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Abstract—Although fish are often exposed to food restrictions in natural or aquafarming conditions, the rela-
tionship between altered energy status and the reproduction is not well understood. The aim of the present
investigation was to elucidate the effect of chronic food-deprivation on energy status and reproductive axis in
male Mozambique tilapia Oreochromis mossambicus. The controls received food ad libitum, whereas the fish
in the starvation group were deprived of food for 21 days. The liver showed significantly higher levels of glu-
coneogenesis and triglycerides, whereas the levels of blood glucose and total protein content in the liver were
significantly lower in starved fish compared to controls. Furthermore, the mean numbers of different sper-
matogenic cells, such as spermatogonia-A, primary spermatocytes, secondary spermatocytes, early sperma-
tids, and late spermatids were significantly lower, but the number of spermatogonia-B did not show a signif-
icant difference compared to controls. In starved fish, there was a significant increase in germ cell apoptosis at dif-
ferent stages of development concomitant with faintly immunoreactive androgen receptors in the Sertoli cells of
the testis compared with controls. In addition, the percent areas of gonadotropin-releasing hormone—immuno-
reactive fibres and luteinizing hormone—immunoreactive content—in the proximal pars distalis part of the pitu-
itary gland were significantly lower in starved fish compared with controls. Collectively, these results suggest
that decreased energy status negatively affects the gonadotropin-releasing hormone—luteinizing hormone —
testicular axis, leading to inhibition of spermatogenesis before entry of germ cells into meiosis through
increased apoptosis and decreased expression of androgen receptors in the testis of the Mozambique tilapia.
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INTRODUCTION

Nutrition and food-intake are known to influence
health, growth and reproduction in fish (Lall and Tib-
betts, 2009). Fish are often subjected to food-depriva-
tion conditions of variable duration during aquacul-
tural practices or in their natural habitat due to food
scarcity and/or environmental and seasonal alter-
ations. For example, fish may starve due to handling
stress, contamination in the environment and extreme
cold as may occur during winter (Pérez-Jiménez et al.,
2010; Jobling, 2015). During food-deprivation, fish
may employ various behavioural, physiological and
structural mechanisms to meet the metabolic needs
using their energy reserves (Navarro and Gutiérrez,
1995). Diverse intermediate metabolic pathways are
activated when nutrients stored in fish are consumed
as energy during scarcity of food. Many researchers
have evaluated a variety of blood metabolites, such as
glucose, free fatty acids and triglycerides during fasting
periods in fish (Costas et al., 2011; Ashouri et al.,

2020). In the first stage of starvation, liver glycogen is
mobilized to maintain the glucose homeostasis in
some fish species such as the white sturgeon Acipenser
transmontanus, the red-tailed brycon Brycon cephalus
and the gilthead sea bream Sparus aurata (Hung et al.,
1997; Figueiredo-Garutti et al., 2002; Metoén et al.,
2003). Besides, glucose homeostasis is achieved
through gluconeogenesis by increasing the plasma lev-
els of glucogenic amino acids (Gillis and Ballantyne,
1996) and triglycerides (Yarmohammadi et al., 2012)
in fish.

Nevertheless, the metabolic response to food-
deprivation is complex and not the same in different
species. For example, mostly protein and lipid are uti-
lized as energy sources, and glucose is conserved
during fasting in fishes like the European eel Anguilla
anguilla and the plaice Pleuronectes platessa (Dave
etal., 1975; Moon and Johnston, 1980), whereas
hepatic levels of protein, lipid, and glycogen are sig-
nificantly decreased during starvation in the golden
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perch Macquaria ambigua (Collins and Anderson,
1995) and rainbow trout Oncorhynchus mykiss and
sturgeon A. naccarii (Furné et al., 2012). However,
some fish species such as the Northern pike Esox lucius
rely mainly on glycogen storage during starvation
(Ince and Thorpe, 1976) or glycogen is utilized only at
the initial stage of prolonged starvation as observed in
the roach Rutilus rutilus (Méndez and Wieser, 1993).
Although significant reductions in plasma glucose and
lipid, but not protein, are observed following starva-
tion in the white sturgeon A. transmontanus (Hung
et al., 1997), liver triglyceride levels are either unaf-
fected in the Atlantic cod Gadus morhua (Hall et al.,
2006) or significantly decreased in the Nile tilapia
Oreochromis niloticus (Wang et al., 2019). In contrast,
a significant increase in plasma triglyceride level is
observed during starvation in the silver catfish Rham-
dia quelen (Marqueze et al., 2018).

Unlike mammals, male fish exhibit a cystic type of
spermatogenesis, which is controlled by gonadotro-
pin-releasing hormone (GnRH), gonadotropins-fol-
licle stimulating hormone (FSH) and luteinizing hor-
mone (LH), as well as sex-steroids (testosterone/11-
ketotestosterone, 11-KT) (Hatef and Unniappan,
2019). Since a cyst consists of cluster of specific germ
cells derived from a single spermatogonia, fish serves a
good model to study the effect of starvation on the
reproductive axis. Effect of food-deprivation on
reproduction has been examined in different species of
fish. For example, starvation causes a significant
reduction in the gonadosomatic index (GSI) in the
Atlantic cod G. morhua (Dutil et al., 2003) and the
Nile tilapia O. niloticus (Sales et al., 2020), and affects
the testicular development and maturation in the iter-
oparous Arctic charr Salvelinus alpinus (Rice, 1999).
In the African catfish Clarias gariepinus, although par-
tial or full feed restriction does not alter the GSI, it
affects the testicular activity depending on the phase of
the reproductive cycle (Suchiang and Gupta, 2011).
Similarly, exposure to starvation for 6 or 12 days does
not affect the GSI, but suppresses the germ cell devel-
opment concomitant with decrease in LH secretion in
the Mozambique tilapia O. mossambicus (Pikle et al.,
2017). In addition, starvation for 7—28 days lowers
plasma concentration of testosterone and 11-KT con-
current with a decrease in the percentage of sper-
matogonia, but an increase in apoptosis of spermato-
cytes, spermatids and spermatozoa in the Nile tilapia
(Sales et al., 2020).

Furthermore, a few studies have demonstrated the
decreased GnRH mRNA/gene expression in fishes
such as the winter flounder Pseudopleuronectes ameri-
canus (Tuziak and Volkoff, 2013), the Ya-fish
Schizothorax prenanti (Wang et al., 2014), and the cat-
fish C. gariepinus (Minari et al., 2022) exposed to star-
vation ranging between 3 and 14 days. Although these
studies have revealed the impact of fasting on the
GnRH or LH or testes in different species of fish dis-
cretely, detailed studies focusing on the hypotha-
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lamic-pituitary-testicular axis in same species are
lacking. In particular, the present investigation aims to
examine the effect of starvation on hypothalamic-
hypophysial secretion and different stages of germ cell
development and androgen receptor expression in the
testis to get an insight into the possible mechanism by
which starvation may affect the germ cell activity in
the Mozambique tilapia O. mossambicus. We have also
examined the biochemical markers to determine the
association between energy status and reproduction in
this fish. In this investigation, the Mozambique tilapia
is used as an experimental model, as this fish is a com-
mercially important food fish and exhibits cystic sper-
matogenesis throughout the year (Dadzie, 1969).
Since the availability of fertile males is critical in fish
farming, it is necessary to understand the impact of
chronic starvation on the germ cell developmental
stages in this species.

Whereas fishes employ various behavioural, physi-
ological, and structural mechanisms to complete their
metabolic needs using their energy reserves (Navarro
and Gutiérrez, 1995), chronic and acute starvation
may interfere with metabolically dependent reproduc-
tion in fish through distinct mechanisms (Hatef and
Unniappan, 2019). Therefore, elucidating the impact
of starvation along the hypothalamic-hypophysial-
testicular axis is helpful in understanding the relation-
ship between feeding status and reproduction in fish.

MATERIALS AND METHODS
Animals

Adult O. mossambicus were collected from ponds in
and around Dharwad (75°01” E, 15°27° N) and
brought to the laboratory. The fish were acclimatized
to the laboratory conditions for one month prior to the
commencement of experiment. The sexual maturity of
males was confirmed by their ability to release milt
upon gentle pressing at the ventral surface near the
genital opening. The fish weighing 25—35 g were
maintained at a stocking density of five fish per aquaria
(70 L, size 36 X 12 x 18 inches; length X width X height)
under natural conditions (photoperiod 11.45 + 0.23 h,
water temperature 29.86 + 1.02°C, pH 7.46; dissolved
oxygen 7.53 = 0.25 mg/L). Water was replaced daily to
avoid algal growth and accumulation of planktons that
might interfere with the nutritional status of the fish in
all aquaria during the period of experimentation.

Fish were divided into two groups with two repli-
cates (5 fish per replicate, 10 fish per group). The con-
trol fish were fed (Taiyo pet feed, Chennai, India) ad
libitum 3 g per aquaria daily for a period of 21 days,
whereas the fish in second group were starved for
21 days. All experimental fish were euthanized follow-
ing anesthetization with 2-phenoxy ethanol (1 : 1500,
Sigma-Aldrich, USA). During autopsy, weights of the
body, testis and liver were recorded, and GSI (100 x
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testis mass/body mass) and hepatosomatic index
(HSI) (100 X liver mass/body mass) were calculated.

Biochemical Parameters

Blood samples of each fish were collected in a hep-
arinized syringe and transferred to Eppendorf tubes.
The Accu-Chek kit with a minimum detection limit of
10 mg/dL was used for determination of blood glucose
level. The liver tissue samples from each fish were
thawed and centrifuged for 5 min at 5000 rpm using a
refrigerated centrifuge (Eppendorf, Germany) for
determination of total protein content by Lowry’s
method (Lowry et al., 1951), whereas triglyceride lev-
els were estimated by the enzymatic glycerol phos-
phate-oxidase-peroxidase-aminoantipyrine (GPO-PAP)
method using a triglyceride kit according to the GPO-
Trinder method provided by the manufacturer (Erba
Diagnostics, Mannhelm, GmbH, Germany). For the
estimation of gluconeogenesis levels in the liver, the
method described by Hanson (1981) was followed.
Briefly, the saline (0.7%) was saturated with O,: CO,
(95:5)at 37°C for 1 hin a CO, incubator (Eppendorf,
Germany). The slices of liver weighing about 60—100 mg
from both experimental groups were cut and stored in
ice-cold saline solution (0.7%) on a slide previously
washed with saline. These slices were transferred to
series of conical flasks (10 in each group) consisting of
3.8 mL of gassed saline solution and 0.2 mL of 0.2 M
substrate (pyruvate, the precursor of glucose), whereas
only 4 mL of gassed saline solution was taken as con-
trols for the precursor. The contents in all conical
flasks were gassed briefly in a CO, incubator, covered
with aluminium foil and then incubated at 37°Cfor 1 h
with continuous gentle agitation. The slices were
removed, allowed to drain briefly, and dried at 100°C
for 15 min in an oven, and then 4 mL of 20% perchlo-
ric acid was added in centrifuge tubes. The mixture
was stored at 0°C for 10 min and then insoluble pro-
teins were removed by centrifugation. Glucose levels
were assayed in 1.0 mL aliquots with two replicates for
each supernatant using the glucose oxidase method.
The liver glucose levels were estimated prior to the
incubation using the glucose oxidase method. After
applying Hanson’s method, the initial values of glu-
cose were deducted from the gluconeogenesis assay
data. The rate of glucose biosynthesis from the precur-
sor was calculated and represented as ug/ul dry
liver/h.

Histology and Quantification of Germ Cells

From each fish, single testis from the pair was fixed
in Bouin’s fluid and used for histological studies,
whereas the other testis was processed for immunohis-
tochemical studies. Serial sections (5 wm) were cut
from paraffin wax-embedded testis tissue and stained
with hematoxylin and eosin. The numbers of different
kinds of spermatogenic cells were counted as
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described earlier for this species (Pikle et al., 2017;
Konkal and Ganesh 2018; Shinde and Ganesh, 2022).
Different germ cell types, namely, spermatogonia-A
(SG-A), spermatogonia-B (SG-B), primary sper-
matocytes, secondary spermatocytes, early sperma-
tids, late spermatids and spermatozoa were identified
based on their morphology and size. The number of
SG-A was counted from every fourth section, whereas
the numbers of SG-B, primary spermatocytes, sec-
ondary spermatocytes, early spermatids, and late sper-
matids were counted in every alternate section. Four
cysts were randomly chosen per section and the mean
values were calculated from a total of 100 cysts in the
testis sections. By measuring each lobule in both the
vertical and horizontal planes, the mean diameter of
each lobule was calculated. The space between the
seminiferous lobules was identified as interstitial
space. The mean diameter of interstitial space was cal-
culated by measuring this space in both the vertical
and horizontal planes, and then the mean value was
calculated. This method was also used to measure the
diameters of 100 randomly selected testis lobules from
each experimental fish. The photomicrography was
done using CellSens image analysis software in DP74
CCD colour camera attached to a BX53 Fluorescent
microscope (Olympus, Tokyo, Japan).

Immunohistochemistry
and Immunofluorescence Labelling

After anaesthetization, the fish were perfused
through the dorsal aorta with 15 ml of chilled phos-
phate-buffered saline (PBS, pH 7.4) initially and then
15 mL of cold 4% paraformaldehyde. The brains intact
with the pituitary glands and single testis were fixed in
cold 4% paraformaldehyde for 12 h. After a thorough
rinse in PBS, the tissues were transferred to ice-cold
30% sucrose solution. Frozen sections of the brain
through the pituitary (14 um) and the testis (12 um)
were cut in transverse plane using a cryostat
(CM1510S, Leica, Germany). For the detection of
androgen receptors and apoptosis (caspase-3 active
enzyme, a marker for apoptosis), the testis sections
were labelled with rabbit anti-androgen receptor anti-
body (SP107, Sigma-Aldrich, USA; 1: 3000) and rab-
bit anti-caspase-3 active antibody (RA15046, Neu-
romics, USA; 1 : 500) respectively, following streptavi-
din-biotin-peroxidase method (Konkal and Ganesh,
2020). The caspase-3 labelled sections were counter-
stained with haematoxylin. For the labelling of LH
and GnRH-immunoreactivity in the pituitary gland,
the sections were incubated with rabbit anti-human
LHP antisera (1 : 4000; National Hormone and Pep-
tide Program, Harbor-UCLA Medical Centre, CA,
USA) and rabbit anti-LHRH antibody (20075;
Immunostar, USA; 1 : 500) respectively, following
immunofluorescence protocol as described (Vijay-
alaxmi and Ganesh, 2017).
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Fig. 1. Effect of food deprivation in the levels of hepatic levels of protein, nug/mL (a); blood glucose, mg/dL (b); triglyceride,
mg/dL (c); and gluconeogenesis, pg/UL (d) in Oreochromis mossambicus. Here and in Figs. 2,4, 5, 7 and 9: (®)—controls, (O0)—
fasting; values are means = SE; Student 7-test, * significant difference (p < 0.05).

Control Procedures

The control procedures to affirm the specificity of
the antibodies were employed as follows: (i) exclusion
of primary antibody and replacement with 1% bovine
serum albumin, (ii) omission of secondary antibody.
In addition, for GnRH and LH, diluted primary anti-
sera were preabsorbed with GnRH and LH peptides
(Sigma-Aldrich, USA), respectively 24 h before incu-
bation. These control procedures confirmed that the
immunolabelling was due to the primary antibody
employed.

Semiquantitative Analysis of Immunolabelling
of Androgen Receptors, Apoptotic Germ Cells,
Gonadotropin Releasing Hormone
and Luteinizing Hormone

For quantitative analysis of immunohistochemi-
cal/immunofluorescence data, Image] version 1.46
(NIH, Bethesda, MD, USA) was used following the
method described by Bhat and Ganesh (2020). The
intensity of androgen receptor immunolabelling was
measured in testis sections from each experimental
fish (5 exemplars) and provided as arbitrary units (AU;
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mean =+ standard error, SE) in the parenthesis,
whereas the numbers of caspase-3 active-labelled
apoptotic germ cells in cysts were counted from 100
lobules of each experimental testis. The percent areas
of GnRH and LH immunoreactivities (5 each) were
evaluated from each experimental pituitary gland.

Statistical Analysis

The data for all parameters were expressed as
means *+ SE. For all parameters, the normal data dis-
tribution and equality of variances were determined.
Since these tests were passed, a parametric Student
t-test was conducted using SigmaStat 3.5 software.
The significant differences for all statistical compari-
sons were determined at p < 0.05 level.

RESULTS
Biochemical Parameters

The total protein content of the liver and blood glu-
cose levels were significantly lower (p < 0.02) in fasted
fish compared to controls (Figs. 1a, 1b). However, the
hepatic levels of triglyceride and gluconeogenesis were
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Fig. 2. Effect of starvation on gonadosomatic (GSI) (a)
and hepatosomatic (HSI) (b) index in Oreochromis mos-
sambicus.

significantly increased (p < 0.03) in starved fish com-
pared to those of controls (Figs. 1c, 1d).

Gonadosomatic Index, Hepatosomatic Index
and Testis Histology

The mean GSI was significantly lower (p < 0.05),
but the mean hepatosomatic index (HSI) did not show
statistically significant difference (p = 0.302) (Fig. 2).
Cross sections of the testis revealed the presence of
several lobules in the germinal compartment consist-
ing of germinal cysts with different spermatogenic cell
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types namely, SG-A, SG-B, primary spermatocytes,
secondary spermatocytes, early spermatid, late sper-
matid and spermatozoa (Fig. 3). The morphometry of
different spermatogenic cells for this species has been
described previously (Shinde and Ganesh, 2022). The
mean numbers of SG-B did not differ significantly
(p = 0.114) from that of controls, whereas the mean
numbers of SG-A, primary spermatocytes, secondary
spermatocytes, early spermatids and late spermatids
were significantly lower (p < 0.002) in fasting fish
group compared to those of controls (Figs. 3, 4). The
majority of seminiferous lobule boundaries were dis-
torted in fasting fish and showed abundant spermato-
zoa in contrast to their sparse distribution in controls
(Figs. 3a, 3d, 3e). The mean lobular diameter was sig-
nificantly lower (p < 0.001), but the interstitial diame-
ter was significantly higher (p < 0.001) in fasting fish
compared to controls (Fig. 5).

Semiquantitative Analysis of Immunolabelling
of Androgen Receptors, Apoptotic Germ Cells,
Gonadotropin Releasing Hormone
and Luteinizing Hormone

The intensity of immunolabelling of androgen
receptors in the Sertoli cells (Fig. 6) was significantly
lower (P < 0.001) in starved fish (127.64 + 2.68 AU)
compared to controls (54.86 + 4.60 AU) (Figs. 6g, 6h).
Application of anti-caspase-3 active antibody labelled
the apoptotic cells in the testis of both experimental
groups (Fig. 6). In general, caspase-3 positive labelling
was higher in all types of germ cell cysts in fasting fish
than in controls (Fig. 6). The mean numbers of apop-
totic germ cells namely, SG-A, SG-B, primary sper-
matocytes, secondary spermatocytes, early spermatids
and late spermatids were significantly higher (p <0.01)
in fasting fish compared to those of controls (Fig. 7).
However, the number of apoptotic spermatozoa in
starved fish did not differ significantly (p = 0.297)
from that of controls (Fig. 7). GnRH-immunoreactive
fibres were detected in the nucleus lateralis tuberis part
of the hypothalamus, hypothalamo-hypophysial tract
and proximal pars distalis (PPD) of the pituitary
gland, whereas LH-immunoreactivity was confined to
the PPD in both experimental groups (Fig. 8). The
percent areas of GnRH-immunoreactive fibres and
LH-immunoreactive content in the PPD of the pitu-
itary gland were significantly lower (p < 0.001) in
starved fish than in controls (Fig. 9).

DISCUSSION

Glucose is an important fuel that must be main-
tained throughout the food deprivation (Gillis and
Ballantyne, 1996). Although glucose levels were not
affected following starvation in the rainbow trout,
white sturgeon, red-tailed brycon and gilthead sea
bream S. aurata (Hung et al., 1997; Figueiredo-
Garutti et al., 2002; Metén et al., 2003; Azodi et al.,
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Fig. 3. Cross sections of the testis Oreochromis mossambicus showing the seminiferous lobules (Lb) and cysts (Cy) containing the
Sertoli cells (5), spermatogonia-A (SG-A), spermatogonia-B (SG-B), primary spermatocytes (PSC), secondary spermatocytes
(8S8C), early spermatids (ES), and late spermatids (LS) in controls (a—c) and starvation group (d, e). Ld, Leydig cells; SZ, sper-
matozoa; L, lumen; Lb, lobule; DLb, distorted lobule. Coloring, haematoxylin and eosin. Scale, um: 20 (a, d, ), 10 (b, ¢).

2014), the majority of studies on different fish species
have documented reduction in glucose levels following
exposure to starvation of variable duration. For exam-
ple, significant decrease in blood or plasma glucose
levels was observed in the rohu Labeo rohita (7 days),
the gibel carp Carassius gibelio (7 days), the European
seabass Dicentrarchus labrax (22 days), the Atlantic
salmon Salmo salar (14 days), the silver catfish
R. quelen (7—21 days), the pacu Piaractus mesopotam-
icus (30 days), the neotropical catfish Lophiosilurus
alexandri (50 days), the sunshine bass Morone chrysops
(3 weeks), Nile tilapia O. niloticus (14 or 28 days) and
the European eel A. anguilla (42 days) (Caruso et al.,
2008; Barcellos et al., 2010; Davis and Gaylord, 2011;
Viegas et al., 2013; Waagbg et al., 2017; Li et al., 2018;
Favero et al., 2017, 2019; Dar et al., 2019; Silva et al.,
2019; Sales et al., 2020; Sakyi et al., 2020). A signifi-
cant decrease in blood glucose levels observed follow-
ing fasting for 21 days in the Mozambique tilapia
agrees with these studies. Maintenance of glucose lev-
els, although significantly lower during fasting from
7—50 days as observed in the above studies, might be
due to glycogenolysis and gluconeogenesis (Dai et al.,
2021). Since mobilization of glycogen occurs during
the initial phase of fasting (Polakof et al., 2006), the
Mozambique tilapia exposed to starvation for 21 days
in the present study may depend on gluconeogenesis
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for the maintenance of glucose homeostasis as shown
by a significant increase in the hepatic levels of gluco-
neogenesis.

Nevertheless, the occurrence of gluconeogenesis
through break-down of triglycerides or protein
appears to be species-specific. Significant decrease in
liver protein content has been documented in different
fishes including the rainbow trout (McMillan et al.,
1992; Karatas et al., 2021), the Arctic charr Salvelinus
alpinus (Cassidy et al., 2016), the silver catfish Bagrus
bajad (Marqueze et al., 2018) and the sea bream
S. aurata (Power et al., 2000) exposed to starvation
period ranging from 1—120 days. In the rainbow trout
O. mykiss, although serum triglycerides were signifi-
cantly lower, serum levels of total proteins were not
affected (Karatas et al., 2019). Likewise, in the
Mozambique tilapia O. mossambicus starved for 6 or
12 days resulted in significantly lower levels of serum
triglycerides and liver protein levels (Vijayalaxmi et al.,
2019). In the present study, although a significant
decrease in hepatic protein levels in the Mozambique
tilapia subjected to long-term starvation (21 days) is
consistent with the previous study (Vijayalaxmi et al.,
2019) and other teleosts (McMillan et al., 1992; Cas-
sidy et al., 2016; Power et al., 2000; Karatas et al.,
2021), hepatic levels of triglycerides on day 21 were
significantly higher than that of the Mozambique tila-
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Fig. 4. Effect of starvation on different stages of spermatogenesis in Oreochromis mossambicus. The mean number of spermatogo-
nia-A and spermatogonia-B are not significantly different (a, b); however, the numbers of primary spermatocytes (c), secondary
spermatocytes (d), early spermatids (e) and late spermatids (f) in starved fish were significantly reduced compared to the control.

pia subjected to 6 or 12 days of fasting. These results
clearly suggest that depletion of hepatic protein occurs
consistently from day 6 (Vijayalaxmi et al., 2019) to
day 21 (current study) in the Mozambique tilapia, but
serum/hepatic triglyceride levels may fluctuate
depending on the duration of starvation. In other
words, a significant decrease in serum triglyceride lev-
els (Vijayalaxmi et al., 2019) appears to be due to the
utilization of triglycerides available during short-term
starvation period (6 or 12 days) in the Mozambique
tilapia; however, a significant increase in hepatic tri-
glyceride levels on day 21 of fasting may be due to the
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fact that fat stores are mobilized in response to pro-
longed starvation, resulting in release of glycerol and
free fatty acids. Indeed, a significant increase in the
hepatic levels of triglycerides was detected in the Per-
sian sturgeon A. persicus starved for 3 weeks (Yarmo-
hammadi et al., 2012). Similarly, a significant increase
in the level of triglycerides was evident in the silver cat-
fish R. quelen (Marqueze et al., 2018) during 21 days
starvation. On the contrary, hepatic levels of tri-
glycerides in the Atlantic cod G. morhua starved for
one month did not show any significant increase (Hall
et al., 2006).
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Although the HSI reflects the energy status of the
fish, the effect of starvation on HSI is not consistent
among different fish species. The HSI was signifi-
cantly reduced in food-deprived fishes such as the
carp Cyprinus carpio (50 or 90 days), the rainbow trout
O. mykiss (10 days), the catfish (54 days), the beluga
Huso huso (6 weeks), the grey mullet Mugil cephalus
(30 days), and in the Nile tilapia O. niloticus (21 days)
(Blasco et al.,1992; Vosyliené et al., 1999; Peterson
and Small, 2004; Falahatkar et al., 2012; Pronina and
Revakin, 2015; Akbary et al., 2016; Sakyi et al., 2020).
However, in the present study, we did not notice any
significant difference in the HSI between 21 days
starved fish and controls. Similar results were also
observed in the Atlantic cod G. morhua exposed to
two-month period of starvation (Hall et al., 2006).

The GSI reflects the testicular development, but
the effect of starvation on the GSI is not consistent
among different teleosts. The mean GSI was signifi-
cantly lower due to starvation for 84 days in male and
female Atlantic cod G. morhua (Dutil et al., 2003) and
28 days of fasting in male Nile tilapia O. niloticus (Sales
et al., 2020). A significant decrease in the mean GSI of
the Mozambique tilapia following exposure to pro-
longed starvation (21 days) in the present study agrees
well with the previous studies (Dutil et al., 2003; Sales
et al., 2020). In contrast, the mean GSI did not show
significant difference in the Mozambique tilapia
O. mossambicus starved for 6 or 12 days (Pikle et al.,
2017; Vijayalaxmi et al., 2019). Additionally, the testis
development was not affected in the cichlid
Cichlasoma nigrofasciatum subjected to four months
starvation (Townshend and Wootton, 1984) or
restricted feeding in the matrinxa Brycon amazonicus
(Carvalho, 2001). However, the testicular develop-
ment and maturation was suppressed due to restricted
feeding for 2—3 months during spring time in male
chinook salmon (Hopkins and Unwin, 1997) or due to
starvation for 6 weeks in the iteroparous Arctic charr
S. alpinus (Rice, 1999). In the present study, signifi-
cant decrease in the lobule diameter and number of
germ cells associated with a significantly higher inter-
stitial diameter suggests that both spermatogenesis and
spermiation was affected due to starvation in the
Mozambique tilapia.

We may recall that the SG-A give rise to the SG-B,
which divide more rapidly than the former and differ-
entiate into primary spermatocytes (1st meiotic divi-
sion), secondary spermatocytes (2nd meiotic divi-
sion), spermatids (differentiation without prolifera-
tion), and finally spermatozoa (Schulz et al., 2010).
The effect of starvation on different stages of sper-
matogenesis has been examined in some teleosts, but
the progression of spermatogenic germ cell develop-
ment in response to starvation appears to vary depend-
ing on species. In the Nile tilapia subjected to fasting
for 21 or 28 days (Sales et al., 2020), a significant
decrease in the proportion of SG-A and spermatocytes
was observed, but the percentage of SG-B and sper-
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Fig. 5. Effect of starvation on seminiferous lobule diameter
(a) and interstitial diameter (b) in Oreochromis mossambi-
cus, um.

matids was not significantly different. Likewise, the
proportion of spermatogonia and spermatocytes was
significantly increased, but the percentage of sperma-
tids was not affected in the zebrafish Danio rerio
starved for 3 weeks (Fan et al., 2021). Pikle et al.,
(2017) observed a significant decrease in the mean
numbers of spermatogonia, spermatocytes and sper-
matids in the Mozambique tilapia starved for 6 or
12 days. However, information on the effect of chronic
starvation on progression of specific germ cell devel-
opmental stages such as SG-A, SG-B, primary sper-
matocytes, secondary spermatocytes, early spermatids
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Fig. 6. Photomicrographs of cross sections of the testis showing caspase-3 active (a—f) and androgen receptor (g, h) immunore-
activities in controls (a—c, g) and fasting fish (d—f, h), respectively. Intense immunolabelling of androgen receptors in the Sertoli
cell nuclei (—); (a—f) streptavidin-biotin peroxidase labelled sections counterstained with haematoxylin; (g, h) streptavidin-bio-

tin peroxidase labelled. For designations see Fig. 3. Scale: 20 um.

and late spermatids was lacking in the previous study.
In this study, exposure of the Mozambique tilapia to
21 days starvation did not affect the mean numbers of
SG-B, but caused a significant reduction the mean
numbers of SG-A, primary spermatocytes, secondary
spermatocytes, early spermatids and late spermatids.
The non-significant effect of starvation on SG-B in
the Mozambique tilapia or Nile tilapia can be
attributed to the rapid division of these germ cells, as
reported by Schulz et al. (2010). Similarly, mitotic
divisions were unaffected in the Mozambique tilapia
exposed to aquacultural stressors (Shinde and
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Ganesh, 2022). In addition, germ cell loss at an early
stage of development due to apoptosis cannot be ruled
out. Although germ cell populations can be lost due to
apoptosis before differentiating to spermatozoa under
normal circumstances in fish (Vilela et al., 2003;
Almeida et al., 2008), in the present study, we
observed a high incidence of apoptosis in specific
stages of germ cell development, as shown by signifi-
cantly higher numbers of SG-A, SG-B, primary sper-
matocytes, secondary spermatocytes, early sperma-
tids, and late spermatids positive for caspase-3 active
antibody in the spermatogenic cysts in starved

No. 6 2023
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Fig. 7. The effect of fasting on germ cell apoptosis in Oreochromis mossambicus. The average number of spermatogonia-A (SG-
A), spermatogonia-B (SG-B), primary spermatocytes (PSC), secondary spermatocytes (SSC), early spermatids (ES) , late sper-
matids (LS) and spermatozoa (SZ) in starved fish was significantly reduced compared to the control.

fish. However, the number of spermatozoa undergo-
ing apoptosis did not differ significantly between con-
trols and starved fish. Since activated capase-3 is one
of among the several apoptotic markers that has been
conserved in all vertebrates including fish (Takle and
Anderson, 2007), these results suggest that starvation
affects the recruitment of germ cells at early stage of
spermatogenesis and triggers apoptosis at SG-A stage,
leading to significant dcrease in the number of sper-
matogenic cells at advanced stages in the Mozambique
tilapia.

Consistent with the previous study (Pikle et al.,
2017), we observed densely packed spermatozoa in the
lumens of the lobules in the Mozambique tilapia sub-
jected to 21 days of starvation in the present study.
Similar results were also reported by Sasayama and
Takahashi (1972) in the goldfish Carassius auratus
exposed to starvation for 15—45 days. Pikle et al.,
(2017) suggested that this strategy may ensure the
rapid completion of spermatogenesis under unfavour-
able conditions like food-deprivation. On the con-
trary, a significant decrease in the percentage of sper-
matozoa was observed in the zebrafish fasted for
3weeks (Fan et al., 2021) and in the Nile tilapia
starved for 21 or 28 days (Sales et al., 2020).

Fish reproduction is controlled predominantly by
the hypothalamic-pituitary-gonad axis, which
includes the release of GnRH from the hypothalamic
neurons and the secretion of FSH and LH from the
pituitary gonadotropes (Yaron et al., 2003). In addi-
tion, spermatogenesis is regulated by several factors,
including testicular steroidogenesis, in teleosts (Hatef
and Unniappan, 2019; Kitano et al., 2022). The role of
gonadotropins in the regulation of testicular activity
appears to be complicated due to the complex rela-
tionship between FSH and LH signalling pathways,
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especially in teleosts. While FSH and LH bind to their
specific receptors on the Sertoli cells and Leydig cells,
respectively in the majority of the teleosts (Sambroni
et al., 2007; Rocha et al., 2007; Schulz et al., 2010) in
some salmonids (Oba et al., 1999), catfish C. gariepi-
nus (Vischer et al., 2003), and zebrafish D. rerio (So
et al., 2005), activation of the FSH receptors by LH
has also been reported. However, using FSH receptor
knockout male medaka that had normal testes and
were fertile, Kitano et al., (2022) suggested that FSH
receptors are not absolutely necessary for spermato-
genesis. In addition, LH receptors are also expressed
in the Sertoli cells of the testes in many teleosts,
including zebrafish D. rerio (Miwa et al., 1994; Oba
et al., 2001; Garcia-Lopez et al., 2010). Since LH reg-
ulates Leydig cell sex-steroid production, which is
necessary for spermatogenesis (Schulz et al., 2010),
and LH can stimulate FSH receptors (So et al., 2005),
it is possible that impairment in LH can disrupt sper-
matogenesis. In teleosts, the median eminence is
absent, and the hypothalamic secretions are directly
discharged into the anterior pituitary gland, which
contains gonadotropin-secreting cells as well (Fryer
and Maler, 1981). The results of our study provide
neuroanatomical evidence for the starvation-induced
impairment in the release of hypothalamic GnRH
into the PPD region of the pituitary gland, where
gonadotropin-secreting cells are located, as shown by
a significant decrease in the density of GnRH-ir fibres
and LH-ir content in the PPD of the pituitary gland in
the Mozambique tilapia. In addition, faintly labelled
androgen receptors were observed in the Sertoli cells
of the starved fish. Among other teleosts, decreased
levels of GnRH mRNA/gene expression were
observed in the winter flounder, Ya-fish, Nile tilapia,
and catfish (Tuziak and Volkoff, 2013; Wang et al.,
2014; Park et al., 2016; Minari et al., 2022) that were
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Fig. 8. Photomicrographs of cross sections of the brain through the proximal pars distalis (PPD) region of the pituitary gland (P)
showing GnRH- and LH-immunoreactivities in Oreochromis mossambicus. In controls, GnRH-immunoreactive fibres (—) are
seen the nucleus lateralis tuberis (NLT), hypothalamo-hypophysial-tract (HHT) and PPD (a), whereas LH-immunoreactive
content (») is observed in the PPD (c). The areas occupied by GnRH-immunoreactive fibres (b) and LH-immunoreactive con-
tent (d) are decreased in fasting fish in contrast to their respective controls (a, ¢). Fluorescein labelled (a, b); Texas red labelled
(c, d). Scale: 100 um.
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Fig. 9. Semiquantitative analysis of GnRH- and LH-immunoreactivities in starved Oreochromis mossambicus, the percentage area
of GnRH (left) and LH (right) immunoreactivity in starved fish was significantly reduced compared to the control.
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exposed to starvation for 3—14 days. Likewise, a signif-
icant reduction in LH-immunoreactive content was
observed in 12-day-starved Mozambique tilapia (Pikle
et al., 2017). In contrast, food restriction did not affect
expression of the GtH gene in the goldfish (Sohn
et al., 1998) or mRNA expression of GnRH in wild-
type male zebrafish D. rerio that were starved for one
week (London and Volkoff, 2019). Kawauchi et al.,
(1989) reported the hyperplausia of LH cells at the
time of final maturation in teleosts, and pituitary levels
of GnRH were significantly increased in male and
female zebrafish starved for 14 days (Marvel et al.,
2021). These discrepancies might be due to the dura-
tion of starvation or species-specific responses.

Overall, our results suggest that depletion of
energy, as indicated by an increased level of gluconeo-
genesis due to chronic starvation, can negatively influ-
ence the GnRH-LH-testicular axis in the Mozam-
bique tilapia. While this axis is under the control of
several factors, the activation of the stress axis during
starvation cannot be excluded. For example, exposure
of the gilthead sea bream to 14 days of starvation
resulted in increased plasma cortisol levels (Polakof
et al., 2006), and treatment with cortisol suppressed
GnRH mRNA and circulating levels of LH and FSH
in cinnamon clownfish Amphiprion melanopus (Choi
et al., 2017). Indeed, the Mozambique tilapia also
shows a significant cortisol response to aquacultural
stressors, resulting in the suppression of the pituitary-
testicular axis (Shinde and Ganesh, 2022). In addi-
tion, the negative effect of starvation on FSH and the
involvement of other factors that can interact with
GnRH, such as kisspeptins (Park et al., 2016), neuro-
peptide Y (Narnaware et al., 2001) and thyroid hor-
mones (Cerdi-Reverter et al., 1996; Pavlov et al.,
2020), merit further studies.

CONCLUSIONS

In conclusion, the results of the present study sug-
gest that increased gluconeogenesis and lipid mobili-
zation due to starvation can affect the GnRH-LH-tes-
ticular axis as shown by the suppression of release of
hypophysiotropic GnRH into the PPD and secretion
of LH at the pituitary level, and decreased expression
of androgen receptors concomitant with increased rate
of germ cells apoptosis prior to meiosis in the Mozam-
bique tilapia. Since the success of fish farming
depends on the availability of potentially fertile males,
it is suggested that starvation-induced energy crisis
must be avoided to ensure the commercial benefits.
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