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Polyethylene microplastic (PE-MP) is amongst the most manufactured plastics globally. However, emerg-
ing studies report its adverse effects on wildlife and humans. Luteolin (LUT) is a flavonoid compound
known for its potent antioxidant properties. The present study was designed to estimate the toxic effect
of PE-MP on testicles of adult male rats. The therapeutic potential of LUT was also determined in
alleviating PE-MP instigated testicular dysfunctions. An experiment was carried on 48 adult male
Sprague-Dawley rats, which were randomly classified into four groups: control, PE-MP (1.5 mg/kg),
PE-MP + LUT (1.5 mg/kg + 50 mg/kg respectively), and LUT (50 mg/kg). The biochemical, spermatogenic,
hormonal, and histopathological parameters were studied after 56 days of treatment. PE-MP exposure
disrupted the biochemical profile by reducing catalase (CAT), superoxide dismutase (SOD), glutathione
peroxidase (GPx), and glutathione reductase (GSR) activities. In comparison, the concentration of reactive
oxygen species (ROS) and malondialdehyde (MDA) levels were increased. PE-MP-intoxication also
reduced the sperm motility, viability, the number of hypo-osmotic tails swelled spermatozoa, and epi-
didymal sperm count; additionally, it increased the sperm morphological (head–tail and mid-piece)
abnormalities. Furthermore, it lowered luteinizing hormone (LH), follicle-stimulating hormone (FSH),
and plasma testosterone. PE-MP exposure led to histopathological damages in testicular tissues.
However, LUT inverted all the illustrated impairments in testes. Our results demonstrate that PE-MP
could cause testicular damage in male rats, effectively mitigated by LUT treatment.
� 2022 The Authors. Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Many environmental pollutants can act as endocrine-disrupting
chemicals (EDCs). Particular attention is being paid to contami-
nants of emerging concern (CECs), such as plasticizers, plastic deb-
ris, and plastic additives that are directly or indirectly discharged
into the environment (EPA, 2021). As it is evident, plastic pollution
is prevalent throughout the terrestrial, marine, and freshwater
ecosystems to such an extent that we can say to live in a plastics
world (Borrelle et al., 2020). According to global statistics, plastic
production stretched to 368 million metric tons (Mt) in 2019,
which is estimated to be doubled in the next 20 years (Plastics
Europe, 2020). Once plastics enter the environment, they con-
stantly break into frequently smaller particles called microplastics
(MPs) (<5mm). Many scientists use MPs as a fourth core geological
indicator of the Anthropocene era in parallel with ozone depletion,
global climate change, and ocean acidification due to its abundant
production, use, low degradation, and disposal (Galloway and
Lewis, 2016).

Pathways of MPs exposure include ingestion, inhalation, and
dermal contact due to their presence in food packaging (Sobhani
et al. 2020), food (Conti et al., 2020), and even in the air, we breathe
(Zhang et al. 2020). Humans could ingest mPs through the con-
sumption of seafood and other food items such as table salt (7–
681 items per kg), honey (40–60 items per kg), beer (12–109 items
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per L), and sugar (32 ± 7 items per kg) (Bouwmeester et al. 2015).
MPs entering the human body through ingestion or inhalation can
be transported through the circulatory system into different organs
and affect human health via damaging cells or provoking immune
and inflammatory reactions (Vethaak and Legler, 2021).

MPs particles mainly include polyethylene (PE), polystyrene
(PE), polypropylene (PP), and polyester (Lu et al. 2018). Polyethy-
lene (PE) is the most commonly identified MPs polymer in aquatic
and terrestrial environments (Mde S. Machado et al., 2018). Due to
its low cost, multiple uses, durability, and unique physical proper-
ties, PE has profound applications in different sectors, such as pack-
aging, agricultural mulches, and composite materials (Beg et al.,
2016). Moreover, based on a survey directed by Cosmetics Europe
in 2012, PE estimated that 93 % of the MPs are used in skin cleaning
products (Duis and Coors, 2016). In zebrafish, PE exposure led to
neurotoxicity, disrupted oogenesis process, and aryl hydrocarbon
receptor (AHR) pathway (Mak et al. 2019). Furthermore, PE-MPs
exposure to Diptera larvae induced oxidative stress (OS) with
potentially adverse effects on cellular metabolism and redox status
(Silva et al., 2021). Thus, considering the PE-derived MP as a white
pollutant and their harmful impacts on living organisms, research
on remedies against PE-instigated toxicities is required.

Luteolin (30,40,5,7-tetrahydroxyflavone, LUT) is a natural dietary
flavonoid that is commonly present in many edible plants such as
flowers of Sophora viciifolia (Tai et al. 2011), Paeonia moutan, and
Rumex nervosus (Desta et al. 2015), with reported antioxidant
(Casierra-Posada and Jarma-Orozco, 2016), anti-inflammatory
(Wang et al. 2020), antiangiogenic (Raffa et al. 2017), antidiabetic
(Sherbet, 2017), immunomodulatory (Rangarajan et al. 2016),
cytoprotective (Kempuraj et al., 2021), and anti-apoptotic activities
(Xu et al. 2019). Furthermore, LUT can cross the blood–brain bar-
rier and act as a neuroprotective agent (Theoharides et al., 2016).
Moreover, Kempuraj et al. (2021) stated that LUT suppresses sys-
temic and neuroinflammatory responses in coronavirus disease
2019 (COVID-19).

Limited literature is available on the effects of MPs on the male
reproduction of mice. Therefore, the consequences of MPs and their
potential toxicity mechanisms in the testicles of mammalian spe-
cies require detailed research. Consequently, we conducted a thor-
ough investigation to explore the potentially toxic effects of PE-MP
on testicles, and promising curative potentials of LUT to ameliorate
testicular toxicity instigated by PE-MP were also determined in
adult male Sprague-Dawley rats.
2. Materials and methods

2.1. Chemicals

PE-MP and LUT were purchased from Sigma-Aldrich, Germany.
All other chemicals used in this study were of analytical grade.

2.2. Animals

Adult male Sprague-Dawley rats (180 ± 20 g) were kept in steel
cages at standard temperature (22–25 �C), humidity (45 ± 5%), and
12 h light/dark cycle in the animal house of the University. Tap
water and food were given ad libitum to experimental animals.
The European Union of animal care and experimentation approved
study protocols (CEE Council 86/609).

2.3. Experimental design

Rats (n = 48) were randomly classified into four groups
(n = 12/group). They were exposed to the following doses: Con-
trol group; PE-MP treated group (1.5 mg/kg. b. wt. of PE-MP
2

orally); PE-MP + LUT treated group (1.5 mg/kg. b.wt. of PE-MP
and 50 mg/kg. b.wt. of LUT), and LUT treated group (50 mg/kg.
b.wt. of LUT orally). After the 56 days of the experimental trial,
rats were slaughtered by decapitation, and testes were excised
and stored at �80 �C till further analysis.

2.4. Antioxidant/Oxidant assay

The activities of catalase (CAT), superoxide dismutase (SOD),
glutathione peroxidase (GPx), and glutathione reductase (GSR)
were estimated by adopting methods of various researchers
(Chance and Maehly, 1955; Kakkar et al. 1984; Lawrence and
Burk, 1976; Carlberg and Mannervik, 1975). The concentration of
reactive oxygen species (ROS), as well as malondialdehyde (MDA)
level, was estimated, according to the protocols of Hayashi et al.
(2007) and Placer et al. (1966), respectively. BR Biochem UV-
5300 spectrophotometer was used to take the readings.

2.5. Semen analysis

Caudal piece of epididymis was isolated to take the semen sam-
ples studied by following the method described for motility
(Kenjale et al. 2008), viability, epididymal count (Yokoi et al.,
2003), and morphological anomalies (Cao et al., 2017). The integ-
rity of the sperm plasma membrane was estimated by the hypo-
osmotic swelling (HOS) test (Correa and Zavos’s, 1994). Nikon,
187842 microscopes were used for observation.

2.6. Hormonal assay

The levels of luteinizing hormone (LH) (BioCheck Inc., USA Cat-
alog No. BC-1031), follicle-stimulating hormone (FSH) (BioCheck
Inc., USA Catalog No. BC-1029), and plasma testosterone (BioCheck
Inc., USA Catalog No. BC-115) were measured by enzyme-linked
immunosorbent assay (ELISA) kits, according to the manufacturer’s
instructions. ELISA reader Apollo LB 913 was used to take the
readings.

2.7. Histopathology

For the evaluation of histopathology, firstly, testicles were fixed
for about 48 h in a 10% formaldehyde solution, later dehydrated in
rising grades of alcohol, and encased in paraffin wax. Later these
paraffin-inserted blocks (5 lm) were cut and stained with
hematoxylin-eosin (H & E) and examined microscopically (Nikon,
187842, Japan). ImageJ2x software was used to analyze the images
of the specimen.

2.8. Statistical analysis

The results were shown as Mean ± Standard error (SE). Tukey’s
multiple comparison test was applied to interpret the entire data
after using a one-way analysis of variance (ANOVA) using Graph-
Pad Prism 5.0. P < 0.05 was considered statistically significant.

3. Results

3.1. Effect of PE-MP and LUT on oxidant/antioxidant parameters

PE-MP exposure substantially (p < 0.05) reduced the activities
of CAT, SOD, GPx, or GSR and augmented the concentration of
ROS and MDA levels in contrast to the control group. Nevertheless,
LUT supplementation in the PE-MP + LUT group provoked substan-
tial (p < 0.05) altitude in CAT, SOD, GPx, and GSR activities and
reduced ROS and MDA levels compared to the PE-induced group.
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Moreover, LUT alone administration showed a non-significant
change in the antioxidant/oxidant parameters compared to the
control group (Fig. 1).
3.2. Effect of PE-MP and LUT on sperm analysis

PE-MP exposure significantly (p < 0.05) lessened the sperm
motility, viability, epididymal sperm count, and the number of
HOS coil-tailed sperm, while morphological sperm abnormalities
(head, mid-piece, and tail) were augmented in contrast to the con-
trol group. Nevertheless, LUT-treatment significantly (p < 0.05)
inverted all these sperm indices to a normal state in the co-
Fig. 1. Antioxidant enzymes: (a) CAT, (b) SOD, (c) GPx (d) GSR activity, (e) concentration
(PE-MP+LUT), and LUT groups. Based on Mean+SEM values, bar graphs are displayed. V

3

treated group compared to the PE-exposed group. Nonetheless,
LUT alone administered group showed a regular semen profile
and HOS coil-tailed sperm as in the control group (Table 1).
3.3. Effect of PE-MP and LUT on hormonal assay

PE-MP exposure substantially (p < 0.05) decreased the level of
LH, FSH, and plasma testosterone in PE-intoxicated rats compared
to the control rats. Nonetheless, the LUT therapy significantly
(p < 0.05) recovered the levels of all three above-stated hormones
in the cotreated group, which are comparable to the PE-induced
of ROS and (f) TBARS in the testicular tissues of control, PE-MP-treated, co-treated
arious superscripts on the bar graphs show significant differences at p < 0.05.



Table 1
Mean ± SEM of semen analysis in control, PE-MP treated, cotreated, and LUT groups.

Parameters Groups

Control PE-MP PE-MP + LUT LUT

Motility (%) 84.80 ± 1.82a 39.17 ± 1.38b 65.57 ± 1.79c 85.26 ± 2.50a

Dead Sperms (%) 12.83 ± 0.78a 81.37 ± 1.68b 29.05 ± 1.38c 12.75 ± 0.46a

Head Abnormality (U/mg protein) 4.97 ± 0.09a 16.01 ± 1.00b 7.44 ± 0.29c 4.82 ± 0.14a

Mid Sperm Abnormality (%) 0.84 ± 0.05a 8.49 ± 0.66b 2.36 ± 0.47c 0.75 ± 0.05a

Tail Abnormality (%) 1.60 ± 0.06a 12.10 ± 0.96b 3.11 ± 0.25c 1.53 ± 0.08a

Epididymal Sperm Count (million/mL) 26.19 ± 1.32a 14.27 ± 0.84b 21.34 ± 0.84c 27.34 ± 1.2 a

Hypo- osmotic swelled sperm count (HOS) (%) 81.21 ± 3.19a 28.57 ± 1.62b 58.39 ± 2.10c 82.62 ± 3.30a

Values having various superscripts are substantially variant from other groups.
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group. Additionally, LUT alone treatment showed normal levels of
these hormonal markers as in the control group (Table 2).
3.4. Effect of PE-MP and LUT on histopathology

The study results revealed that PE-MP exposure significantly
(p < 0.05) lessened the diameter and the epithelial height of sem-
iniferous tubules, besides the thickness of tunica propria. More-
over, it scaled up the luminal diameter of tubules. PE-treatment
also reduced spermatogonia, primary and secondary spermato-
cytes, and spermatids compared to the control group. Nevertheless,
LUT-supplementation in the cotreated group significantly
(p < 0.05) recovered all these structural damages, and germ cell
count in testicles compared with the PE exposed group. Besides,
LUT alone treatment displayed a regular histopathological profile
as matched with the control group (Table 3 and Fig. 2).
4. Discussion

In the current investigation, PE-MP exposure decreased the
activities of antioxidant enzymes, such as CAT, SOD, GPx, and
GSR, while increasing the concentration of ROS and MDA levels.
The endogenous-antioxidant-enzymes such as CAT, SOD, GPx,
and GSR are considered the first defense lines that protect
biomolecules (proteins, lipids, and DNA) from OS by decreasing
Table 2
Mean ± SEM of the hormonal assay in control, PE-MP treated, cotreated, and LUT groups.

Parameters Groups

Control P

LH (ng/ml) 2.54 ± 0.12a 0
FSH (ng/ml) 3.90 ± 0.13a 1
Plasma testosterone (ng/ml) 4.54 ± 0.09a 2

Values having different superscripts are significantly different from other groups.

Table 3
Mean ± SEM of histopathology in control, PE-MP treated, cotreated, and LUT groups.

Parameters units Groups

Control

Interstitial Spaces (lm) 10.07 ± 0.92a

Tunica Propria (lm) 57.62 ± 2.22a

Seminiferous Tubules (lm) 323.29 ± 12.63a

Seminiferous Tubule Epithelial Height (lm) 85.70 ± 4.29a

Tubular Lumen (lm) 36.17 ± 1.58a

Spermatogonia (n) 61.66 ± 2.30a

Spermatids (n) 56.87 ± 1.02a

Primary Spermatocytes (n) 46.45 ± 1.15a

Secondary Spermatocytes (n) 34.59 ± 1.35 a

Values having various superscripts are substantially variant from other groups.
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ROS generation. Nitric oxide (NO), hydroxyl radical (OH), superox-
ide anion (O-2), and hydrogen peroxide (H2O2) are the central reac-
tive oxygen and nitrogen species (Mijatović et al., 2020). Thus, a
reduction in the activities of antioxidant enzymes elevates the con-
centration of ROS, which attacks the polyunsaturated fatty acids
(PUFA) in the sperm plasma membrane and triggers a cascade of
chemical reactions, which is known as LP (Fois et al., 2018). In this
study, MDA as a marker of LP increased the membrane permeabil-
ity. However, this reduced activity of antioxidant enzymes in rat
testicles was enhanced by the co-treatment of rats with LUT. LUT
significantly elevated the activities of CAT, SOD, GPx, and GSR
while lowering the ROS and MDA levels, probably due to its antiox-
idant property.

Secondly, PE-MP exposure led to a considerable reduction in
epididymal sperm count, viability, and motility, a reduction in
the number of HOS coiled-tail sperm, and a higher level of abnor-
mality in the head mid-piece, and tail of sperm. OS performs a piv-
otal role in testicular impairments (Ijaz et al., 2021). The
disproportion of the oxidants/antioxidants and ROS-prompts
membrane damage due to the high level of PUFAs in sperm might
be the reason behind the distorted integrity of sperm, as confirmed
by the HOS test in the present study. However, LUT administration
successfully resettled all the spermatogenic damages due to its
potent ROS scavenging activity.

Similarly, PE-MP administration considerably reduced the LH,
FSH, and plasma testosterone levels that play an essential role in
E-MP PE-MP + LUT LUT

.83 ± 0.12b 2.11 ± 0.08a 2.61 ± 0.19a

.53 ± 0.08b 2.78 ± 0.09a 3.97 ± 0.21a

.07 ± 0.16b 3.48 ± 0.15a 4.63 ± 0.13a

PE-MP PE-MP + LUT LUT

33.47 ± 1.34b 16.27 ± 1.56c 9.47 ± 0.69a

16.76 ± 0.60b 37.86 ± 3.42c 59.84 ± 2.64a

122.09 ± 8.22b 275.47 ± 6.86c 369.02 ± 8.43a

33.79 ± 2.68b 68.78 ± 2.18c 89.56 ± 3.01a

88.16 ± 3.76b 55.61 ± 2.53c 34.27 ± 1.87a

22.10 ± 1.33b 46.14 ± 1.40c 61.90 ± 3.23a

27.13 ± 0.83b 46. 01 ± 1.05c 58.11 ± 1.46a

19.86 ± 0.72b 33.5 ± 1.71c 46.55 ± 1.66a

12.82 ± 0.56b 27.18 ± 0.91c 34.92 ± 1.23 a



Fig. 2. (A) Control group demonstrating thick germinal epithelium including different stages of germ cells and the slender luminal area carrying spermatozoa; (B) PE-MP
group displaying sloughing of the epithelial layer, vacant lumen, and degeneration of IS; (C) PE-MP+ LUT group reduced sloughing of germinal epithelium, TL filled with ST
and retrieved the degenerated IS; (D) LUT group representing compact ST with less IS. IS Interstitial spaces; TL: Tubular lumen; SHE: Seminiferous Epithelial height; ST:
Seminiferous tubules; TP: Tunica propria; SG: Spermatogonia; ST: Spermatids; PS: Primary spermatocytes; SS: Secondary spermatocytes.
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spermatogenesis. FSH sustains the proliferation of immature Ser-
toli cells (SCs) and spermatogonia, whereas, on the other hand,
LH accounts for the stimulation of Leydig cells (LCs) to produce
testosterone (Ramaswamy and Weinbauer, 2014). Moreover, in
combination with FSH, testosterone stimulates the growth of sper-
matids and the release of sperm (Oduwole et al., 2018). PE-MP
exposure reduced the gonadotropins (LH and FSH) and androgen
(testosterone) levels, possibly due to disturbing the
hypothalamus-pituitary–gonadal axis (HPGA). Conversely, LUT
treatment stabilizes the functions of the HPG axis that enhances
the levels of gonadotropins and androgen, which eventually
restores spermatogenic damages.

Lastly, PE-MP exposure caused severe histopathological alter-
ations in the testes of the rats. We considered the vital role of hor-
mones, dominantly gonadotropins and androgen, in sustaining
spermatogenesis (Oduwole et al., 2018). The decline in the levels
of these hormones in the PE-MPgroupmight have caused spermato-
genesis impairments suchas germcells apoptosis, the lessened sem-
iniferous epithelial height, seminiferous tubular diameter, and
tunica propria thickness. At the same time, interstitial space and
tubular lumendiameterwere escalated to support our hypothesized
spermatogenesis damages. However, LUT treatment significantly
alleviated the histopathological changes provoked by PE-MP. These
histopathological improvements might be due to the antioxidant,
androgenic, and anti-apoptotic nature of LUT.
5. Conclusion

PE-MP exposure prompted damages in rats’ spermatogenic,
hormonal, and structural profiles. Additionally, the activities of
antioxidant enzymes, the concentration of ROS, and the MDA level
exhibited a state of imbalance, thereby damaging the performance
of the entire male reproductive system. However, LUT treatment
alleviated PE-MP-induced damages in all the above-stated param-
eters due to its antioxidant androgenic potential.
5
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