelles isolated from LV or RV in control (n = 10) or IUGR rats (n = 11). Mitochondria were fueled with 
malate–glutamate. Arrows: MITO, addition of mitochondria; ADP, addition of ADP, DNP, addition of DNP. **P < 0.001 compared with mitochondria from 
control RV. ADP, adenosine diphosphate; DNP, 2,4-dinitrophenol; IUGR, intrauterine growth restriction; LV, left ventricle; RV, right ventricle.
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and decreased fractional area change) was significantly greater 
in IUGR animals compared with controls. This suggests that 
following fetal IUGR, the RV, even in mature subjects, is less 
tolerant to hypoxic depression. Thus, IUGR can be considered 
as a risk factor for more severe selective RV dysfunction during 
acute hypoxic stress.

It is possible that compared with controls, significant wors-
ening of RV dysfunction in IUGR-born rats was secondary to 
a slightly greater extent of hypoxemia during hypoxic chal-
lenge (Figure  1c). Indeed, mechanistically, RV dysfunction 
during hypoxia has been explained by the hypoxic eleva-
tion in pulmonary vascular resistance, resulting in a greater 
RV afterload. In isolated hearts, however, without the effect 
of the lungs, hypoxemic perfusion also reduced RV contrac-
tility and glucose utilization, the event associated with inef-
ficient Na+/K+-adenosine triphosphatase function (28). Our 
study revealed that in the IUGR-born rats mitochondria iso-
lated only from RV are more sensitive to hypoxic inhibition 
compared with that in their control counterparts. Given that 
myocardial contractility directly depends upon availability of 
high-energy substrates, more severe inhibition of the mito-
chondrial respiratory chain during oxygen deprivation may 
serve as another plausible explanation for significantly exacer-
bated RV dysfunction in IUGR animals compared with their 
controls. By testing mitochondria with different substrates, we 
have found that RV organelles exhibited severe post-anoxic 
respiratory inhibition only when these organelles were sup-
ported with nicotinamide adenine dinucleotide (NAD)-
linked substrates, malate–glutamate which provide electron 
flux via C-I. In contrast, when the same mitochondria were 
fueled with succinate, no difference in post-anoxic (DNP2) 
respiration rates was detected between controls and IUGR 

rats. Because, succinate is Flavin adenine dinucleotide (FAD)-
linked substrate and supports electron flux via C-II, these 
data suggest that IUGR selectively affects sensitivity of C-I to 
oxygen deprivation. This highlights C-I is a mechanistic target 
responsible for exacerbation of mitochondrial dysfunction in 
IUGR-born adult subjects during hypoxic stress.

C-I can undergo a conformational change from an active 
form, A-form, to a deactivated form, D-form, in response 
to acute hypoxia (29), hyperthermia (30), or increased Ca2+ 
concentration (31) or fatty acids (32). Galkin et al. have (29) 
hypothesized that the D-form may be a protective mechanism 
against mitochondrial overproduction of reactive oxygen spe-
cies during hypoxic event, and after reoxygenation, confor-
mational return to A-form normalizes bioenergetics. Indeed, 
partial inhibition of C-I during ischemia protected cardiac and 
brain mitochondria from reperfusion injury (33–35). It is pos-
sible that in the IUGR rats RV mitochondria are more prone 
to this D-form conformation compared with control animal. 
However, our in vivo data suggest that in IUGR-born rats this 
hypothetical conformational change in C-I is associated with 
exaggerated RV dysfunction, rather than with an adaptogenic 
event. It has been shown that IUGR affects NAD+/NADH 
ratio and reduces expression of adenine-nucleotide transloca-
tor 1, ATP-synthase, and NADH–ubiquinone oxidoreductase 
in skeletal muscles of juvenile IUGR-born rats (36). Based on 
these findings, authors concluded that IUGR negatively affects 
skeletal muscles mitochondrial function. Our data extend this 
observation by showing that exacerbated RV mitochondrial 
dysfunction in response to acute O2 deprivation is directly 
related to an inhibition of respiratory chain, because the differ-
ence was detected in uncoupled post-anoxic respiration which 
does not depend upon activity of adenine-nucleotide translo-
cator 1 (Figure 3e). Finally, electron microscopy revealed that 
acute oxygen deprivation markedly affected RV-mitochondrial 
morphology to a similar extent in both groups of rats. Yet, 
functional outcome was significantly worse only in organelles 
isolated from IUGR-born animals. This suggests that IUGR 
affects only functional response of RV mitochondria to acute 
hypoxic stress.

We have shown that when exposed to the acute hypoxia, 
the RV in the IUGR-born adult male rats does not function 
as efficiently as that of controls, and their RV mitochon-
drial function is significantly poorer compared with that in 
adult rats normally nourished at birth. Thus, in the adult-
hood, fetal IUGR selectively predispose RV mitochondria to 
a more severe inhibition in response to acute hypoxic stress. 
This highlights mitochondria as a novel mechanistic target for 
IUGR-associated maladaptive RV response to hypoxic stress.

METHODS
All chemicals were supplied by Sigma-Aldrich (St. Louis, MO) except 
for N-2-hydroxyethylpiperazine-N9-2-ethanesufonic acid (HEPES) 
by Research Organics (Cleveland, OH).

Animals and Experimental Design
The experimental protocol was approved by the Institutional Animal 
Care and Use Committee of Columbia University in accordance 
with Association for Assessment and Accreditation of Laboratory 

Figure 4. Electron microscopy of RV mitochondria. Electron microscopy 
of mitochondrial pellets isolated from RV of control before (a) and after 
anoxic challenge (b) and IUGR rats before (c) and after anoxic challenge 
(d). Scale bar = 2 µm. IUGR, intrauterine growth restriction.
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Animal Care. Timed-pregnant Sprague-Dawley rats (Charles River 
Laboratories, Stone Ridge, NY) at gestational day 14 (GD14) were 
randomly divided into two groups, control and nutrient restriction. 
All rats were housed individually in standard rat cages with free 
access to water. The weight was recorded daily throughout pregnancy. 
Control rats were fed a standard rat chow ad libitum. In the nutri-
ent restriction group food intake was limited to 40% (11.5 ± 0.2 g/d) 
(3.4 kcal/g, fat 13%, protein 27%, carbohydrate 60%; LabDiet, St. 
Louis, MO) of the average maternal standard rat chow until delivery 
(20,21). On postnatal day 1 (p1), undernourished dams were fed ad 
libitum for 1 d and resumed the restricted diet on p2 until p7. On p1 
all litters were culled to six pups per dam. Pups were weighed daily 
for the first 7 d of life and then weekly until p90. Pups born to under-
nourished dams were assigned to IUGR group and pups born to rats 
fed ad libitum served as control. Following weaning from maternal 
milk all pups were housed two or three per cage with food access ad 
libitum.

At p90–120 offspring rats from both groups were exposed to 
hypoxic challenge (8% O2 balanced N2) for 15 min at room tem-
perature. Hypoxia exposure was performed under isoflurane (2.5 
vol% induction, 1.7 vol% maintenance) anesthesia. During hypoxic 
challenge oxygen saturation (SaO2), HR, RR, and cardiac function 
(ECHO) were monitored. Two IUGR-born rats died during the 
hypoxia trials. One death occurred within 10 min and another was 
at 15 min of 8% oxygen exposure. Data from these animals were 
excluded from analysis.

SaO2, HR, and RR were measured using MouseOx, a Small Animal 
Pulse Oximeter (Starr Life Sciences, Oakmont, PA). Briefly, an infra-
red sensor clip was placed on the left rear paw for recording. After 
stable recording of 5 min, the ambient air was replaced by 8% oxy-
gen (Matheson Tri-Gas, Basking Ridge, NJ) for 15 min. All above-
mentioned vital signs were monitored and recorded using MouseOx 
Software continuously during hypoxic exposure and for 3 min of 
reoxygenation. For data analysis we selected values with interval of 
1 min prior to, during, and after hypoxic challenge.

ECHO was performed with a Sonos 5500 (Philips Medical Systems, 
Andover, MA) using a dynamically focused 12 MHz transducer (S12). 
B-mode and M-mode two-dimensional ECHO images were obtained 
in parasternal long- and short-axis views. In the B-mode short-axis 
images, LV and RV endocardial area tracings were performed on-line 
at the mid of papillary muscle level at end diastole. Dimensions of LV 
and RV diameter were measured using an M-mode left parasternal 
short-axis view at mid papillary level. Tricuspid annular plane sys-
tolic excursion, which expresses the motion of tricuspid annulus and 
represents a parameter for RV systolic function, was also recorded in 
the M-mode from apical four-chamber view. After baseline (prior to 
hypoxic stress) ECHO assessment, an echocardiogram was repeated 
at 8 min of hypoxia, once physiological response to hypoxia (changes 
in the HR and RR and SaO2) reached a steady state. At 2 min after 
reoxygenation with room air, ECHO was repeated again and consid-
ered as post-hypoxic study. All measurements were averaged at least 
over three cardiac cycles. An experienced operator, blinded to the 
study groups, preformed and analyzed ECHO data.

Isolation of Mitochondria
Total cardiac mitochondria were isolated as described by Tokarska-
Schlattner (37) with modifications (38). Briefly, at the age of full sexual 
and cardiovascular systems maturation p120 through p180 (39), animals 
from both groups were killed and the heart was quickly excised, RV and 
LV wall was removed separately, washed and cut into pieces in ice-cold 
isolation buffer (225 mmol/l mannitol, 75 mmol/l sucrose, 1 mmol/l 
ethyleneglycol-bis(baminoethylether)-N,N9-tetraacetic acid (EGTA), 5 
mmol/l HEPES, 1 mg/ml of fatty acid free bovine serum albumin (BSA), 
pH 7.4), and homogenized using a Glass-glass homogenizer (Kontes 
Dounce Tissue Grinder, Kimble” catalog number K8853000007) with 
a looser pestle for 10 strokes then a tighter pestle for 5 strokes in 5 ml 
isolation buffer. Nuclei and cell debris were removed by centrifugation 
at 1,100g for 2 min at 4°C. The resulting supernatant containing crude 
mitochondrial pellet was further purified by 15-min centrifugation at 
18,500g on a 15% Percoll gradient. Percoll was removed from the puri-
fied mitochondrial fraction by washing the pellet in sucrose buffer 
(250 mmol/l sucrose, 1 mmol/l EGTA, 5 mmol/l HEPES, 1 mg/ml of 

BSA, pH 7.4) at 10,000g for 10 min. Finally, the pellet was resuspended 
in the albumin-free sucrose buffer and kept on ice for further analysis. 
Mitochondrial protein concentration was determined by the Bradford 
method using the Bio-Rad Protein Assay with BSA as a standard.

Mitochondrial respiration was measured using an Oxytherm respi-
rometer (Hansatech Instrument, England). Respiratory buffer con-
sisted of 200 mmol/l sucrose, 25 mmol/l KCl, 2 mmol/l KH2PO4, 
5 mmol/l MgCl2, 5 mmol/l HEPES, 0.03 mmol/l Ap5A (P1,P5-
Diadenosine-5ʹ pentaphosphate pentasodium salt), and 0.2 mg/ml 
BSA and adjusted to pH 7.2 with KOH. Total 0.1 mg of mitochondrial 
protein per milliliter buffer was used. Mitochondrial resting respira-
tion rates were measured using either malate 10 mmol/l/glutamate 
5 mmol/l or succinate 5mmol/l/glutamate 5 mmol/l as substrates. 
Following recording the resting respiration rate (state 4), phosphory-
lating respiration (state 3) was initiated by adding 100 nmol/l ADP. 
State 3 refers to oxygen consumption in the presence of ADP, and state 
4 is the rate of oxygen consumption after phosphorylation of all avail-
able ADP. Once ADP phosphorylation was completed, mitochondrial 
state 4 respiration was recorded again for the same amount of time that 
was needed to complete state 3 respiration. To initiate an uncoupling 
of respiration, 70 nmol/l of DNP was added to the reaction mixture. 
The time point when mitochondria consumed all oxygen in the buffer 
was recorded as the beginning of anoxia. Following 30 min of complete 
anoxia, the chamber was opened and when oxygen content in the buf-
fer returned to the level at which DNP was added, the chamber was 
closed and the rate of O2 consumption recorded. The changes in the 
DNP-accelerated O2-consumption rate after anoxic challenge (DNP2) 
were expressed in the percentage of the DNP-accelerated rate recorded 
prior to anoxia (DNP1). This value was used to define the extent of 
post-anoxic inhibition of the electron transport chain. Thus, the ratio 
of DNP2 (post-anoxia rate) to DNP1 (pre-anoxia rate) represents the 
ability of mitochondrial respiratory chain to recover after anoxia.

In randomly selected animals from both groups, mitochon-
drial pellets (control and post-anoxia) were processed for electron 
microscopy to assess mitochondrial morphology. In brief, mitochon-
drial pellets were fixed overnight in 2.5% glutaraldehyde and 4% 
paraformaldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4°C. Then 
they were post-fixed with 1% osmium tetroxide in 0.1 M cacodylate 
buffer, dehydrated, and embedded in Epon-Araldite. Ultrathin sec-
tions were cut using a Reichert Ultramicrotome, stained with uranyl 
acetate and lead citrate, and examined under a JEOL 1200 electron 
microscope (JEOL LTD, Japan).

Statistical analyses were performed using unpaired two-tailed 
Student’s t-tests to detect differences between control and IUGR 
groups. To analyze changes in the same indexes over the time, two-
way ANOVA for repeated measures with Fisher’s post-hoc analysis of 
summated values were used. Data are presented as means ± SE < 0.05 
was considered significant. Data analyzed with GraphPad Prism 5.0 
for Windows (GraphPad Software, San Diego, CA). For all graphs, the 
bars represent the means ± SE.
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