
Protective Effect of Quercetin on Testis Structure and Apoptosis
Against Lead Acetate Toxicity: an Stereological Study

Zahra Khodabandeh1
& Parisa Dolati2 & Mohammad Javad Zamiri2 & Davood Mehrabani1,3 & Hossein Bordbar4,5 &

Sanaz Alaee6
& Iman Jamhiri1 & Negar Azarpira7

Received: 20 July 2020 /Accepted: 20 October 2020
# Springer Science+Business Media, LLC, part of Springer Nature 2020

Abstract
Exposure to environmental pollutants tightly impacts on the male fertility. In the present study, we examined the toxic effects of
lead acetate (Pb) on testicular structure and the possible effect of quercetin on mitigating these effects. The apoptotic changes in
the testes were also studied by the TUNEL assay and changes in apoptosis-related gene (Bax, Bcl-2, and caspase-3) expression.
Twenty-one male mice were randomly divided into 3 groups of control, Pb, and lead acetate + quercetin. Testicular weight, both
absolute and relative, was higher in Pb-exposed mice in comparison with the control and Pb-quercetin groups. The increase in
size of testis was related to the lumen and connective tissue in this group. Lead acetate induced different patterns in testicular cell
number; as spermatogonia, spermatocyte, and Sertoli cells number did not affect in lead acetate exposed group, while total
number of round spermatids and long spermatids significantly reduced. In addition, Bcl-2 expression was downregulated, and
Bax expression was upregulated in Pb-treated group in comparison with the control and Pb + quercetin groups. The TUNEL
assay revealed that the number of apoptotic cells in Pb-treated group were increaed significantley in comparison to other groups.
In conclusion, Pb administration adversely impacted on the cellular organization and activation of the apoptotic pathways in the
testis; on the other hand, quercetin co-administration with lead partially ameliorated these adverse effects.
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Introduction

Hazardous chemicals pollute the environment through natural
events or anthropogenic activities, causing adverse effects on
animals and human species [1]. Excessive accumulation of
metals, whether essential or not, in the body can exert many
side effects on the general health and wellbeing of the affected
individuals [2]. Illegal drugs such as opium plus contaminated
food and water as the result of metal dissolution into the eco-
system are among the primary sources of lead exposure in
recent years [3]. Reports reveal the intentional addition of
heavy metals of various kinds such as lead to pure opium by
salesmen and smugglers with the intention of incrementing its
weight and, hence, profitability, as Aghaee-Afshar et al. have
reported the presence of Pb in ten opium samples collected in
Southeast Iran [4, 5].

Heavy metals bear different oral bioaccessibility features
and can impose serious health risks on the consumers. Fish
consumed as food represents another concerning source of
heavy metals, the level of which in different fish organs and
tissues rely on a range of biotic as well as abiotic elements like
ecological requirements, sex, age, size, life cycle and back-
ground, feeding behaviors, habitat preferences, and water pa-
rameters such as acidity, duration of contact to heavy metals,
and homeostatic regulation activity. On top of that, oil indus-
try is attributed as one prominent producer of heavy metals
found in marine animals. The presence of heavy metals, such
as lead (Pb), cadmium (Cd), and vanadium (V) in vast water
spreads, is an indication of oil pollution [6].

Heavy metals, such as arsenic (As), cadmium (Cd), lead
(Pb), and mercury (Hg), are highly toxic and may cause irre-
versible effects on the male reproductive system [7, 8]. The
human activities within the recent centuries have caused 1000-
fold increase in environmental lead level, which has become a
global concern nowadays [9]. Lead, as a non-biodegradable
and toxic heavy metals family, is one of the most frequent
divalent metals that induces toxicity on the organs and cells
in the body [10–12]. Lead, due to its persistency and
bioaccumulative properties, has been of controversial concern
worldwide [13, 14].

The reproductive organs are very sensitive to stressful con-
ditions and may directly or indirectly affected by any toxic
element [15, 16], with testicular morphology being directly
impacted on by lead [17]. Chowdhury et al. [18] reported that
heavy metals affected the sperm characteristics, such as the
sperm motility, morphology, concentration, and disrupted the
enzymatic function. It has been suggested that lead indirectly
affects the male reproductive function via disruption of the
endocrine system [19]. Male infertility is a complex condition,
and its underlying physiological and biochemical bases are
still unclear [20].

Several mechanisms have been proposed to explain the
lead-induced toxicity. One possible mechanism is the

disruption in pro-oxidant/antioxidant balance and production
of the reactive oxygen species (ROS) that activate the cell
death signaling (apoptosis and necroptosis) pathways [21].
The currently approved treatment for lead poisoning is the
use of the chelating agents, which form an insoluble complex
with lead. It can shield it from biological targets, thus reducing
its toxicity too [22, 23]. Recently, more attentions have been
paid to the protective effects of natural antioxidants against
toxicities induced by chemicals [24].

Quercetin is the most abundant flavonoid in vegetables and
fruits, with antioxidants activities [25, 26]. It was shown that
quercetin can exert multiple biological effects as a potent nat-
ural antioxidant through free radical scavenging, xanthine ox-
idase blockage, and vitamin C absorption [27–29]. Quercetin,
a phenolic compound, is also considered as a metal-chelating
agent with high affinity for Pb ions [30]. It has numerous
effects on the biological systems through its antioxidant activ-
ities [31, 32].

Although there are extensive researches about lead acetate
effects on the male reproductive system, conversely, little is
known about the testes mechanisms involved in Pb toxicity
and the possible direct effect(s) of Pb on the testicular func-
tion. In addition, it is unclear whether co-administration of
quercetin would be helpful in alleviating the effect of lead
toxicity in males. Therefore, this study was undertaken to
determine the possible protective effect(s) of quercetin on tes-
ticular structure and apoptosis-related biomarkers in mice that
were administered with lead acetate.

Materials and Methods

Experimental Animals

Twenty-one NMRI strain male mice (10–12 weeks old) were
purchased from Royan Institute (Karaj, Iran) and kept under a
12:12-h light-dark schedule at controlled temperature (22 ±
2 °C) and humidity of 40–50%. Standard rodent chow
(Behparvar®, Tehran, Iran) and water were available ad
libitum [33]. All procedures were approved by the Ethics
Committee of Shiraz University of Medical Sciences
(IR.SUMS.REC.,1398.484).

Experimental Design

The animals were divided into 3 groups (n = 7 for each group)
including lead acetate group receiving 150 mg/kg lead acetate
(Merck, 6080-56-4), lead acetate (150 mg/kg) + quercetin
(Sigma, Q4951; 75 mg/kg) group receiving them at 3-h inter-
vals, and the control group receiving deionized water. Lead
acetate and quercetin were dissolved in distilled water and
were administered daily by gavage for one cycle of the sem-
iniferous epithelium. Each spermatogenic cycle in mice lasts
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8.7 days, and each seminiferous epithelial cycle consists of
four spermatogenic cycles; hence, the duration of one cycle
of the seminiferous epithelium was 34.5 days [34].

After treatment, the mice were anesthetized, using keta-
mine (100 mg/kg) and xylazine (10 mg/kg) [35] by intramus-
cular injection, and were sacrificed by cervical dislocation.
The left testis was dissected out and fixed in 10% buffered
formaldehyde for stereological measurements and TUNEL
assay. The right testis was immediately frozen in liquid nitro-
gen and stored at − 70 °C until RNA extraction.

Estimation of Testicular Volume

Testis volume was measured according to Scherle [36]; brief-
ly, a beaker was filled with isotonic saline and placed on a
precision scale and weighed. Then, the testis was suspended
by a thin thread in the beaker. Weight and volume were re-
corded in grams and mm3, respectively.

Stereological Measurement: Tissue Processing

The fixed testes were dehydrated in graded ethanol,
cleared in xylene, and embedded in paraffin wax.
Serial sections were prepared using Cavalieri method
[37] in a series of equal parallel planes (5- and 20-μm
thickness). Microscopic descriptive analysis was per-
formed by point counting on sections stained with he-
matoxylin (Sigma, 517-28-2) and eosin (Merck,
1159350025) and mounted on coverslips.

Estimation of the Epithelial, Luminal, and Connective Tissue
Volumes

The volume density of various testicular structures is evaluat-
ed by randomly placing the point probe on each field
(Fig. 1a). Volumes of the seminiferous tubules and in-
terstitial tissue were estimated using the following equa-
tion (Howard and Reed, 2004), in which, “ΣPStructure” is

the total counted points in each part and Σ point total is
counted in systematic random sampling.

Vv structureð Þ ¼ ∑
n

i¼1
p structureð Þ= ∑

n

i¼1
referenceð Þ

The Cavalieri volume was estimated using the equation by
Howard and Reed (2004). In this equation, Σp is the total
points that hit the cut surface in all sections, and area per
points is the area associated with each point and estimated
by the following formula (Δx and ΔY are real distances be-
tween two points andM is linear magnification of the image).

VCavalieri ¼ ∑p� a
p
� D μm3

� �

a
p
¼ ΔX �ΔY

M 2 mm3
� �

The absolute volume was obtained by multiplying the den-
sity by the Cavalieri volume as shown below:

Vstructure ¼ Vv� VCavalieri

109
mm3
� �

Estimation of Seminiferous Tubule Length

The length density (Lv) of the seminiferous tubules is deter-
mined by covering a fair frame for measuring the number
randomly on the monitor at a final magnification of × 180
(Fig. 1b). The length density of the tubule was determined
using the following formula [37], where Lv is the length den-
sity of the tubule, a/f is the area of a frame at the final magni-
fication (μm2),Σp is the number of frame-associated points, p
is hitting the reference space, and Q is the number of profiles
sampled by the frame. The total length of seminiferous tubules
was estimated by multiplying the length density by the
Cavalieri volume.

Fig. 1 a Point counting frame for volume density and the total volume of structures. b The frame of length density (LV) of seminiferous tubules
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Lv ¼ 2ΣQ
∑p� a= f

Estimation of the Testicular Total Number of the Cells

Total number of Sertoli cells, Leydig cells, spermatogonia,
spermatocytes, round spermatids, and long spermatids were
calculated, using the following formula by Howard [37]. An
optical dissector probe was used for cell counting the cells in
20 μm sections at a × 60 magnification [38]. In the formula,
Nv = the estimate of numerical density, a/f = area of frame,
h = dissector height, ΣQ = sum of particles counted, and
Σp = sum of the frame associated points hitting the reference
space. The total number of cells was estimated by multiplying
the numerical density by the Cavalieri volume.

Nv ¼ ∑Q
∑P � a= f � h

� t
T

The TUNEL Assay

The TUNEL assay revealed DNA fragmentation occurring
in the last phase of apoptosis, and is based on labeling of
the enzyme terminal deoxynucleotide transferase, which
binds deoxynucleotides to the 3′-hydroxyl terminus of
the DNA breaks. TUNEL staining was done according
to the manufacturer’s protocol. Briefly, the sections were
de-waxed and rehydrated with descending concentration
of ethanol and washed with phosphate-buffered saline
(PBS). The specimens were then incubated in 50 μL

proteinase K solution (1 μL proteinase K and 50 μL ap-
optosis grade water) for 10 min. Finally, the sections were
washed in PBS and incubated with 50 μL of labeling
reaction mixture (TUNEL enzyme solution and labeling
solution, 1:10) for 2 h at 37 °C in a humid chamber and
darkness [39].

Real-Time Quantitative PCR

Testicular total RNA was extracted using a commercial kit
(Cinnagen Inc., Iran) according to the manufacturer’s instruc-
tions. A NanoDrop™ 2000 spectrophotometer (Thermo
Scientific, Waltham, MA, USA) was used for the assessment
of RNA quality, and quantity reversed transcribed to comple-
mentary DNA (cDNA) was synthetized by RevertAid™ First
Strand cDNA Synthesis kit (Fermentas Inc.). Selected genes
expression was carried out by quantitative real-time PCR
(qPCR) using the Applied Biosystems StepOne and the Real
Plus 2x Master Mix Green (Amplicon Inc.). The qPCR con-
ditions were set for 10 min at 94 °C followed by 40 cycles of
15 s at 94 °C, 60 s at 60 °C, and final extension of 7 min at
72 °C.The primers were designed based on the mouse DNA
sequences, found in the GenBank Primer–BLAST online pro-
gram [40]. The real-time PCR trials were performed in tripli-
cate. The relative expression was calculated and normalized
relative to β-actin, using the comparative threshold cycle
method. The primer sequences are presented in Table 1.

Statistical Analyses

Data were analyzed using the PROC GLM in SAS, and the
means were compared at significant level < 0.05 using the

Table 1 Primer sequences for
real-time PCR analyses Gene Forward sequences (5′–3′) Reverse sequences (5′–3′)

Bax AGCAAACTGGTGCT
CAAGGC

CCACAAAGATGGTCACTGTC

Bcl-2 GTGGTGGAGGAACTCTTCAG GTTCCACAAAGGCATCCCAG

Caspase3 TGACTGGAAAGCCG
AAACTC

AGCCTCCACCGGTATCTTCT

β-actin AGTGTGACGTTGACATCCGT TGCTAGGAGCCAGA
GCAGTA

Table 2 The effect of lead acetate
and lead acetate + quercetin
treatments on body weight and
testicular measurements in mice
(mean ± SD)

Control Lead acetate Lead acetate + quercetin

Body weight (g) 40.83 ± 5.04a 36.33 ± 2.25b 37.00 ± 2.16b

Testis weight (g) 0.118 ± 0.012ab 0.130 ± 0.013a 0.110 ± 0.013b

Testis volume (cm3) 0.111 ± 0.012 0.117 ± 0.012 0.103 ± 0.012

Relative testicular weight (%) 0.296 ± 0.052b 0.359 ± 0.031a 0.30 ± 0.043b

a,bWithin rows, means with common superscript(s) are not different (P > 0.05)
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Tukey’s multiple range test (SAS, 2010). The data were
expressed as mean ± standard deviation (SD). Tests of data
normality and homogeneity of variance showed that there
was no need for data transformation. Final body weight
was analyzed using a model containing the initial body
weight as the covariate, while weight of testis was used
as the covariate in analysis of quantitative testicular mea-
surements. Charts were drawn using the Prism Graph Pad
software (version 8).

Results

Body Weight (g) and Testicular Total Volume (cm3)
and Weight (g)

The live body weight is greatest for the control and lowest for
the lead acetate and lead acetate + quercetin mice (Table 2).
Lead acetate treatment increased the testicular weight and rel-
ative weight of the testis compared with other treatments
(P < 0.05). Testicular volume numerically, but not significant-
ly, is higher in lead acetate–treated mice (Table 2).

Total Volume of the Epithelia (mm3), Lumen (mm3),
and Connective Tissue (mm3)

The stereological study of testicular tissue revealed no sig-
nificant effect of the treatment on the epithelial volume;
however, the volume of lumen was higher in the lead ace-
tate group than the lead acetate + quercetin or the control
mice (P < 0.05). The mean volume of connective tissue is
highest for the lead acetate, lowest for the control group,
and intermediate for lead acetate + quercetin-treated mice
(Figs. 2 and 3).

Total Length of Seminiferous Tubules (m)

The seminiferous tubule length is not significantly affected
(Fig. 4), but it was numerically shorter in the lead acetate
group.

Total Number of Testicular Cells

Number of spermatogonia (Fig. 5a), spermatocytes (Fig. 5b),
Sertoli cells (Fig. 5e), and Leydig cells (Fig. 5f) are not sig-
nificantly different among the treatments. The total number of

Fig. 2 The effect of lead acetate (Pb) and lead acetate + quercetin treatment on the total volume of testicular epithelia (a), lumen (b), and connective
tissue (c) in mice (mean ± SD)

Fig. 3 Photomicrographs of the testicular histology and structures in
mice. a Tissue from control. b Histopathological changes in lead
acetate–treated group. c Testicular architecture in mice treated with lead

acetate + quercetin. Normal spermatogenesis with no evidence of inflam-
matory cell infiltration or necrosis
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round spermatids (Fig. 5c) and long spermatids (Fig. 5d) is
highest in the control, intermediate in lead acetate + quercetin,
and the lowest in lead acetate mice.

Histopathology

The seminiferous tubules were enclosed by thin base-
ment membrane, normal spermatogenesis with spermatid

maturation in all 3 groups. The Sertoli cells were pres-
ent between seminiferous tubules. There was no evi-
dence of tissue inflammation or necrosis.

Apoptosis Assay

The apoptotic cells (assessed by TUNEL) increase sig-
nificantly in the lead acetate–treated group when com-
pared to the control and lead acetate + quercetin mice
(Fig. 6). Furthermore, the rate of apoptosis in quercetin-
administered group was significantly lower than in lead
acetate mice, approaching the rate in the control group.

Expression of Bax, Bcl-2, and Caspase-3 Gene

The relative mRNA expression levels of Bax and
Caspase-3 genes were not different between the treat-
ments. The relative mRNA expression level of the Bcl-
2 in lead acetate–treated mice was significantly lower
than other groups, showing the mitigating effect of
quercetin on downregulation of this gene. Bax/Bcl-2
ratio was numerically higher in lead acetate–treated
mice (Fig. 7).

Fig. 5 The effect of lead acetate (Pb) and Pb + quercetin treatment on the number of (a) spermatogonia, (b) spermatocytes, (c) round spermatids, (d) long
spermatids, (e) Sertoli cells, and (f) Leydig cells in mice (mean ± SD)

Fig. 4 The effect of lead acetate (Pb) and Pb + quercetin treatment on the
total length of seminiferous tubules (m) in mice (mean ± SD)
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Discussion

The negative effect of lead acetate on fertility is of great con-
cern. Indeed, there are evidences indicating irreversible lead
toxicity effects on fertility [41].

This study indicated that body weight was lower in lead
acetate–treated mice, which is in agreement with Kang et al.
[42]. They attributed the decrease in body weight to the reduc-
tion in the phospholipid hydroperoxidase glutathione peroxi-
dase mRNA level caused by malnutrition in rats. In line with
these findings, El-Nekeety et al. [43] reported a reduction in
feed intake in lead acetate–treated rats. Hasanein et al. [44] did
not find any changes in the bodyweight in the lead-treated rats
but recorded a reduction in testicular weight which they hy-
pothesized to be due inhibition in spermatogenesis and the
decreased level of testosterone.

We found an increasing in the testicular weight and relative
testicular weight, but not in testicular volume, in lead acetate-
treated mice. These findings are in accordance with the results
of Graca et al. [45] and Dkhil et al. [46] who reported a sig-
nificant increase in the weight of lead-treated groups which
can be because of testis atrophy and interstitial edema.
Acharya et al. [47] and Ommati et al. [48] also showed

significant reductions in the testicular weight and relative tes-
ticular weight in Pb-treated mice and rats. The increased tes-
ticular weight in the Pb-exposed animals might be related to
interstitial edema resulting from fluid accumulation, thicken-
ing of the basement membrane, and atrophy [46, 49].
Massanyi et al. [50] reported that intraperitoneal administra-
tion of lead resulted in interstitial dilated blood capillaries. Our
findings indicated no differences in overall testicular volume
or volume density in various testicular structures between the
control and quercetin-administered mice. Taepongsorat et al.
[51] showed an improvement in the testicular weight in a
dose-dependent manner in quercetin-administered rats.
Moreover, in the present study, a non-significant decrease
was observed in the volume of the seminiferous tubules in
lead acetate and lead acetate + quercetin-treated mice. These
findings are in agreement with Asadpour et al. [52] who
showed a decrease in proportions of seminiferous tubules,
seminiferous tubule diameter (non-significant), seminiferous
tubule epithelial height, seminiferous tubule epithelium vol-
ume density, and Leydig cell percentage, but a significant
increase in Sertoli cell percentage in rats treated with lead
acetate. It is worth mentioning that coefficient of error (CE)
in this study was less than 5% [53].

Fig. 6 The testicular TUNEL assay in the control (a, d, g), lead acetate (b,
e, h), and lead acetate plus quercetin (c, f, i) treated mice. a, b, and c show
the TUNEL staining. d, e, and f demonstrate the cell nuclei in the

seminiferous epithelial tissue when stained with DAPI (× 40). g, h, and
i denote to the merged pictures
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The present study showed that lead acetate reduced the
seminiferous tubule length. Mustafa [54] reported that the
seminiferous tubule shrinkage in the lead-treated rats was
due to contraction of myoid cells.

Although no significant difference was found in the total
number of spermatogonia, spermatocytes, and Sertoli cells in
the present experiment, the number of these cells in the lead
acetate–treated group was numerically higher than the control
and quercetin co-administered mice. According to Pinon-
Lataillade et al. [55], the germ cells from undifferentiated
spermatogonia to preleptotene spermatocytes were numerical-
ly higher in lead-treated than the control rats. They also re-
ported a non-significant decrease in the number of pachytene
spermatocytes until late spermatids. In contrast, Ayuba et al.
[49] found a dose-dependent degeneration of spermatogoni-
um in rats.

In the current study, total number of round and long sper-
matids was reduced in the lead acetate–treated mice in com-
parison with other groups. Kaushal et al. [56] showed a sig-
nificant reduction in proportions of the young spermatids to
the pachytene spermatocytes and the mature spermatids to
young spermatids in lead-treated rats. The cell kinetic study
by Batra et al. [57] showed a significant decrease in various
cell populations [preleptotene, pachytene, young (step 7) sper-
matids, and mature (step 19) spermatids] in lead-exposed
rats. One suggested underlying mechanism is increased cell
proliferation duo to attenuation of apoptosis through the acti-
vation of p38/MAPK and PI3K/Akt/mTOR signaling
pathways [58].

In the lead acetate–treated mice, testicular weight (absolute
and relative) and volume of connective tissue were higher, but
Leydig cell number was not affected; therefore, it seems that

Fig. 7 Relative expression level
(mean ± SD) of Bax (a), Bcl-2 (b),
caspase-3 (c), and Bax/Bcl-2 ratio
(d) in mice treated with lead ace-
tate (Pb), lead acetate + quercetin.
a, b: Means with common letter
are not different (P > 0.05)
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the increased connective tissue volume was not related to
Leydig cell numbers, because testosterone level was the low-
est in this group [59].

The result of TUNEL assay showed that lead acetate in-
duced apoptosis in the treated mice; this is in agreement with
Wang et al. [60] in mice. Moreover, Bcl-2 as an antiapoptotic
gene was downregulated, while the expression of BAX gene,
as a pro-apoptotic gene, was not changed in the lead acetate–
exposed mice. Also, the Bax/Bcl-2 ratio was numerically
highest in this group. Our data were in line with Jin and
Feng [61] who reported a significant downregulation in Bcl-
2 and upregulation in Bax and Caspase-3 in lead-treated mice.
Jang et al. [62] showed that the increased inBax/bcl-2 ratio led
to an increased susceptibility of cells to apoptosis. Increased
ratio of Bax/Bcl2 leads to stimulation of mitochondria-
mediated pathway involved in apoptosis [63]; therefore, it
can be assumed that lead toxicity caused mitochondrial-
related apoptosis. Interestingly, most of testicular apoptotic
cells were found in the basal compartment of lead acetate–
treated mice. These findings were in line with the results of
El-Shafai et al. [64] and Adhikari et al. [65] who found basal
part of the epithelium of in mouse and rat testes affected by
lead toxicity. Lead acetate administration differently impacted
on various cells in the testes. This could be considered as the
most probable reason for the disordered arrangement of the
cells in the basal compartment and observed difference in the
cells counts. This may be due to toxic effect of lead on the
mitochondrial ATP synthesis through PGC-1α/SIRT3/ROS
signaling and the activation of apoptotic pathways [66]. In
turn, production of the reactive oxygen substances (ROS) is
known to play a critical role in testicular injury and induced
germ cell apoptosis, consequently leading to a reduction in the
sperm number [67, 68]. Quercetin, by free radical-regulated
process, inhibits the apoptotic pathway activation [69].
Quercetin, as a natural antioxidant and metal chelator, protects
most of the organs against lead-induced oxidative stress and
apoptosis in a dose-dependent manner [70, 71].

As you know, different methods in each research study
give us various opportunities. One of the limitations of this
study is that the quantification of apoptotic markers in protein
level did not done which can be considered as a future line to
evaluate. The other limitation of study is that in in vivo study
sample collection more limited because usually involving the
sacrifice of animals. Further research is needed to explain the
precise apoptosis pathways during lead acetate toxicity and
the molecular mechanisms of reconstruction of testicular tis-
sue in farm animals and human.

Conclusions

In summary, the finding of the present study clearly showed
that lead acetate administration in male mice adversely

impacted the reproductive function through disturbances in
testicular histology, cellular organization, and structure. It
seems that lead acetate affected the testes through apoptotic
pathways. It was also shown that quercetin co-administered
with lead acetate could partially alleviate the adverse effects of
lead acetate on the testes.
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