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Abstract Maternal protein restriction (MPR) in
pregnancy causes life course organ dysfunction,
but few studies link the developmental origins of
disease hypothesis to early aging. Suboptimal de-
velopmental nutrition increases oxidative stress
(OS) and male infertility, damaging sperm func-
tion. We hypothesized that MPR in pregnancy
accelerates age-related changes in testicular and
sperm function related to both maternal diet and
increased testicular OS in rat offspring. We studied
male rats whose pregnant mothers ate either con-
trol (C, 20 % casein) or restricted (R, 10 % ca-
sein) isocaloric diet. After birth, mothers and off-
spring ate C diet. Testes were retrieved at 19 days
gestation and across the life course (postnatal day
(PND) 21, 36, 110, and 850) to measure OS
markers, antioxidant enzymes, serum FSH, LH,
and testosterone, and PND 110 sperm OS and
quality. Fertility rate was evaluated at PND 110,

450, and 850. Offspring showed age- and MPR-
related changes in testosterone, testicular OS
markers and antioxidant enzymes and fertility,
and maternal diet-related OS and sperm antioxi-
dant enzyme changes. Developmental program-
ming is considered a key factor in predisposing
to chronic disease. Our data show that program-
ming also plays an important role in aging trajec-
tory. This interaction is a little studied area in
aging biology that merits more investigation.
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Abbreviations
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dG Days of gestation DCF 2’,7’-

dichlorofluorescein
FSH Follicle-stimulating hormone
GPx Glutathione peroxidase
LH Luteinizing hormone
MDA Malonaldialdehyde
OS Oxidative stress
PND Postnatal days
RIA Radioimmunoassay
ROS Reactive oxygen species
R Restricted
SOD Superoxide dismutase
TBARS Thiobarbituric acid-reactive substances
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Introduction

Suboptimal maternal nutrition occurring in critical win-
dows of embryo, fetal, and neonatal life alters organ
development modifying adult phenotype and predispos-
ing to early onset of organ dysfunction and chronic
diseases (Gluckman et al. 2005). These important ef-
fects of the environment on lifetime health are termed
developmental programming defined as the response to
a specific challenge in a critical time window during the
plastic fetal and neonatal periods that alters offspring
development by gene-environment interactions with
persistent effects on phenotype. Decreased nutrition in
development is also thought to accelerate aging and
shorten life span (Ozanne and Hales 2004; Tarry-
Adkins and Ozanne 2011). Human epidemiological
and experimental animal studies have shown that devel-
opmental programming affects the risk of developing
diseases during adulthood and correlates with the qual-
ity of the maternal diet and availability of nutrients
during development (McMullen and Mostyn 2009).
With regard to reproduction, controlled animal studies
indicate that several reproductive disorders are influ-
enced by adverse factors during intrauterine develop-
ment and postnatal growth (Davies and Norman 2002).
Protein restriction during perinatal development delays
sexual maturation and decreases reproductive capacity
in female offspring (Guzman et al. 2006). Maternal
undernutrition alters male offspring reproductive func-
tion at multiple levels critical to normal reproductive
function: decreased pituitary function and GnRH sensi-
tivity, Sertoli cell number, spermmotility and count, and
increased numbers of sperm exhibiting morphological
abnormalities in adulthood. These changes lead to de-
layed Sertoli cell maturation and germ cell differentia-
tion, including alterations of intratubular organization
that likely contribute to the observed low fertility rate
(Aitken and Roman 2008; Rae et al. 2002a; Rae et al.
2002b; Rodríguez-González et al. 2012; Toledo et al.
2011). Males who experienced maternal protein restric-
tion during fetal life and pre-weaning, although receiv-
ing a control diet after weaning, show delayed testicular
descent, low serum LH and testosterone, reduced sperm
count, and impaired reproductive capacity (Zambrano
et al. 2005b). In contrast to the extensive literature on the
existence of developmental programming of reproduc-
tive dysfunction, there are virtually no studies address-
ing the effects of developmental programming by ma-
ternal nutrition on the rate of aging of the male

reproductive system. Such studies require similar data
to be collected over multiple stages of the life course.

Suboptimal nutrition during early stages of develop-
ment is associated with increased oxidative stress (OS)
(Franco et al. 2007; Luo et al. 2010). Thus, we hypoth-
esize that OS is likely to be a major factor among the
multifactorial causes of both normal and potentially
accelerated age-related male infertility (Agarwal et al.
2003; Sikka 1996). Oxidative stress may act either
directly through modulation of gene expression or indi-
rectly via the disruptive effects of oxidized molecules
(Luo et al. 2006; Luo et al. 2010); however, a correlation
between maternal malnutrition and offspring infertility
associated with OS has not been clearly established.

The study reported here addressed two related ques-
tions. First, we wished to determine developmental pro-
gramming effects of an isocaloric, low-protein maternal
diet on key components of fetal and postnatal male
reproductive function across the life span. These factors
include the gonadotropins that regulate testicular func-
tion and testosterone production. We related these
changes to levels of the enzyme glutathione peroxidase
and superoxide dismutase since these are the most im-
portant antioxidant enzymes produced in germ cells and
Sertoli and Leydig cells. Secondly, by studying five
stages of the life course, we were able to evaluate the
extent to which the maternal low-protein diet accelerates
aging of various male offspring reproductive functions
and the association of age-related changes with the ROS
mechanisms evaluated. We hypothesized that maternal
protein restriction during pregnancy impairs later life
testicular and sperm function leading to accelerated
aging related to both maternal diet and increased testic-
ular OS in male rat offspring. Our aim was to provide
firm data for the novel hypothesis that developmental
programming accelerates the trajectory of aging of male
reproductive function.

Materials and methods

Care and maintenance of animals

All procedures were approved by the Animal Experi-
mentation Ethics Committee of the Instituto Nacional de
Ciencias Médicas y Nutrición, Salvador Zubirán
(INNSZ), Mexico, and in accordance with the guide-
lines of Mexican law on animal protection (NOM-062-
ZOO-1999). Details of maternal diet, breeding, and
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management of offspring groups have been previously
described in detail (Zambrano et al. 2005b). Briefly, at
the age of 4 months, 28 female Wistar rats weighing
between 220 and 260 g were obtained from the INNSZ
animal colony and maintained under controlled lighting
(lights on from 7:00 am to 7:00 pm at 22–23 °C).
Female rats were mated overnight with proven male
breeders. The day on which spermatozoa were detected
in a vaginal smear was designated as conception day 0.
Only rats that were pregnant within 5 days of mating
with males were studied. Pregnant rats were transferred
to individual cages and allocated at random to one of
two groups. The control group (group C) (n=14) was
fed with 20 % casein containing 20.0 % protein, 65.0 %
carbohydrates, 5.0 % lipids, 5.0 % fiber, 3.5 %minerals,
and 1.0 % vitamins (w/w), energy 3.85 kcal g−1 and the
restricted group (n=14) with 10 % casein isocaloric diet
(group R) containing 10 % protein, 75.2 % carbohy-
drates, 5.0 % lipids, 5.0 % fiber, 3.5 % minerals, and
1.0 % vitamins (w/w), energy 3.85 kcal g−1 (Zambrano
et al. 2005a; Zambrano et al. 2005b). Food and water
were available ad libitum. At 19 days of gestation (dG)
between 12.00 and 14.00 h after food withdrawal for
6 h, eight mothers from each group were euthanized by
decapitation, using a rodent guillotine (Thomas Scien-
tific, NJ) by trained experienced personnel, to obtain
fetal testes, which were isolated, weighed, and pooled
per litter and immediately frozen in liquid nitrogen.
Delivery of the six remaining rats in each group oc-
curred on post-conceptual day 22. The day of delivery
was considered as postnatal day (PND) 0. All rats were
delivered vaginally and offspring anogenital distance
was measured with calipers for gender identification as
previously described (Zambrano et al. 2006). To ensure
homogeneity, only litters between 12 and 15 pups were
studied. Litters were adjusted to 12 pups for eachmother
while maintaining as close to a 1:1 sex ratio as possible.
After birth, all mothers were fed with C diet. The time
line of the study is shown in Fig. 1.

Postnatal maintenance

After weaning (PND 21), both male and female pups
were separated into groups of three to four per cage and
fed rodent chow diet (Zeigler Rodent RQ 22–5, USA)
containing 22.0 % protein, 62.0 % carbohydrates, 5.0 %
lipids, 4.0 % fiber, 6.0 % minerals, and 1.0 % vitamins
(w/w), energy 4.0 kcal g−1, until the end of the study ad
libitum. Only data on male offspring are reported. At

PND 21, 36, 110, and 850, after 6 h of fasting, rats were
decapitated between 12.00 and 14.00 h of the day.

For each age group, blood was collected, centrifuged,
and serum frozen until assayed. Testes were dissected,
cleaned from fat, weighed, frozen, and stored at −70 °C
until analyzed. The epididymal fat pads were dissected
and weighed individually. At PND 110, the cauda epi-
didymis and vas deferens were rapidly removed and
placed in saline at 37 °C to release sperms by clearing
out the vas deferens with tweezers and by triturating the
cauda epididymis with scissors.

Tissue and sample preparation

Testes were homogenized in saline at 4 °C and aliquots
obtained and frozen at −70 °C for later protein quantifi-
cation using the Bradford method and for determination
of biomarkers of oxidative stress (ROS and antioxidant
enzymes). Lipid peroxidation was determined at the
time of testicular homogenization and sperm release.
All determinations were performed in duplicate and
averaged for statistical analysis.

Sperm aliquots containing 5×106 and 10×106 sper-
matozoa underwent six thermal shock cycles from −70
°C to 45 °C, sonication for 2minwith six intervals of 20 s
each and were then placed in ice and frozen at −70 °C
until quantification of ROS and antioxidant enzymes.

Hormone measurements

Serum follicle-stimulating hormone (FSH) and luteiniz-
ing hormone (LH) levels were determined by double
antibody radioimmunoassay (RIA) using standard and
specific anti-rat LH antibodies from the National Insti-
tute of Diabetes, Digestive Kidney Diseases. FSH and
LHwere iodinated by the chloramine-Tmethod, follow-
ing separation of protein-bound and free [125I] by
Sephadex G-100. Results are expressed as NIDDK-rat-
FSH-RP2 and NIDDK-rat-LH-RP3. The intra- and
inter-assay coefficients of variations were <4 and <7.9
and <5.1 and <6.5, respectively (Zambrano et al.
2005b).

Serum testosterone was determined using a commer-
cial rat kit, DPC Coat-a-Count (TKTT1) from Diagnos-
tic Products (Los Angeles, USA). The intra-and inter-
assay variability was <8.17 and <8.83, respectively
(Zambrano et al. 2005b).
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Lipid peroxidation assay

Lipid peroxidation was determined the same day on
which testes were homogenized and sperm were obtain-
ed. Aliquots containing 5 million of sperm were adjust-
ed with saline to 100 μl, no thermal shock and sonica-
tion were needed. Lipid peroxidation was determined in
100 μl aliquots of either homogenized testes or 5×106

sperm by measuring malondialdehyde (MDA) by the
thiobarbituric acid-reactive substances assay (TBARS).
All samples were read in a plate at 532 nm in a
PerkinElmer LS50-B luminescence spectrometer. Re-
sults were expressed as nanomole MDA per milligram
of protein or nmol MDA per 5 x 106 sperm (Vega et al.
2013). Intra- and inter-assay coefficients of variation
were <6 and <8 %, respectively.

Reactive oxygen species assay

Homogenized testes, 5 μl aliquots containing 5×106

sperm were used to determine reactive oxygen spe-
cies (ROS). A standard curve was obtained using in-
creasing concentrations of 2′,7′-dichlorofluorescein
(DCF) and incubated in parallel with the samples
(37 °C for 60 min). At the end of the incubation period,
fluorescent signals at an excitation wavelength of
488 nm and an emission wavelength of 525 nm were
recorded in a PerkinElmer LS50-B luminescence spec-
trometer. Results were expressed as nanomoles of DCF
formed per milligram of protein per minute or DCF
formed per 5 x 106 sperm per minute (Vega et al. 2013).

Superoxide dismutase activity

Superoxide dismutase (SOD) activity was determined in
10 μl aliquots of homogenized testes or 5 x 106 sperm
with a RANSOD kit (Randox Laboratories limited,
UK). A standard curve was obtained according to the
manufacturer’s instructions. All samples were read in a
plate at 505 nm in a PerkinElmer LS50-B luminescence
spectrometer at 0, 30 s, and 3 min at 37 °C. Results were
expressed as units of activity per milligram of protein or
as units of activity per 5 x 106 sperm (Vega et al. 2013).

Glutathione peroxidase activity

Glutathione peroxidase (GPx) activity was determined
in 10μl aliquot of homogenized testes or 10 x 106 sperm
with the RANSEL kit (Randox Laboratories limited,
UK). All samples were read in a plate at 304 nm in a
PerkinElmer LS50-B luminescence spectrometer at bas-
al 1, 2, and 3 min at 37 °C. Results were expressed as
milliunits per milligram of protein or milli units per 10 x
106 sperm (Vega et al. 2013).

Sperm measurements

Sperm viability was assessed by mixing 10 μl of saline
(0.90 % w/v of NaCl) containing spermatozoids with
10 μl of eosin. Live spermatozoa were identified by
membrane integrity, which prevents the spermatozoa
from being stained with eosin, whereas the dead sperm
were easily identified after staining as previously de-
scribed (Bjorndahl et al. 2003; WHO 2010). Two

Fig. 1 Time line of the study
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hundred cells were counted under a light microscope.
Results were expressed as the percentage of live
cells. Sperm concentration and motility were eval-
uated with a computerized sperm analyzer (Sperm
Quality Analyzer). For sperm morphology, 10 μl
of sample was taken, smeared, and subsequently
stained using a quick staining kit for sperm mor-
phology (FertiMexico S.A. de C.V, Mexico). Ab-
normal sperm morphology was classified as de-
fects in the sperm head, midpiece, or tail. Head
defects included large, small, tapered, pyriform,
round, and amorphous heads, heads with a small
acrosomal area and double heads. Midpiece defects
included bent neck, asymmetrical insertion of the
midpiece into the head, a thick or irregular
midpiece, and an abnormally thin midpiece. Tail
defects included short, multiple, hairpin, broken or
bent tails, tails of irregular width, and coiled tails.
For analysis of sperm abnormalities, 200 cells
were counted under light microscope at ×40.

Evaluation of fertility rate

At PND 110, 450, and 850, one experimental male was
placed for 1 week with two non-experimental group
virgin females aged 4 months. Males were then separat-
ed from the females who were kept individually until
day 15 of gestation. The male was considered fertile
when at least one of the two females became pregnant.
Results were expressed as the percentages of fertile
males and pregnant females.

Statistical analysis

Two independent studies were performed; the first at 19
dG (n=8 pregnant rats per group) in which fetal tissue
from the same litter were pooled for analysis to provide
8 litters per group. The second study across the life span
at PND 21 and 36, 110, 450, and 850 (n=6 litters per
group), one male per litter was chosen randomly to
provide n=6 rats. Two-way multiple analysis of vari-
ance (ANOVA) followed by Holm-Sidak was used to
evaluate differences between C and R groups at the
same age and within the same group but at different
ages. Unpaired Student’s t test was used for differences
in the sperm quality. Fertility rate was analyzed using
χ2. A p<0.05 was considered significant. All data are
presented as mean±SEM.

Results

Body, testicular, and epididymal fat weight

No differences were observed in gender ratio of
pups between litters from mothers fed with the
different diets. At 19 dG, PND 21, 36, and 110,
no statistical differences were found between
groups in body weight, but at PND 850, body
weight was higher in offspring from the R mothers
compared with C (Fig. 2a). No differences were
observed in testicular weight between C and R at
all ages studied (Fig. 2b). The increase in body
and testicular weight in both groups was related to
age (Fig. 2a, b). There were no differences be-
tween C and R offspring in testicular weight rela-
tive to body weight at all ages studied: 19dG (C,
0.09±0.01; R, 0.08±0.01), PND 21 (C, 0.28±0.01;
R, 0.28±0.01), PND 36 (C, 0.5±0.02; R, 0.44±
0.02), PND 110 (C, 0.33±0.02; R, 0.36±0.01),
and PND 850 (C, 0.28±0.02; R, 0.28±0.02)
g*g body weight−1. At 110 PND, epididymal fat
was similar in the two groups; however, at 850
PND, the epididymal fat was statistically heavier
in R offspring, with no age-related changes in the
C group (Fig. 2c).

Hormone concentrations

At all PND evaluated, serum FSH levels were similar in
C and R males (Fig. 2d); whereas at PND 110, serum
LH was lower in R than C males with no differences
between groups at the other ages studied (Fig. 2e). Se-
rum testosterone was lower at PND 110 and 850 in R
compared to C offspring (Fig. 2f). When hormone con-
centrations were analyzed within the same groups at
different ages, serum FSH decreased with age only in
the R males (Fig. 2d). Serum LH and testosterone levels
increased at PND 110 in both groups (Fig. 2e, f) and
dropped in both groups between 110 and 850 days
(Fig. 2f). At PND 110, LH was lower in R than C, and
at both PND 110 and 850, testosterone was lower in R
than C.

Testicular oxidative stress biomarkers

At 19 dG and at PND 110 and 850,MDA concentrations
were higher in testes of R compared to C offspring
(Fig. 3a). Testicular ROS levels of R were higher than
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those from the C group at PND 110 and 850 (Fig. 3b). In
regard to antioxidant enzyme activities in the testes, fetal
SOD did not show any significant difference between
19 dG and at PND 110; however, at PND 21 and 36, the
activity of this enzyme was lower in R compared to C
males. In older rats (PND 850), SOD activity was
higher in R than C males (Fig. 3c). Testicular GPx
activity was higher at 19 dG in R males compared
with C males, with no differences at PND 21, 36,
and 110. However, by PND 850, GPx activity was
higher in the testes from R offspring compared to
C (Fig. 3d). When oxidative stress biomarkers
were analyzed at different ages within groups,
MDA levels were higher at PND 110 and 850
for R offspring and only at PND 850 for C com-
pared with earlier ages (Fig. 3a). The ROS levels
in both groups did not differ at early ages, but at
PND 110 and 850, levels were similar and signif-
icantly higher than at earlier ages (Fig. 3b). For
both groups, SOD activity was higher at 19 dG
and PND 21 compared to PND 36. However, in
the C group, SOD activity declined at PND 36
and further at PND 110 and 850; while in the R

group, SOD activity declined at PND 36, 110, and
850 in comparison with PND 21 (Fig. 3c). In C
males, GPx activity decreased at PND 36 com-
pared to 19 dG; however, it increased at PND
110 with no further change at PND 850 in com-
parison with earlier ages. The same tendency was
observed in the R group in which GPx activity
was higher compared to the other ages at PND
850 (Fig. 3d).

Oxidative stress biomarkers in the sperm at PND 110

MDA and ROS levels were higher in sperm from R
compared to C offspring (Fig. 4a, b). SOD activity was
lower in sperm in the R group, while GPx activity was
not different between groups (Fig. 4c, d).

Sperm parameters at PND 110

Sperm quality evaluated by sperm concentration, viabil-
ity, motility, and morphology at PND 110 revealed a
modest but significant decrease in R offspring in both
sperm concentration and viability (Fig. 5a, b) while

Fig. 2 Weight and hormone concentrations at different ages: a
body weight, b testicular weight, c epididymal fat, d FSH, e LH,
and f testosterone. Mean±SEM, n=8 for fetal tissue at 19 dG and
n=6 for different postnatal ages; control (C) open bars, restricted

(R) closed bars. Analysis was by two-way ANOVA. p<0.05 for
data not sharing at least one letter on the same maternal diet. The
asterisk on top of the closed bars indicates p<0.05 vs control. dG
days of gestation, d postnatal days

9721, Page 6 of 12 AGE (2014) 36:9721



motility was unchanged (Fig. 5c). Analysis of sperm
morphology showed the presence of abnormalities par-
ticularly in the flagellum and midpiece that were more
abundant in R offspring (Fig. 5d, e).

Fertility rate

Fertility rate reported as the percentages of fertile
males (Fig. 6a) and pregnant females (Fig. 6b) was
the same in both groups at PND 110 but decreased
in terms of fertile males in the R group at PND
450 (Fig. 6a, b) and PND 850 when expressed as
pregnant females (Fig. 6b). The fertility decline in
the R group was dependent of both maternal diet
and age (Fig. 6).

Discussion

In recent years, a large number of epidemiological
(Barker et al. 2002; Galjaard et al. 2013; Gluckman
et al. 2007) and animal (Heindel 2008; McMullen and
Mostyn 2009; Nathanielsz 2006) studies have shown

that environmental challenges experienced by the devel-
oping mammalian organism in utero and in early neo-
natal life can induce a persistent response in a variety of
organs, predisposing to enhanced susceptibility to later
life onset of diseases such as type 2 diabetes (Portha
et al. 2011), hypertension (Ingelfinger and Nuyt 2012),
obesity (Sarr et al. 2012), and alterations in reproductive
function (Zambrano et al. 2014a). In the model studied
here, we have previously reported that at PND 270, male
offspring of mothers fed a low-protein diet during preg-
nancy had a lower sperm count and a 50 % decrease in
fertility rate compared to controls (Zambrano et al.
2005b). In addition, reduced maternal protein intake
during pregnancy decreases male offspring Sertoli cell
numbers. This reduction is important since Sertoli cells
play an important role in generating the required envi-
ronment for the proliferation and maturation or germ
cells (Rodríguez-González et al. 2012). Seminiferous
tubular development is also delayed accompanied by
an increase in testicular apoptosis (Zambrano et al.
2014a).

We report several male offspring reproductive out-
comes resulting from low maternal protein intake

Fig. 3 Testicular oxidative stress biomarkers at different postnatal
ages: a malondialdehyde (MDA), b reactive oxygen species, c
superoxide dismutase (SOD), and d glutathione peroxidase (GPx).
Mean±SEM, n=8 for fetal tissue at 19 dG and n=6 for different
postnatal ages; control (C) open bars, restricted (R) closed bars.

Analysis was by two-way ANOVA. p<0.05 for data not sharing at
least one letter on the same maternal diet. The asterisk on top of
the closed bars indicates p<0.05 vs control. dG days of gestation,
d postnatal days
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nutrition that have not been demonstrated previously.
Since our goal was to study as much of the life span as
possible, we were able to show that body weight and
epididymal fat were increased in offspring of protein-
restricted mothers at PND 850. Our data at PND 850 is
later in the life course than previous studies for both
control and restricted rats. The oldest age we have found
based on the data in the literature for male sexual devel-
opment and fertility in control rats is around PND 720
(Hokao et al. 1993) and PND 270 for male offspring of
protein-restricted mothers (Zambrano et al. 2005b).
Since our goal was to study as much of the life span as
possible, we were able to show that body weight and
epididymal fat were increased in the offspring of
protein-restricted mothers at the oldest age studied—
PND 850 an older age than previously studied. The
observed decrease in fetal LH is likely to have major
consequences on gonadal development is the likely
cause of the observed decrease in testosterone during
adulthood in the restricted group. Deficient maternal
nutrition in sheep does not affect serum FSH and LH
concentrations, semen quality, and fertility rate in male
offspring at 20months of age, a stage proportional to the
life span approximately equal to PND 110 in a rat’s life

indicating the need for studies across species and care
when comparing different programming models (Rae
et al. 2002a). Maternal protein restriction in the rat
decreases LH and testosterone serum levels and sperm
concentration without changes in FSH concentrations
and fertility rate in male offspring of 70 days (Zambrano
et al. 2005b). The present study shows lower serum
testosterone levels at all ages studied in male R group
offspring. There is evidence that obesity can affect
fertility through different mechanisms, including
dysfunction of the hypothalamo-pituitary-gonadal
axis (Cabler et al. 2010) in addition to increased
release and activity of adipose-derived hormones
from fat accumulated around the testes (Martini
et al. 2012; Palmer et al. 2012). In this context, we
have reported that male offspring of pregnant rats
fed the low-protein diet became obese and have
increased serum triglycerides, insulin, and leptin
levels (Zambrano et al. 2006; Zambrano et al.
2005a). In the present study, we found that at PND
110, R male offspring had a significant decrease in
sperm concentration and viability with a significant
increase in the incidence of sperm morphological
abnormalities. These defects may be due to

Fig. 4 Oxidative stress biomarkers in sperm at postnatal day 110:
a malondialdehyde, b reactive oxygen species, c superoxide dis-
mutase, and d glutathione peroxidase. Mean±SEM, n=6 rats from

different litters; control (C) open bars, restricted (R) closed bars.
Analysis was by unpaired Student’s t test. The asterisk on top of
the closed bars indicates p<0.05 vs control
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deficiencies in specific nutrients resulting from the
decreased maternal dietary protein intake or, as
discussed, caused by increased OS.

Spermatogenesis requires a high rate of cell division
implying significant oxygen consumption resulting in
lowered oxygen tension in testicular tissue which may
constitute an important regulatory factor within the

testes (Aitken and Roman 2008; Free et al. 1976). As
stated above, both spermatogenesis and Leydig cell
steroidogenesis are vulnerable to OS. Therefore, low
testicular oxygen tension may be important as one of
the mechanisms protecting the testes from free radical
generation. In addition, the presence of an array of
testicular antioxidant enzymes and free radical

Fig. 5 Sperm quality and morphology at postnatal day 110: a
sperm concentration, b viability, cmotility, d sperm abnormalities,
and e representative photographs showing the presence of alter-
ations in the flagellum (denoted by an asterisk). Mean±SEM, n=6

rats from different litters; control (C) open bars, restricted (R)
closed bars. Analysis was by unpaired Student’s t test. The aster-
isk on top of the closed bars indicate p<0.05 vs control

Fig. 6 Fertility rate in male offspring at postnatal day 110, 450,
and 850 expressed as a fertile males (two females for each male;
male was considered fertile when one of the two females got
pregnant) and b pregnant females (n=12 females). Mean±SEM,

n=6 male rats from different litters; control (C) open bars, restrict-
ed (R) closed bars. p<0.05 for data not sharing at least one letter
on the same maternal diet. Analysis was byχ2. The asterisk on top
of the closed bars indicate p<0.05 vs control. d postnatal days
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scavengers help protect this organ from the impact of
OS (Aitken and Roman 2008). In this regard, several
perinatal conditions such as maternal malnutrition, ma-
ternal obesity, or excessive exposure to glucocorticoids
(a common fetal response to developmental program-
ming challenges) (Zambrano et al. 2014b) increase OS
(Bernal et al. 2010; Mutsaers and Tofighi 2012;
Zambrano and Nathanielsz 2013). Tarry-Adkins et al.
have reported that maternal undernutrition using a low-
protein diet (8 %), similar to the one we used, is associ-
ated with increased OS and an impaired antioxidant
defense capacity in the pancreas of male rat offspring
at 3 and 15 months of age (Tarry-Adkins et al. 2010).
The maternal low-protein diet was associated with
markers of greater offspring ROS in testis and sperm
and decreased fertility. Thus, our results suggest a link
between the intrauterine insult and offspring OS that
results in developmental programming of male sexual
fertility demonstrated by premature aging of fertility.
These observations suggest that an imbalance in testic-
ular OS and subsequent reproductive capacity are asso-
ciated. The observed malformations in the sperm at
PND 110 may result from cytotoxic effects of OS gen-
erated by maternal protein restriction, particularly since
at this age, a significant increase in ROS and MDA
levels was found in both testes and sperm.

Endogenous antioxidant mechanisms in the testes
protect against oxidative damage to gonadal cells and
mature spermatozoa. Vazquez-Memije et al., have re-
ported that ROS generation and the capacity of the
antioxidant system are significantly increased and de-
creased, respectively, in adulthood and older ages in
animals on a control diet (Vazquez-Memije et al.
2008). In contrast with the rat, we observed a fall in
both SOD and GPx in early life in the C group. This was
followed by a rise in GPx with age in C offspring. We
suggest that the observed increase in the antioxidant
system with age in the R group above C males may in
part be due to compensation for increased OS in this
group when compared to the C group.

Hormones play an important role in the establish-
ment andmaintenance of reproductive function (Meeker
et al. 2007). Reproductive aging is associated with a
decrease in circulating levels of testosterone in both
male rodents and men (Hardy and Schlegel 2004). Our
hypothesis that maternal protein restriction (MPR) leads
to accelerated aging is supported by Bonavera et al.,
who reported that in male rats, testosterone levels de-
crease with age with a concomitant reduction in LH

pulsatile secretion which could be secondary to
hypothalamic-pituitary dysfunction (Bonavera et al.
1997; Gruenewald et al. 1994). In the present study,
we report that FSH, LH, and testosterone levels all
decreased with aging. Our hypothesis that the premature
aging is induced by the increased OS levels is supported
by data in MA-10 cells (Leydig tumor cells) in which
steroidogenesis is inhibited by high ROS concentrations
(Diemer et al. 2003). In addition, studies in testes of
elderly rats have shown an increase in ROS levels, a
reduction in StAR and a decrease in testosterone (Allen
et al. 2004). There is evidence which indicates that male
obesity negatively impacts reproductive capacity not
only by reducing sperm quality but also by affecting
germ cells and spermatozoa (Palmer et al. 2012) through
different mechanisms such as decreased sex hormone
secretion (Aggerholm et al. 2008; Cabler et al. 2010),
increased insulin resistance (Hammoud et al. 2008),
and/or due to the direct action of leptin or other hor-
mones derived from adipocytes on testicular function
(Landry et al. 2013). The findings of the present study of
metabolic alterations coupled to the increase in testicular
OS level indicate that OS may play an important role in
the etiology of the fertility problems observed in adult
life of the rat offspring from nutrient-restricted mothers.

Finally, according to the free radical theory of aging,
aging is the result of cumulative damage caused by ROS
which leads to the progressive decline in physiological
functions (Ivanova and Yankova 2013). Our study pro-
vides the first evidence that the rate of aging of male
reproduction is developmentally programmed as shown
by three clear observations in offspring of mothers who
eat a low-protein diet: testosterone is lower during adult-
hood; testicular OS related variables rise earlier and
higher, and fertility rate decreases earlier. All these end
points are markers of aging of male reproduction. These
alterations are likely programmed in early stages of
development. Finally, although in the present study,
overall fertility rate was the same in C and R at PND
110, we have previously reported that at PND 270,
reproductive capacity was already lower in R in com-
parison to C males, thus indicating premature aging of
reproductive capacity in early adult life (Zambrano et al.
2005b). Developmental programming is considered a
key factor in predisposing to chronic disease. Our data
are consistent with the novel concept that programming
also plays an important role in aging trajectory. This
interaction is a little studied area in aging biology that
merits more investigation. The metaphor in everyday
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life is that unless an automobile is constructed well, it
will not run for as fast, as far or, in the context of aging,
as long.
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