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traditional medicine in many countries12 for the treatment of dysentery, 
diarrhea, acidosis, hemorrhage, and respiratory pathologies.13,14 
Pomegranate contains a number of polyphenol, including anthocyanins, 
minor flavonoids, and punicalagin, which is the most important member 
of ellagitannins family. The studies conducted before used pomegranate 
juice and punicalagin with a combination of other polyphenols.

Punicalagin (PU) is the largest polyphenol among the pomegranate 
ellagitannins, and it is responsible for most of the antioxidant 
activity.15 Punicalagin with other polyphenols was found to be a potent 
antioxidant in protecting nitric oxide than grape juice, blueberry juice, 
red wine, Vitamin C, and Vitamin E.16

Very few studies can be found about the usage of punicalagin 
against oxidative stress induced testicular damage leading to 
infertility.17,18 It has already been demonstrated that treatment of 
mice with Pomegranate juice for several days can prevent oxidative 
stress induced damage in testes.8 However, whether punicalagin (PU, 
purity  ≥98%) can also alone alleviate LPS induced oxidative stress 
damage in testis is unknown.

In this study, oxidative stress was induced in the testes by 
intraperitoneal injection of bacterial lipopolysaccharide (LPS), which 
resulted in disruption of spermatogenesis. We focused on the possible 
role of punicalagin in oxidative stress-induced damage and infertility 
in mice testes.

INTRODUCTION
Infertility is a critical issue, influencing people psychosocially and 
medically. Approximately, 15% of couples undergo different forms of 
infertility, and 50% of these can be attributed to male factors. Oxidative 
stress has been identified as an important factor that influences male 
fertility status.1–3 Oxidative stress is as an imbalance between reactive 
oxygen species (ROS) and antioxidants in the body. Some common 
factors that cause oxidative stress in testes are diabetes, cryptorchidism, 
radiation, and testicular torsion. Testicular infection also induces 
Oxidative stress that might have permanent effects on male fertility.4,5

Administration of lipopolysaccharide  (LPS) in  vivo can cause 
infection and in animals it has been observed in spermatogenesis 
disruption. Previous work proves that LPS injecting i.p. in mice cause 
sickness. The sickness depends on the dose and time of LPS injected in 
mice. Although sickness is due to the effect of LPS on the immune system 
that further leads to oxidative stress in mice testes.4–6 A lot of studies 
can be found regarding LPS induced oxidative stress damage in testis, 
explaining how LPS induced oxidative stress in mice testes and damaged 
germ cells, Leydig cells, and reduced testosterone level.7,9 It has been 
reported that administration of LPS leads to disruption of blood-testis 
barrier, ROS production and activation of nitric oxide (NO) synthase.10

Punica granatum belongs to family Punicaceae and is commonly 
known as pomegranate.11 Punica granatum has been used extensively as 
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MATERIALS AND METHODS
Chemicals
Reverse Transcription System kit was purchased from Takara 
Biotechnology; GSH  (Glutathione) and LPO  (Lipid peroxidation) 
T-SOD and CAT detecting kits were purchased from Nanjing 
Jiancheng Bioengineering; PCR (polymerase chain reaction) primers 
were synthesized by Sangon Biotech; PU (punicalagin), and LPS were 
purchased from Sigma Aldrich (St Louis, MO, USA) and TRIzol from 
Life Science Products (Invitrogen, Carlsbad, CA, USA).

Ethics statement
All animal-based examinations were designed and performed with the 
recommendations in the Guide for the Care and Use of Laboratory 
Animals of National Institutes of Health. This study received ethical 
approval from Institutional Review Boards of University of Science 
and Technology of China (USTC).

Animals
Thirty-two adult male ICR mice (Mus musculus) weighing between 25 
and 28 g were used for this study. Mice were obtained from the animal 
house of University of Science and Technology of China  (USTC). 
Mice were kept in plastic cages; about four mice in each cage. Soft 
crushed wood shaving was used to cover the floor of all cages. The 
cages were kept clean, and mice were allowed an ad libitum approach 
to food and water. Mice were managed under standard laboratory 
conditions (22–24°C, 12-h light/12-h dark cycle).

Experimental design
Mice were randomized and divided into four groups (8 ICR mice in 
each group) as follows:
•	 Group I (control group): provided with water and fed with normal 

diet
•	 Group  II   (punicalagin group): the animals received 

punicalagin (9 mg kg−1 day−1) orally by gavage daily for 7 days
•	 Group  III  (LPS group): the animals were injected with 

LPS (600 µg kg−1 i.p. daily) for 7 days
•	 Group  IV  (punicalagin  +  LPS co-administrated): the animals 

received punicalagin  (9  mg kg−1  day−1) orally by gavage 
concurrently injected with LPS (600 µg kg−1 i.p. daily) for 7 days. 
LPS and punicalagin doses were prepared in water. On the last day 
of treatment, male mice were exposed to female mice for 4 days. 
After 4 days of exposure to females, male mice were sacrificed 
under light anesthesia, then rapidly dissected and subjected to 
the following examinations.

LPS and PU doses were randomly chosen and on the basis of oxidative 
stress we chose the present doses. We also analyzed the toxicity effect of 
PU on different organs (data not mentioned in this paper) and selected 
this dose to be effective against oxidative stress damage in the testes.

Histological examination
Testes were removed and weighed with a digital balance. Small pieces 
of testes were fixed in Bouin’s solution and 70% ethanol, were taken 
and dehydrated in graded ethanol, embedded in paraffin, and sectioned 
(5 µm thicknesses). The sections were stained with hematoxylin-eosin 
stain and observed under light microscope.

Biochemical analyses

Oxidative stress assessment

Lipid peroxidation estimation
The levels of lipid peroxidation in the testes homogenate were measured 

using a Lipid Peroxidation (LPO) Assay Kit (NJJCBio). The testes were 
first homogenized on ice using 0.2 g tissue in 1.8 ml physiological saline, 
centrifuged at 2500 rpm for 10 min. The supernatant was collected for 
the further process according to the prescription in the kit. 200 µl was 
collected to 96 orifice plate to detect OD at 586 nm.

Antioxidant status evaluation
The levels of GSH in the testes homogenate were measured using 
a Glutathione  (GSH) Assay Kit  (NJJCBio). The testes were first 
homogenized on ice in 9 ml of normal saline per gram tissue, centrifuged 
at 590 g for 10 min at 4°C. The supernatant was removed and used for 
assay, directed in the kit and absorbance of each sample at 420 nm in a 
glass cuvette was measured. T-SOD activity was determined by measuring 
absorbance at 560 nm. CAT activity was measured as absorbance at 
405 nm by using an assay based on the consumption of H2O2.

Testicular nitrite assessment
Testicular nitrite was measured as described by Miranda et al.19 In brief; 
testis homogenate 0.5 ml was added in 0.5 ml of absolute ethanol and 
centrifuged at 1520 g for 10 min. In 300 µl of Vanadium, chloride added 
in 300 µl of the supernatant. Further 300 µl of Griess 1 reagent and 
Griess 2 (were gifted by a friend in Nanjing University) was added and 
left for 30–35 min at room temperature. The absorption was calculated 
spectrophotometrically at 540 nm against blank.

RNA extraction and quantitative real‑time PCR
Decapsulated testes were briskly frozen in liquid nitrogen and 
homogenized in TRIzol and total RNA was extracted according to 
instructions given by the manufacturer. RNA was estimated using 260/280 
UV. Gene-specific primers were designed based on the corresponding 
mRNA sequences as, Nrf2 (F) 5’- CAGTGCTCCTATGCGTGAA -3’ (R) 
5 ’ -   G C G G C T T G A AT G T T T G T C   - 3 ’,  β - A c t i n   ( F ) 
5 ’ -   T G T G A T G G T G G G A A T G G G T C A G   - 3 ’   ( R ) 
5’-  TTTGATGTCACGCACGATTTCC  -3’. PCR reactions  (SYBR 
Premix Ex Taq, ROX Reference Dye, primers and cDNA template) 
were run in triplicates in 20-µl total reaction volume. The amplification 
conditions were as follows: DNA polymerase activation at 95°C for 30 
s, followed by 42 amplification cycles of denaturation at 95°C for 5 s, 
annealing at 58°C for 30 s, and extension at 72°C for 30 s. The specificity 
of the RT-PCR product was verified with a melting curve and was 
conducted to size separation by electrophoresis on agarose gels in TAE 
buffer, after amplification. A standard DNA marker via electrophoresis 
was used to estimate product sizes; bands were envisioned under UV 
light and photographed.

Evaluation of sperm characteristics
For normal testicular function, sperm count and motility were 
considered as markers. Cauda epididymis was placed in DMEM/F12 
medium with FBS 5% and cut it in small pieces. The medium was 
balanced in an incubator at temperature 37°C and 5% CO2. The 
suspension was used for analysis of sperm motility. Sperm motility 
was assessed with x40 magnification lens under microscope using basic 
procedure for human semen analysis and was divided into three levels:
1. Fast progressive
2. Nonprogressive or Slow progressive
3. Immotile.

Sperms from all four groups of mice were collected from their cauda 
epididymis, and sperm number was determined by hemocytometer 
following method of Majumder and Biswas20 and WHO laboratory 
manual.21,22
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Fertility performance
Adult ICR male mice were divided into four groups. Control, 
punicalagin, LPS and administrated with punicalagin + LPS for 1 week, 
after which each of them was caged with untreated female ICR mice and 
provided with standard food. The maximum duration of male exposure 
to female was 4 days. The presence of vaginal plugs was considered for 
positive copulation. While female mice with no vaginal plugs observed 
were also separated after 4 days of exposure. Fertility performance of 
four groups was analyzed on the basis of number of litters given birth 
by each female mouse.

Statistical analysis
Data represented mean ± s.e.m. of at least three independent experiments. 
One-way analysis of variance  (ANOVA) was used for statistical 
comparison of groups and followed by Tukey–Kramer for a multiple 
comparisons test, P < 0.05 was considered to be statistically significant.

RESULTS
Testicular weight
Mice injected with 600 µg kg−1 LPS showed confirmation of illness by 
72 h until the day they were dissected, as disheveled fur, lazy, and red eye 
lines.4–7 Significant testicular weight loss was observed in the LPS injected 
mice group compared to control group (Figure 1a). The reduction in 
testis weight was the result of germ cell degeneration and vacuolation 
formation.4–7 Mice in control and PU group showed no signs of illness 
and PU + LPS group mice as compared to LPS group were healthy.

Parameters of oxidative stress
A significant decrease in LPO concentration was observed in 
group treated with PU while an increase was observed in LPS 
group (Figure 1b). The GSH decreased significantly in LPS group and 
increased in PU + LPS group. This implies depletion of tissue GSH 
levels affiliated with ROS generation in LPS group and an increase 
of tissue GSH levels affiliated with ROS degeneration  (Figure  1c). 
Activities of CAT and T-SOD were compared between control and 
LPS treated group, similarly between LPS and PU  +  LPS group 
(Figure  1d and 1e). Concomitant PU supplementation normalizes 
testicular lipid peroxidation as well as T-SOD and catalase. Therefore, 
no changes could be seen of parameters discussed above in mice 
treated with PU alone.

Nitrite assessment in testicular tissue
LPS injection into mice extensively induced NO in testes that 
were comparatively higher than the control group mice. The other 
group PU + LPS showed a marked reduction in NO production and 
reached almost normal levels of NO (Figure 1f).

Histological results

Control and PU groups
Testicular structures in control and PU groups were normal, without 
any difference in the cell associations located in the seminiferous 
tubules (Figure 2a and 2b).

Normal spermatogenesis can be observed  (Figure  2e). The 
sections showed normal seminiferous tubule, spermatogonia, 
primary spermatocyte, round spermatids, elongated spermatids, and 
spermatozoa.

PU + LPS group
Light microscopic study of hematoxylin and eosin-stained sections 
explained the nearly normal display of the seminiferous tubules, 
severity of testicular damage were lower than those of the LPS group. 
No vacuolization and loss of round spermatids was observed. The 
changes observed in this group were examined as moderate. The 
percentage of abnormal tubules was 30% (Figure 2c).

LPS group
In the LPS group, the testicular damage was observed, and 51% of 
tubules were abnormal (Figure 2d). Intratubular giant cell formation, 
degeneration of germ cells, and vacuolization among germ cells were 
some of the histopathological findings in testis tissue observed in 
LPS group. Degeneration of seminiferous epithelium, vacuolization, 
and loss of round spermatids nuclei and disordered epithelium were 
evidenced (Figure 2f).

PU assists Nrf2 activation
Nuclear factor erythroid-related factor 2 (Nrf2) plays a considerable 
role in defense against oxidative stress by stimulating the cellular 
antioxidant system. It has been reported that Nrf2 knockout 
mouse presented an Oxidative disruption in spermatogenesis.23 We 
determined RT-PCR results to certify the activation of Nrf2 in mice 
testis  (Figure  3). According to our results, the group treated with 
PU + LPS expressed a high level of Nrf2. Here we concluded that PU 
can be a powerful activator of Nrf2 to fight against Oxidative stress.

Motility and sperm count
Sperm motility in LPS group as compared to control group was 
significantly lowered. In LPS group, two types of motility were 
observed; nonprogressive and immotile (sperms were moving slowly 
in small circles or crooked line while others either did not change their 

Figure 1: Testicular weight and oxidative stress parameters, measurement in 
mice testes. (a) Significant testicular weight loss in LPS injected group while 
PU + LPS co administration mice preserved testicular weight. Parameters 
as (b) Punicalagin (PU) prevented LPS induced testicular LPO content in 
mice; (c) Testicular GSH content in mice was reserved by Punicalagin (PU); 
(d) CAT (e) T‑SOD (f) Punicalagin (PU) prevented LPS induced increase 
in testicular nitric oxide (NO) in mice. (*) indicate differences between 
control and LPS treated group and (**) indicate differences between LPS 
and punicalagin + LPS group respectively. Each column represents the 
mean ± s.e.m., n = 8. Statistical comparison between different groups 
were done by one‑way (ANOVA) followed by Tukey–Kramer for a multiple 
comparisons test at P < 0.05.
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position but had a moving tail or no movement at all). Group treated 
with PU + LPS showed fast progressive movement  (sperms moved 
fast linearly), whereas few sperms showed slow or nonprogressive 
movement  (sperms moving slowly in curved or crooked line). LPS 
treatment for 7 days significantly decreased epididymal sperm count 
than the control and PU supplemented LPS treated groups (Table 1).

Fertility test
After 4 days of exposure for fertility test, male mice were separated. 
Females from Control and punicalagin group had 12–14 l each. Females 
from LPS group had 6–7 l each and two of the females were not 
pregnant. Females from punicalagin + LPS group had 10–12 l each. The 
reason for the LPS group nonpregnant females could be unsuccessful 
copulation, which can also be a reason of oxidative stress on behavior.

DISCUSSION
This study to our knowledge is the first to highlight the role of 
PU (purity ≥ 98%) in oxidative stress induced testicular damage and 
infertility. LPS intraperitoneal administration in male ICR mice induced 
oxidative stress damage in testis. The treatment with PU resulted in 
decreased oxidative stress damage in testis and boosted fertility.

Previous studies explained intraperitoneal injection of LPS induces 
oxidative stress in rat testes and leads to a reduction in sperm counts, 
motility, and abnormalities in the histology of testis.24 The present 
study determines that LPS administration of 600 µg kg−1 reduces 
testes weight and epididymal sperm count in 7 days, this indicates 
an obstruction with spermatogenesis. Further LPS disrupts germ 
cell population in seminiferous tubules. Oxidative stress induction 
by LPS is well-documented, causing the production of inflammatory 
cytokines and ROS generation.25,26 ROS are known to cause testicular 
damage in different pathological conditions.27,28 Germ cells are 
accessible to oxidative stress because of its affectionate federation with 
ROS generation.29 Previous studies showed that i.p. injection of LPS 
increased NOS level in testes.30,31 The present study also verifies the 
induction of NOS in testes as a result of LPS induced oxidative stress.

Antioxidants and herbal medicines proved to be favorable in 
working against oxidative stress.32–34 Similarly polyphenols present in 

Figure 3: Punicalagin (PU) as powerful activator of Nrf2 to fight against 
Oxidative stress. (a) Electrophoresis agarose gel result for confirmation 
of RT‑PCR results proved the activation of Nrf2 in PU + LPS group. (b) 
RT‑PCR results certify the activation of Nrf2 in mice testis in PU + LPS 
group as compare to other groups. Increased mRNA level of Nrf2 observed 
in PU + LPS group and decreased in LPS proved PU to be an activator for 
Nrf2 against oxidative stress. Values are normalized using actin as standard 
endogenous.

Table 1: Sperm count

Animal group Sperm count (106 ml−1)

Control 5.8±0.1

PU 5.9±0.2

LPS 3.2±0.4ˆ

PU + LPS 5.0±0.3

LPS treatment for 7 days significantly decreased sperm count while, group supplemented 
with PU (9 mg kg‑1) + LPS treatment for 7 days relevantly increased sperm count. 
ˆSignificant at P<0.05 LPS: lipopolysaccharide; PU: punicalagin

b

a

Figure 2: Histological examination of mice testes. (a and b) presents regular 
shape and normal spermatogenesis could be observed in control and 
Punicalagin (PU) injected mice testes. (c) Co‑injection of Punicalagin (PU) 
prior to lipopolysaccharide (LPS) protected testes against oxidative 
injury; normal seminiferous tubules with presence of sperm and less 
degenerative germ cells could be observed. (d) An amount of 600 µg of 
lipopolysaccharide (LPS) administrated intraperitoneally in mice for 7 days 
causes Oxidative stress induced damage in mice testes. The figure shows 
degeneration of germ cells, absence of sperm and vacuolation formation in 
testicular tissue. (e) Normal spermatogenesis easily observed. (f) Degeneration 
of seminiferous epithelium (represented with arrow) vacuolization and loss 
of round spermatids nuclei was evidenced in LPS treated group (indicated 
by squares drawn).
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pomegranate plays a significant antioxidant role in vitro.35 Punicalagin 
is the major component of pomegranate and is known as a strong 
antioxidant in different diseases.36,37 In this study, LPS induced oxidative 
stress in mice testes which caused a reduction in spermatogenic 
cell types as spermatocyte and spermatids while spermatogonia are 
displaced in some tubules. Oxidative stress induced in testes activated 
iNOS that resulted in excess NO generation. NO is powerful oxidant 
and play a major role in testicular damage that correlates with 
overproduction of NO. The administration of oxidative stress resulted 
in a significant reduction in testis GSH, T-SOD, CAT and raised 
LPO and NO production compared with the control. SOD is known 
to be the foremost line of the defensive system against oxyradicals, 
reduction in CAT by the end of 7 days reflects the inability of the testis 
to eliminate oxidative stress. Mice exposed to LPS and punicalagin 
for 30 days resulted decrease in LPO and increase in GSH contents 
in testes (Supplementary Figure 1a and 1b) also proves the nontoxic 
effect of Punicalagin. Punicalagin with purity of 98% was given 
orally for 7 days to the mice that were injected with LPS. Punicalagin 
treatment prevented a reduction in testicular weight in PU  +  LPS 
group of mice when compared with those in LPS alone group. This 
protective effect of PU can be explained by the fact that PU prevents 
testicular damage as a result of oxidative stress in spermatogenic cells 
of seminiferous tubules. Similarly, the strong antioxidant property of 
PU resulted in significant decrease in LPO and NO production and 
increase in GSH, T-SOD, and CAT. Histopathologic study of testicular 
tissue of mice injected with LPS showed germ cells degeneration, 
reduction in seminiferous tubules, and vacuolation. When testes of 
mice injected with PU + LPS were compared to those injected with 
LPS alone, PU treatment restrained a reduction in testicular weight. 
This protective effect of PU can be explained by the fact that it prohibits 
cellular damage that develops as a result of oxidative stress in testes. 
Continuous, injecting a dosage of LPS generates extended ROS 
production.38,39 In the present study, the histological and microscopic 
study revealed the reduction of sperm count in the epididymis of LPS 
injected mice while mice given PU for 7 days showed an increase in 
sperm count in the epididymis. These results indicated that PU can play 
an important role in boosting fertility. We also performed a fertility test 
for a longer exposure of punicalagin to male mice and found that the 
longer exposure of punicalagin (PU) 9 mg kg−1 for 30 days is nontoxic 
and resulted in the normal birth of litters (Supplementary Table 1).

Nrf2 plays an extensive role in defense against oxidative stress 
by awakening the cellular antioxidant system while simultaneously 
suppressing inflammatory pathways.40 To further verify our work, we 
examined mRNA expression of Nrf2 in samples of all four groups. 
Our results demonstrated activation of Nrf2 in the LPS-injected 
group compared to control group; however the treatment with PU 
triggered Nrf2, in comparison to the LPS group. These results showed 
that PU helps Nrf2-antioxidant signaling, which acts more strongly 
against oxidative stress. Antioxidants act as anti-terrorist forces of the 
body. They give up electrons to the free radicals through a system to 
neutralize these free radicals. This neutralization helps the body to 
make more antibodies without harm. However, the body is exposed to 
increasing amounts of harmful free radicals due to daily lifestyle and 
the environment. Therefore, supplements of antioxidants are needed 
to protect the body against diseases and aging.41,42 A healthy supply 
of antioxidants can be obtained from natural sources, and, for that 
reason, previous studies demonstrated the potent role of PU against 
oxidative stress.43

In this study, we used PU to cure infertility caused by LPS induced 
oxidative stress. Our results demonstrated that PU can be a new light 

in the field of infertility. Regarding the complete results of this study, 
fertility tests were performed to evaluate the effect of oxidative stress 
on fertility. Groups of mice were set for mating tests on the same 
day as explained above. All mice in control groups and mice in the 
PU + LPS group gave birth to young ones with 1–2 days difference, 
while the two female mice from LPS group had no babies and number 
of litters given birth by other females were different as compared to 
control and punicalagin  (PU) + LPS group. These results of mating 
tests show that PU can play an important role in curing sub-fertility. No 
previous data were found on using PU (purity ≥98%) for sub-fertility 
treatments; therefore, comparisons could not be made. Health benefits 
of pomegranate have been touted due to its bioactive compounds, one of 
them being PU, which is a large molecule found in pomegranate husks.

We report that PU could be the main active compound promoting 
fertility by reducing oxidative stress damage in testes, mitigating 
oxidative stress, promoting Nrf2 and increasing sperm count. Our 
results suggest that PU from Pomegranate could comprise an effectual 
dose for oxidative stress induced sub-fertility. This study verifies that 
activation of iNOS plays a crucial role in the chain of LPS events leading 
to an oxidative stress injury in mice testes. We also concluded that 
activating of Nrf2 in our body is very useful to fight against oxidative 
stress. So, PU can be a booster for Nrf2. PU has a potent protective effect 
against testicular toxicity and may be clinically useful. Nonetheless, 
additional studies are recommended on this subject before the clinical 
application can be endorsed.
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Supplementary data
Fertility test performed after 30  days observation. Adult ICR male 
mice were divided into four groups, control, punicalagin, LPS and 
administration with punicalagin + LPS for 30 days, after which each 
of them was caged with untreated female ICR mice and provided with 
standard food. Male mice were separated from females after vaginal 
plugs were observed. Presence of vaginal plugs was considered for 
positive copulation.

Supplementary Table 1: Fertility test after 30 days treatment

Mice set for fertility test on same day

Control PU LPS PU + LPS

Number of females 
pregnant

All 8 females were 
pregnant

All 8 females were 
pregnant

All 8 females were pregnant All 8 females were pregnant

Number of pups Number of pups each 
female range (12–14)

Number of pups each 
female range (12–14)

Number of pups each female range (10–14) Number of pups each female range (12–14)

Difference Females gave birth with 2–3 days difference Females gave birth with 12–20 days 
difference as compared to control group

Females gave birth with 5–6 days difference 
as compared to control group

The results indicate LPS group litters birth difference in days. We here conclude that the day difference might be the result of oxidative stress on sexual behavior which actually leads 
to late birth. This may open a vast study of oxidative stress in late birth. LPS: lipopolysaccharide; PU: punicalagin

Supplementary Figure 1: Evaluation of oxidative stress. GSH and LPO, considered 
as markers for Oxidative stress evaluation. After 30 days of observation these 
both markers were measured to conclude whether punicalagin is still ahead to 
protect testes from oxidative stress. (a) GSH contents in LPS group presented 
a decrease as compared to control and co-administrated group of LPS and 
punicalagin (PU + LPS). (b) LPO contents in LPS group presented increase 
as compared to control and punicalagin + LPS co-administrated group.
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