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Abstract. We tested whether changes in Sertoli cell transcription factors and germ cell heat shock proteins (HSPs) are
linked to the effects of maternal undernutrition on male offspring fertility. Rats were fed ad libitum with a standard diet
(CONTROL) throughout pregnancy and lactation or with 50% of CONTROL intake throughout pregnancy (UNP) or

lactation (UNL) or both periods (UNPL). After postnatal Day 21, 10 male pups per group were fed a standard diet
ad libitum until postnatal Day 160 when testes were processed for histological, mRNA and immunohistochemical
analyses. Comparedwith CONTROL: caspase-3was increased inUNP andUNPL (P¼ 0.001); Baxwas increased inUNL

(P¼ 0.002); Bcl-2 (P, 0.0001) was increased in all underfed groups; glial cell line-derived neurotrophic factor
(P¼ 0.002) was increased in UNP and UNL; E twenty-six transformation variant gene 5 and HSP70 were increased,
and HSP90 was diminished in all underfed groups (P, 0.0001). It appears that maternal undernutrition during pregnancy
and lactation disrupts the balance between proliferation and apoptosis in germ cells, increasing germ cell production and

perhaps exceeding the support capacity of the Sertoli cells.Moreover, fertility could be further compromised by changes in
meiosis and spermiogenesis mediated by germ cell HSP90 and HSP70.
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Introduction

The term ‘fetal and developmental programming’ refers to the

effects of a stressor during a specific period of pre- or postnatal
development that cause morphological and functional changes
in cells and tissues, with consequences that can manifest later in

life, including a range of cardiometabolic and reproductive
disorders (Langley-Evans 2015). For example, maternal
undernutrition during pre- and postnatal life can lead to meta-
bolic syndrome and cardiovascular disease in adult offspring

(Wadhwa et al. 2009; Bell and Greenwood 2016; Kereliuk et al.
2017; Jazwiec and Sloboda 2019). Conversely, under other
conditions, normal development can be disturbed by changes in

the pathways that control cell proliferation, apoptosis and dif-
ferentiation (Langley-Evans and McMullen 2010), but the cells

and tissues then adapt through a process known as develop-
mental plasticity (Bateson et al. 2004; Langley-Evans 2015).

In humans, pioneering studies of health history by DJP

Barker gave rise to the concept of suboptimal developmental
conditions in utero predisposing the offspring to chronic dis-
eases in later life, including cancer. ‘The Barker Hypothesis’ is
now commonly referred to as the ‘Developmental origins of

health and disease’ or DOHaD (review: Sinclair et al. 2016). In
animals, several studies have proposed associations between
nutrition during prenatal and early postnatal life, birthweight
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and postnatal reproductive development, as explanations of the
variation in reproductive performance observed in adult animals

under field conditions (reviews: Martin et al. 2010; Sinclair
et al. 2016). Inmale rats, for example, nutrient restriction during
late gestation is associated with delayed puberty, reductions in

circulating concentrations of leptin and FSH, and a decrease in
the diameter of seminiferous tubules (Léonhardt et al. 2003).
Similarly, protein restriction in pregnant rats has several delete-

rious effects on male offspring, including reductions in Sertoli
cell number, sperm count, sperm motility and daily sperm
production, as well as altered oxidative stress in the testis
(Toledo et al. 2011; Khorram et al. 2015). We recently reported

on the effects of maternal undernutrition in the rat, during
pregnancy and/or lactation, on the testis IGF-I (insulin-like
growth factor I) system and germ cell proliferation in male

offspring (Pedrana et al. 2020). In the testis of adult offspring
from mothers that were undernourished during pregnancy and
lactation, there were increases in IGF-I, Sertoli cell numbers and

spermatogonial cell proliferation. These changes were associ-
ated with a reduction in the number of seminiferous tubules at
Stage VII of the spermatogenic cycle, before spermiogenesis,
suggesting effects on spermatogenesis. The present study used

this cohort to extend on our previous observations to investigate
the cellular mechanisms involved.

In many reports, maternal metabolic challenge appears to

affect the development of Sertoli cell function in the offspring,
suggesting that other factors produced by Sertoli cells could be
involved in the programming of the testis, with subsequent

effects on adult fertility. Sertoli cells are somatic cells with
well-controlled transcriptional systems for the many roles they
play throughout the spermatogenic cycle (Figueiredo et al.

2016; França et al. 2016). For example, studies in rodent models
(Cooke et al. 2006) have shown that Sertoli cells produce two
transcription factors that are members of the ETS family: ETV5
(E twenty-six transformation variant gene 5; also called ETS-

related molecule, ERM) and GDNF (glial cell line-derived
neurotrophic factor). Both factors are involved in paracrine
regulation of the renewal of spermatogonial stem cells (SSCs),

a multifaceted process that includes cell proliferation, preven-
tion of apoptosis andmaintenance of stem cell phenotype (Meng
et al. 2000; Ishii et al. 2012; Singh et al. 2017). Disruption of the

Etv5 gene allows the first wave of spermatogenesis, but all SSCs
are lost during that wave, leading to a Sertoli cell-only pheno-
type (Schlesser et al. 2008; Tyagi et al. 2009).

The ETS family of proteins regulates cellular invasion and

migration, cell survival and entry into the S phase of the cell
cycle in the testis (Simon et al. 2007; Hofmann 2008). In thyroid
tissue tumours, ETV5 has been associated with metastatic

progression (Puli et al. 2018). In the testis, self-renewal and
differentiation of SSCs initiates meiosis, a highly organised
process targeted by factors within the stem cell niche produced

by Sertoli cells. If the ability of SSCs to undergo self-renewal is
modified, the SSC population could be rapidly depleted, result-
ing in male infertility.

In normal tissue development as well as pathological situa-
tions, cell proliferation is a balance between two processes, cell
division and apoptosis, and the heat shock proteins (HSPs) are
involved in maintaining that balance (Sarge and Cullen 1997;

Selim et al. 2012; Domingos et al. 2013). This same balance
applies to the testis (Kennedy et al. 2014), where HSP90 is

expressed (Grad et al. 2010; Au et al. 2015) and seems to be
indispensable for disassembly and/or progression through the late
pachytene or the pachytene checkpoint, when meiotic spermato-

cytes are undergoing apoptosis. Thus, in the absence of functional
HSP90, germ cells fail to complete meiosis, leading to spermato-
genic arrest and subsequent infertility (Grad et al. 2010). In

mammalian cells, there are two HSP90 homologues: HSP90a is
known to be critical for the first wave of spermatogenesis before
puberty, but the role of HSP90b is not yet clear, although it is
expressed in Sertoli and germ cells (Jha et al. 2013).

Members of the HSP family are involved in cell thermo-
tolerance, a critical aspect of testis function, and in sensitivity to
a broad range of cytotoxic stimuli (Selim et al. 2012). For

example, HSP70 is considered to be cytoprotective, particularly
under stress conditions, as it modifies the antioxidant potential
of cells. It translocates to the nucleus and nucleolus during the S

phase or during a heat shock and participates in pathways
regulating the integrity and accuracy of DNA replication, and
in the inhibition of breaks in nucleoplasmic/nucleolic single-
stranded sDNA, one of the final stages of apoptosis (Kotoglou

et al. 2009).
These considerations led us to test whether ETV5 and GDNF

in Sertoli cells, through their roles as regulators of HSPs and

apoptosis in germ cells, are involved in the programming of
testicular function in the context of maternal undernutrition
during pregnancy and/or lactation.

Materials and methods

Animal model

All animal work was approved under the guidelines of the
Animal Ethics Committee of the University of Auckland

(R402). In the present study, we used an established model of
developmental programming based onmanipulation ofmaternal
nutrition (Howie et al. 2012). Female Wistar rats (120 days old;

n¼ 24) were sourced from the Vernon Jansen Unit at the Uni-
versity of Auckland, where the animal model had been devel-
oped. They were time-mated using a rat oestrous cycle monitor

(Fine Science Tools, USA) and thereafter housed individually in
standard rat cages in the same room, with free access to water, a
constant temperature of 258C, and a 12:12 light:dark cycle.
Pregnant dams were randomly allocated to one of four dietary

groups (6 per group): (1) CONTROL in which dams were fed
ad libitum throughout pregnancy and lactation with a standard
diet (protein 18%, fat 5%; digestible energy 3.4 kcal/g; Teklad

Global 18% Protein Diet, Diet 2018); (2) UNPL in which dams
were fed 50% of CONTROL intake throughout both pregnancy
and lactation; (3) UNP in which dams were fed 50% of

CONTROL intake throughout pregnancy, then fed ad libitum

throughout lactation; and (4) UNL in which dams were fed
ad libitum throughout pregnancy but then fed 50% of

CONTROL intake throughout lactation.

Body mass and age at puberty

After birth, pups were weighed and litter size was adjusted to
four males and four females per litter to ensure standardised
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nutrition until weaning on Day 22 postpartum. After weaning,
male offspring were housed in pairs and fed the standard chow

diet ad libitum until the end of the study (160 days).

Testis sampling and processing

On postnatal Day 160, male offspring (n¼ 40; 10 per dietary

group) were fasted overnight, weighed, anaesthetised with pen-
tobarbitone (60mg kg�1 i.p.) and then killed by decapitation.
Blood was collected into heparinised vacutainers tubes and

centrifuged (2400g, 20min) and plasmawas separated and stored
at�208C until analysis. The values for body mass and total testis
mass were used to calculate relative testis mass and the gona-
dosomatic index (ratio of testis mass to body mass). The left

testes were frozen in liquid nitrogen and stored at –808C in
preparation for molecular analyses. Right testes were immersed
in fixative (4% formaldehyde phosphate buffer, pH 7.4) for 24 h.

Histology and immunohistochemistry

Fixed testes were progressively dehydrated by immersion in
increasing concentrations of ethanol (70%, 95%, 100%),

embedded in paraffin resin (Historesin; Leica, Germany) and
sectioned at 5 mm by microtome (Leica 149 Reichert Jung
Biocut 2030) in preparation for staining and immunohis-

tochemistry. Slides were processed for the detection of
immunoexpression for active caspase-3, Bax, Bcl-2, ETV5,
GDNF, HSP90 and HSP70 using the streptavidin–biotin–per-
oxidase protocol, described previously (Pedrana et al. 2020). In

brief, tissue sections were deparaffinised, rehydrated by heat-
induced epitope retrieval for 5min in a microwave oven, by
immersion in 0.01M citrate buffer (pH 6.0) and Tween (5mL);

slides were washed with distilled water and phosphate-
buffered saline (PBS, pH 7.4); endogenous peroxidases were
inactivated with 3% hydrogen peroxide 200 (20 min), followed

by washing in PBS and incubation with normal rat serum to
block non-specific binding proteins; sections were then incu-
bated for 30min with each primary antibody on different slides
(Table 1), for 30min with biotinylated secondary antibody

(mouse specific HRP/DAB, ab 64259, Abcam, USA; or rabbit
specific HRP/DAB, ab 64261; Abcam, USA; depending on the
origin of the primary antibody); slides were then incubated

with streptavidin–peroxidase enzyme complex for 30 min;
incubation with diaminobenzidine (DAB) chromogen solution

(1.5mL hydrogen peroxideþ 30 mL DAB) for 5min to visu-
alise the antigen; sections were counterstained with Mayer’s
hematoxylin, dehydrated, and mounted with Entellan�
(Merck) on glass coverslips. The specificity of the antibodies
was verified by substitution of the primary antibody with
normal serum, diluted 1:100 or 1:200 in PBS, according to the

dilution of the primary antibody. All assays contained a neg-
ative control. Positive controls were ovine testis and mammary
gland tumours.

Image analysis

Digital images were obtained using a light microscope

(Olympus CX23) equipped with a digital camera (Dino-Eye-
piece, AM-7023X; AnMo Electronics Corp., Taiwan) and then
analysed with DinoCapture 2.0 software (AnMo Electronics

Corp.). Digital images of all seminiferous tubuleswithin a cross-
section of the testis were captured and analysed at �400 and
�600 magnification. For each protein (Table 1), the immunos-

tained area (IA) was quantified by digital image analysis using
ImageJ software (Version 1.52b 6 May 2018; Wayne Rasband,
NIH, USA; http://rsb.info.nih.gov/). All proteins analysed were

measured in seminiferous tubules sections, considering only the
IA occupied by seminiferous tubule were described and quan-
tified by ImageJ. Areas of immunopositivity were measured
using a locally written macro that included colour threshold

values from RGB images and conversion to binary images and
IA measurement. This process provided quantitative values for
the percentage of IA. A batch mode was performed to apply the

macro to all images.
Immunoexpression of GDNF was analysed in 200 digital

images for each testis. The tubules were classified according to

stage of cycle (Stages I–XIV as described previously for the rat)
(Johnston et al. 2011). All stages were assessed but, for the
present study, there was a focus on the period before spermiation
(up to Stage VII). To reduce systematic random variation, a

consensus decision was made by two observers simultaneously
examining each section to define the stage of spermatogenic
cycle, as suggested in previous studies (Hess et al. 1990).

Table 1. Primaries antibodies for immunohistochemical studies of rat testis

Caspase-3, cysteinyl-aspartate protease 3; BAX, BCL2-associated X apoptosis regulator; Bcl-2, B-cell leukaemia/lymphoma 2; ETV5, E26 transformation

variant gene 5; GDNF, glial cell line-derived neurotrophic factor; HSP, heat shock protein

Target protein Antibody Species raised in Clonality Catalogue number and supplier Concentration

Caspase-3 Anti-active caspase-3 Rabbit Polyclonal IgG ab4051, Abcam, USA 1:200

BAX Anti-Bax Rabbit Monoclonal IgG Clone E63 ab32503, Abcam, USA 1:200

Bcl-2 Anti-Bcl-2 Rabbit Polyclonal IgG ab7973, Abcam, USA 1:200

GDNF Anti-glial cell line-derived

neurotrophic factor

Rabbit Polyclonal IgG ab18956, Abcam, USA 1:200

ETV5 Anti-ETV5 Rabbit Polyclonal IgG ab102010, Abcam, USA 1:100

HSP70 Anti-heat shock protein 70 Mouse Monoclonal IgM 33-3800 (MB-H1), Invitrogen,

Thermo Fisher Scientific, USA

1:200

HSP90 Anti-heat shock protein 90 Mouse Monoclonal IgG2a, kappa

Clon H9010

37-9400 (H9010), Invitrogen,

Thermo Fisher Scientific, USA

1:200
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Gene expression analysis by qPCR

Total RNA was extracted using commercially available kits
(AllPrep DNA/RNA mini kit; cat 80204; Qiagen). Genomic

DNA contamination was removed from each sample by treat-
ment with RNase-free DNase (Invitrogen Life Technologies,
NZ) according to the manufacturer’s instructions. RNA quantity

and purity were analysed using a NanoDrop spectrophotometer
(ND-1000; BioLab Ltd) and NanoDrop software (version 3.1.2).
All RNA samples were stored at �808C until required. For

first-strand cDNA synthesis we used 5mg of total RNA with
Moloney Murine Leukaemia Virus Reverse Transcriptase (M-
MLV-RT; Promega Corp., WI, USA) and a standard thermo-
cycler (GeneAmp� PCR System 9700; Applied Biosystems). A

master mix was prepared containing 5mL M-MLV 5� buffer
(cat M531A; In Vitro Technologies), 0.5mL M-MLV-RT
(cat. M170B; In Vitro Technologies) and 1.25mL 10mM
deoxynucleoside-triphosphates (cat. R0181; Global Science).
We used the following cycling conditions: an initial denaturation
stage of 5min at 968C followed by 30 cycles (30 s each) of 968C
(denaturation), 608C (annealing stage) and 728C (extension
stage). The cDNAwas stored at –208C until assay by quantitative
polymerase chain reaction (qPCR).

Testicular gene expression for caspase-3, Bax, Bcl-2 and the
endogenous reference (b-actin) was measured by qPCR using
the ABI PRISM� 7900HT Sequence Detection System
(Applied Biosystems, NZ). All primers were designed using

Primer 3 software (version 0.4.0, Whitehead Institute for Bio-
medical Research) manufactured by Invitrogen (Invitrogen Life
Technologies). Primer set controls were b-actin forward primer

CACCAACTGGGACGATATGGA and b-actin reverse primer
CAGCCTGGATGGCTACGTACAT, 188 bp (Table 2). Opti-
mal primer conditions were adjusted to the cycling conditions:

length 20 bp (range 17–23 bp); Tm 638C (range 60–658C);
amplicon length 100–300 bp. Dissociation analyses were per-
formed to ensure specificity and only samples producing a
single peak in the dissociation curves were used. Amplified

products were visualised on an agarose gel using the E-Gel�
CloneWell 0.8% SYBR Safe gel (cat. G6618-08; Invitrogen),
run on the E-Gel� iBaseTM Power System (cat. G6400;

Invitrogen) and sequenced by spectrophotometry (AllanWilson
Centre, Massey University, NZ). The resulting sequences were
evaluated using NCBI BLAST to ensure specificity.

Transcript levels were quantified by qPCR under the follow-
ing conditions: an initial 2-min hold period at 508C for normal-
isation (Stage 1), followed by enzyme activation at 958C for

2min (Stage 2); amplification of the gene product through 40
successive cycles of 958C for 15 s and then 608C for 1min (Stage
3); followed by a dissociation stage of 15 s at 958C, 15 s at 608C,

and 2min at 998C (Stage 4). A standard curve was generated
from the mean cycle threshold (Ct) of eight standards (1:5 serial

dilution) of a known concentration in triplicate and amplifica-
tion and dissociation curves were generated for all standards
and samples (Applied Biosystems). Each sample was run in

triplicate.

Statistical analysis

Effects of treatment on the expression of caspase-3, Bax and

Bcl-2 and on IA (%) for caspase-3, Bax, Bcl-2, GDNF, ETV5,
HSP70 and HSP90were analysed using a one-way ANOVA in a
general linear model GLM (SAS for Windows, USA) and post
hoc Tukey’s tests. All data are reported as mean� s.e.m. In all

cases, the level of significance was P, 0.05.

Results

Caspase-3 immunolocalisation, immunostained area and
mRNA levels

Immunostaining for caspase-3 was clearly evident in the testis
and the distribution and intensity of staining varied with the type
of cells present and thereforewith the stage of the spermatogenic

cycle. In the UNPL group, seminiferous tubules at Stage VII of
the spermatogenic cycle showed caspase-3 apoptotic protein in
round spermatids localised near the basal lamina of the semi-

niferous tubules, but not in spermatocytes and spermatogonia
(Fig. 1a, b). In all four treatments groups, stainingwas notable in
the cytoplasm and nuclei of round spermatids in the ad-luminal

region of the seminiferous tubules (Figs 1, 3a). In the UNPL
group, caspase-3 was also detected in the middle and basal
compartments of the seminiferous tubules, in the spermatogo-

nia, spermatocytes and Sertoli cells (Figs 1, 3a). The IA for
caspase-3 in the seminiferous tubules was greater in the UNPL
(P¼ 0.001) than in the CONTROL group (Fig. 3b). In contrast,
caspase-3 mRNA levels in the testis were greater in the UNP

group compared with the CONTROL group (Fig. 3c).

Bax immunolocalisation, immunostained area and mRNA

In the CONTROL group, Sertoli cells showed Bax immunos-

taining in the cytoplasm and elongated spermatids’ nuclei,
although it was absent in spermatogonia. In contrast, in all
three undernutrition groups (UNP, UNL UNPL), intense Bax

immunostaining was evident in Sertoli cell cytoplasm and
elongated spermatids, and spermatogonia were stained in both
the cytoplasm and nuclei (Fig. 3d). The Bax IA was greater

(P¼ 0.002) in UNL than in any other group (Fig. 3e). On the
other hand, levels of Bax mRNA did not differ among treat-
ments (Fig. 3f).

Table 2. Primers for testicular gene expression for transcript levels quantified by quantitative polymerase chain reaction in rat testis

Caspase-3, cysteinyl-aspartate protease 3; Bax, Bcl-2-associated X apoptosis regulator; Bcl-2, B-cell leukaemia/lymphoma 2

Rat mRNA Forward primer Reverse primer Amplicon length (bp) NCBI reference sequence

Caspase-3 GAGCTTGGAACGCGAAGAAA TCCACGGAGGTTTCGTTGT 59 NM_012922.2

Bax TGACGGCAACTTCAACTGGG GCAGCCGATCTCGAAGGAA 143 NM_017059.2

Bcl-2 GGATCCAGGATAACGGAGGC ATGCACCCAGAGTGATGCAG 141 NM_016993.1
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Bcl-2 immunolocalisation, immunostained area and mRNA

In the CONTROL group, Bcl-2 was immunolocalised in the
Sertoli cell cytoplasm and in the nuclei of elongated spermatids
(Fig. 3g). In both the UNPL and UNL groups, intense immu-

nostaining for Bcl-2 was evident in degenerating pachytene
spermatocytes and round spermatids at Stage VII of the sper-
matogenic cycle (Figs 2, 3g). In the UNPL group, the lumen of

the seminiferous tubules at cycle Stage VII contained detached,
round spermatids and only a few spermatozoa (Fig. 2). In the
round spermatids, Bcl-2 was localised in the acrosome peri-

nuclear region whereas, in elongated spermatids, it was loca-
lised in the nuclear region (Figs 2, 3g). The IA for Bcl-2 was
greater in all undernutrition groups (P, 0.0001) compared with

the CONTROL group (Fig. 3h). As with Bax, Bcl-2 mRNA
levels did not differ among groups (Fig. 3i).

GDNF and ETV5 immunolocalisation and immunostained
areas

In the CONTROL group, moderate GDNF immunostaining was

detected in the cytoplasm of Sertoli cells, but there was minimal
immunoexpression in the cytoplasm or nuclei of spermatogonia.

In contrast, in all three undernutrition groups (UNP, UNL,
UNPL), GDNF staining was clearly evident in the cytoplasm of

spermatogonia and leptotene spermatocytes and in the nuclei of
elongated spermatids. The strongest GDNF immunostaining
was detected in spermatids in theUNP andUNLgroups (Fig. 4a)

and the IA was greater in the UNP (P, 0.01) and UNL groups
(P, 0.009) compared with the CONTROL group (Fig. 4b).

(a)

(b)

(c)

Fig. 1. Representative photographs of immunoreactive caspase-3 protein

(brown) in rat testis of offspring whosemothers were undernourished during

pregnancy and lactation (UNPL), showing cross-sections of seminiferous

tubules at Stage VII of spermatogenic cycle. (a) Localisation in Sertoli cells

(white arrows). (a, b) Round spermatids (black arrows) near the basal lamina

at the bottom of seminiferous tubules, where spermatocytes and spermato-

gonial cells should be localised. (a) Round spermatid cells (dotted area) and

spermatozoids are seen in the lumen of seminiferous tubule. The presence of

detached round spermatids in the lumen suggests failure of cellular unions in

the seminiferous epithelium. (c) Negative control (no primary antibody)

included in each run and showed no staining (not shown). Scale bar¼ 10mm.

(A)

(a)

(b)

(c)

(B)

Fig. 2. Representative photographs of immunoreactive Bcl-2 protein

(brown) in the testis of offspring of mothers that were underfed during

pregnancy and lactation (UNPL). (A) (a) Apoptotic bodies immunopositive

to Bcl-2 (white arrows) and (b) apoptotic round spermatids showing negative

blue nuclei with loss of round shape (black arrows) detected at the lumen of

the seminiferous tubules in Stage VII of spermatogenic cycle (before

spermiation). (c) Lumen of seminiferous tubule showing spermatozoids.

Spermatid retention could be an early and sensitive indicator of testosterone

depletion. (B) Negative control (no primary antibody) included in each run

and showed no staining. Scale bar¼ 10 mm.
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Fig. 3. Effect ofmaternal undernutrition on immunolocalisation (brown) and relativemRNA levels for caspase-3,Bax andBcl-2 in the

testis. (a) Representative photographs of tissue stained for immunoreactive caspase-3. Spermatogonia and spermatocytes were negative

to caspase-3 in control testes, but immunopositive caspase-3 was evident in all underfed groups, in round spermatids close to the basal

membrane (white arrows). Sertoli cells show intense immunoexpressionof caspase-3 inUNPLoffspring (black arrow).Black arrowhead

shows round spermatids in the centre of lumen in a seminiferous tubule. (b) Percentage of immune-positive caspase-3 cells in each

section. (c) Relative caspase-3mRNA levels. (d) Representative photographs of tissue stained for immunoreactiveBax showing positive

Sertoli cells (black arrows) and spermatogonia (white arrows). (e) Percentage of immune-positive Bax cells in each section. (f) Relative

BaxmRNA levels. (g) Representative photographs of tissue stained for immunoreactive Bcl-2, showing localisation in the cytoplasm of

Sertoli cells and in the acrosome region in round and elongated spermatids in the UNL and UNPL groups. Apoptotic bodies positive to

Bcl-2 are evident near the basal compartment (black arrow). (h) Percentage of immune-positive Bcl-2 cells in each section. (i) Relative

mRNA levels for Bcl-2. A negative control (no primary antibody) was included in each run and showed no staining. Scale bar¼ 10mm.

Data values aremean� s.e.m.Barswith different letters different significantly (P, 0.05). CONT,Control group;UNP, undernourished

during pregnancy; UNL, undernourished during lactation; UNPL, undernourished during both pregnancy and lactation.
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In Stage VII of the spermatogenic cycle, the IA for GDNF was

greater in the UNP (P, 0.0036), UNL (P, 0.0001) and UNPL
(P, 0.0561) than in the CONTROL (Fig. 4c).

ETV5 immunostaining was detected in the Sertoli cell

cytoplasm, with the most intense expression observed in the
undernutrition groups (Fig. 4d). The IA for ETV5 was greater
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(P, 0.0001) in all undernutrition groups (UNP, UNL, UNPL)
compared with the CONTROL group (Fig. 4f).

HSP70 andHSP90 immunolocalisation and immunostained
area

In the CONTROL group, HSP70 immunostaining was localised
to the interstitial tissue between the seminiferous tubules; inside

the seminiferous tubules, only a few spermatogonia showed
slight immunostaining in the cytoplasm or nucleus. In the

undernutrition groups (UNP, UNL, UNPL), on the other hand,
HSP70 was detected in the cytoplasm of spermatogonia, pri-
mary spermatocytes (pachytene stage) and elongated sperma-

tids, where it was also evident in the nucleus (Fig. 5a). The IA for
HSP70 was greater (P, 0.0001) in the undernutrition groups
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(d) Percentage IA for HSP90. Data values are mean� s.e.m. Bars with different letters differ significantly (P, 0.05). Upper right: negative
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(UNP, UNL, UNPL) compared with the CONTROL group
(Fig. 5a).

In all groups, HSP90 immunostaining was detected in the
nuclei of spermatogonia, in the cytoplasm of pachytene sper-
matocytes and round spermatids, and in the nuclei of elongated

spermatids. Immunostaining was intense in the nuclei of elon-
gated spermatids in the UNP group (Fig. 5b). The IA for HSP90
was greater (P, 0.0001) in CONTROL group compared with

the undernutrition groups (UNP, UNL, UNPL; Fig. 5b).

Discussion

Maternal undernutrition, during pregnancy or lactation, affects
testis development in the offspring through metabolic signals in
the developing tissue such as those provided by the insulin-like

growth factor system (Pedrana et al. 2020). We now know that
important markers of testis function in adult offspring are also
affected, including transcription factors (GDNF, ETV5), pro-

and anti-apoptotic proteins (caspase 3, Bax, Bcl-2) and heat
shock proteins (HSP90, HSP70). These observations need to be
interpreted in the context of changes in cell populations that we
have reported previously in this rat cohort (Pedrana et al. 2020)

and in the context of spermatogenesis being a controlled pro-
cess. It is important that proliferation is balanced against apo-
ptosis so that the number of germ cells does not exceed the

maximum that the Sertoli cells can support (Russell et al. 2002).
The balance of proliferation and apoptosis will be affected by
changes in GDNF and ETV5 because these transcription factors

control the activity of pro- and anti-apoptotic proteins. More-
over, these outcomes will be exacerbated by changes in the
expression of HSP90 and HSP70 because of their important

roles in meiosis and spermiogenesis. Undernutrition during
pregnancy and lactation (UNPL) had greater effects than

undernutrition during only pregnancy (UNP) or only lactation
(UNL), as would be expected, although we observed some
specific differences between UNP and UNL in the responses of

Sertoli cells and germ cells, perhaps reflecting the sequence of
developmental processes in the testis. In Fig. 6, we have com-
bined the present observations with those presented previously

(Pedrana et al. 2020) to summarise our current hypothesis about
how maternal undernutrition affects the testis of adult offspring
in the rat.

Transcription factors GDNF, ETV5

The effects of maternal undernutrition on GNDF would be
transmitted via receptors in type A spermatogonia, with con-
sequences for production of members of the anti-apoptotic Bcl

family of proteins (Jijiwa et al. 2008; Johnston et al. 2011; Rossi
and Dolci 2013; Takashima et al. 2015). Importantly, we
observed an increase inGDNF in StageVII of the spermatogenic

cycle, at a time when it would be decreasing during normal
development (Johnston et al. 2011). An excess of GDNF pro-
motes the proliferation of clusters of undifferentiated type A

spermatogonia and these clusters can evolve into testicular
tumours that resemble the human seminoma (Tadokoro et al.

2002). Similarly, ETS proteins, such as ETV5, are also thought
to control production of the Bcl family in the testis (Hofmann

2008; Schmidt et al. 2009; Ishii et al. 2012) and therefore play a
role in regulating cell survival and entry into the S phase of the
cell cycle (Puli et al. 2018). ETV5 appears to be one of the few

transcription factors expressed by Sertoli cells that controls SSC

↑GDNF

↑ETV5

↑Bcl-2

↑Caspase-3
mRNA

Proliferation

Maternal undernutrition
Spermatogenesis

Apoptosis

↑HSP70 ↑GDNF
Spermatogenic cycle, Stage VII

↓Caspase-3

↓HSP90

↑Caspase-3

↑Bax

Pregnancy + Lactation

LactationPregnancy

Fig. 6. Schema summarising the effects of maternal undernutrition on the balance between cell

proliferation and apoptosis in spermatogenesis in adult offspring. The imbalance is the result of changes

in two Sertoli cell transcription factors, glial cell line-derived neurotrophic factor (GDNF) and E twenty-six

transformation variant gene 5 (ETV5), both of which inhibit apoptosis in germ cells through effects on the

production of cysteinyl-aspartate protease 3 (caspase-3), BCL2-associated X apoptosis regulator (Bax) and

B-cell leukaemia/lymphoma 2 (Bcl-2). Effects on the production of heat shock proteins (HSPs) 70 and 90 in

germ cells would disrupt meiosis and spermiogenesis. There are some differences between pregnancy and

lactation in the effects of maternal undernutrition, perhaps reflecting differences in the stages of

development of the testis.
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self-renewal through either CXCL12/CXCR4 or CCL9/CCR1
signalling (Chen and Liu 2015). Therefore, increased produc-

tion of GNDF and ETV5 by Sertoli cells is consistent with the
increase in germ cell number that we previously observed in the
same model of maternal undernutrition (Pedrana et al. 2020).

With an overproduction of germ cells, the capacity of the Sertoli
cells to support germ cell development would be exceeded,
potentially leading to defects in spermatogenesis.

Pro-apoptotic (caspase-3, Bax) and anti-apoptotic (Bcl-2)
proteins

Weassessed the concentration aswell as the localisation of these
proteins using immunohistochemistry only because, to under-
stand the process of apoptosis, we needed information about

concentration as well as localisation. Moreover, the activities of
Bcl-2 and Bax are modulated by various post-translational
modifications, including folding and conformation, stability,

half-life, subcellular localisation and protein–protein interac-
tions (Letai andKutuk 2008). If caspase-3 is localised within the
nucleus, it is probably playing a critical role in the breakdown of
that cell compartment and in the progression of apoptosis

(Kamada et al. 2005; Prokhorova et al. 2018).
These issues are important in the context of the present study

because apoptosis is integral to the control of spermatogenesis;

that is, it is needed to limit the number of germ cells that a Sertoli
cell must support. It is thus no surprise that the Sertoli cells
themselves control germ cell apoptosis through paracrine sig-

nalling that balances pro-apoptotic factors (caspase-3, Bax) and
anti-apoptotic factors such as Bcl-2 (Murphy and Richburg
2014). Maternal undernutrition during pregnancy and lactation

increased caspase-3 production in the detached spermatids seen
in the lumen of the seminiferous tubules, suggesting a disruption
of the elaborate network of cell junctions between Sertoli cells
and spermatids that confers structural, communication and

signalling support for the survival of developing germ cells
(Gao et al. 2015). However, maternal undernutrition only during
lactation led to a decrease in active caspase-3, mostly in

spermatocytes and spermatids, and also an increase in Bax,
mostly in spermatocytes, suggesting differential consequences
in testicular cells according to the timing of undernutrition.

Interestingly, our results showed an increase Blc-2 in off-
spring’s testes fromallmaternal undernutrition groups, consistent
with the inhibitory effects of Bcl-2 overexpression on normal
spermatogonial apoptosis, which leads to accumulation of sper-

matogonia, forcing them to survive with consequences for
differentiation during spermiogenesis (Furuchi et al. 1996; Shaha
et al. 2010). As Bcl-2 is a pro-survival protein (Shamas-Din et al.

2013) and considered to be a ‘rheostat’ in Sertoli cells and germ
cells (Yamamoto et al. 2001), upregulation of Bcl-2 genes causes
severe attenuation of germ cell apoptosis (Wright et al. 2007).

This situation is consistent with our observation of an increase in
Bcl-2 proteins in the maternal undernutrition groups.

As mentioned before, the present observations need to be

considered alongside our previous report, in which we described
the effects of maternal undernutrition on the proliferation of
germ cells in the same rat offspring cohort (Pedrana et al. 2020).
Taken together, these observations suggest that in the testis of

offspring of nutritionally compromised mothers, there is an
imbalance between germ cell proliferation and apoptosis. The

increase in proliferation is explained by increases in transcrip-
tion factors (ETV5, GDNF) and in promotion of anti-apoptotic
processes (Bcl-2, HSP70), leading to potentially harmful dereg-

ulation of spermatogenesis. The overall outcome is excessive
proliferation, although the response to undernutrition seems to
vary among the developmental windows, an observation requir-

ing further investigation. Interestingly, the testicular anti-
apoptotic mechanisms activated by maternal undernutrition
seem to parallel other pathologies such as cancer (Montero
and Letai 2018).

Heat shock protein 70

HSP70 is known to be a molecular chaperon for both meiosis
(Scieglinska and Krawczyk 2015) and spermiogenesis (Govin
et al. 2006), so these processes would be expected to be impaired

by increased expression of HSP70 in the testis of offspring from
mothers underfed during pregnancy and lactation (e.g. our UNPL
group). Furthermore, overexpression ofHSP70 is associated with

resistance to apoptosis in other tissues, blocking apoptosome
formation (Beere 2004) and increasing Bcl-2 expression in
cerebral ischaemia (FitzGerald et al. 2009). Moreover, HSP70

expression is activated by hypoxia, a condition frequently asso-
ciated with tumour progression (Scieglinska and Krawczyk
2015). On the other hand, an increase in HSP70 production has
been seen as a protective mechanism in germ cells, preventing

cellular damage induced by stress, elevated environmental tem-
peratures or toxicants such as 2,5-hexanedione (Sertoli cell
toxicant), ethylene glycol monomethyl ether (spermatocyte

toxicant), cyclophosphamide (spermatogonia toxicant) and sul-
fasalazine (Fukushima et al. 2005) or lindane organochlorine
pesticide (Saradha et al. 2008). The increase in HSP70 in the

germ cells of adult offspring from undernourished mothers,
detected by immunohistochemistry, could reflect activation of a
protective mechanism.

Heat shock protein 90

Because HSP90 also plays a role as a chaperone protein (Dixit
and Verkhivker 2012; Verba and Agard 2017), it is interesting

that its expression was decreased by maternal undernutrition
during pregnancy and lactation, in contrast with HSP70.
However, HSP90 promotes the stability and activation of post-
meiotic kinases in spermatids (Jha et al. 2013) during sper-

miogenesis, so a decrease or a complete absence of the protein
would lead to testis atrophy and azoospermia (Grad et al. 2010),
an increased sensitivity to apoptotic stimuli and a decrease in

spermatid kinases (Jha et al. 2013) and oligoasthenozoospermia,
as seen in men (Sagare-Patil et al. 2017). Moreover, the effects
of maternal undernutrition on HSP90 expression are consistent

with the decreases that we observed, in the same animals, in the
frequency of Stage VII in the spermatogenic cycle, before
spermiation begins (Pedrana et al. 2020). Overall, the testicular

HSP90 response to maternal undernutrition would help explain
changes in the process of spermiogenesis, as HSP90 is a deter-
minant of the concentration of protamine, a factor necessary for
DNA packaging during spermiation.
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Conclusion

We conclude that maternal undernutrition during pregnancy and
lactation modifies the processes that control the production of
fertile spermatozoa in the testis of adult offspring (Fig. 6). The

combination of increases in the transcription factors, ETV5 and
GDNF, both promoters of proliferation, and Bcl-2 and HSP70,
both anti-apoptotic and meiotic proteins, would accelerate stem
cell renewal and thus lead to excessive proliferation of germ

cells, while reducing the rate of apoptosis of germ cells. Finally,
maternal undernutrition decreases the amount of HSP90 in the
developing germ cells, probably leading to a reduction in the

concentration of protamine, an essential factor in DNA pack-
aging, so the final step of spermatogenesis, spermiogenesis,
could also be compromised. These results are consistent with

our previous observations, in the same animals, of increases in
testis IGF-I and the proliferation of spermatogonia, and a
reduction in the number of seminiferous tubules at Stage VII of

the spermatogenic cycle, as would be expected if spermiogen-
esis was also altered.

Overall, our data suggest that maternal undernutrition alters
the equilibrium between apoptosis and proliferation in sper-

matogonia and spermatocytes, and the differentiation of sper-
matids, in adult male rat offspring of undernourished mothers.
This equilibrium is essential in the control of spermatogenesis,

so maternal undernutrition is likely to have major and persisting
effects on the regulation of fertility of male offspring.
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