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ABSTRACT
Background: A mancozeb, belonging to a pesticide, can induce testicular injury via free radical generation and 
antioxidant suppression. Pinus pinaster extract (Pycnogenol®) and L. carnitine have potent antioxidant properties. 
Aim: This study aimed to compare and evaluate the therapeutic roles of P. pinaster extract (Pycnogenol®) and L. 
carnitine in eliminating and/or reducing the testicular toxicity of mancozeb in male rats, emphasizing their combined 
antioxidant. 
Methods: Testicular toxicity was induced by oral administration of mancozeb (MCZ) at a dose of 313.6 mg/Kg for 4 
weeks. Fifty male rats were allocated randomly into 5 groups, each group contained 10 rats. The first group (control 
group; C), second group (mancozeb group; MCZ) was orally administered 313.6 mg/Kg of mancozeb as a single dose/
day for 4 weeks, third group (MCZ+PPE) received MCZ as the second group then administered P. pinaster extract 
(Pycnogenol®) at dose 40 mg/ Kg/day/ orally for 4 weeks, fourth group (MCZ+LC) was treated as the second group 
then administered L. carnitine at dose 200 mg/Kg/day/orally for 4 weeks. The fifth group (MCZ+PPE+LC) was treated 
as the second group and then received PPE and LC at the same doses mentioned in the third and fourth groups for 4 
weeks. 
Results: Testicular follicle-stimulating hormone receptor (FSHr) and luteinizing hormone receptor (LHr) gene 
expression was significantly upregulated in rats that received PPE + LC+ MCZ compared with the experimental 
rats. The seminal fluid quality was significantly elevated while abnormal morphology significantly declined in the 
MCZ+PPE, MCZ+LC, and MCZ+PPE+LC groups compared with the MCZ group. The serum FSH, testosterone, 
LH, and antioxidant enzymes, superoxide dismutase, and glutathione peroxidase, increased significantly, whereas 
malondialdehyde decreased significantly in rats that received PPE+ LC+ MCZ compared with all experimental rats. 
In addition, based on testicular-histopathological investigations, the administration of both PPE and LC, alone or in 
combination, can improve testicular disarrangement due to mancozeb-induced testicular damage. 
Conclusion: The administration of P. pinaster extract and L. carnitine, individually or in combination, has antioxidant 
effects against mancozeb-induced toxicity via improvement of seminal quality, regeneration of testicular tissues, and 
upregulation of FSHr and LHr genes positively influence reproductive hormones. This study is the first to demonstrate 
that the P. pinaster extract plays a therapeutic role in testicular atrophy caused by the fungicide, mancozeb.
Keywords: L. carnitine, Mancozeb, Pinus pinaster, Therapeutic, Testicular atrophy.

Introduction 

Pesticides are agents leading to intoxication. Pesticides 
are widely used in agriculture to produce human food 
in different parts of the world (Khan et  al., 2023). 
Pesticides can be residues in different organs of the 
body, and extensive spraying on agricultural farms has 
frequently exposed humans to pesticides(Fernandes 
et  al., 2023). The main source of persistent 
contamination is the use of contaminated foods and 
drinking water (Fernandes et  al., 2023). Exposure to 

pesticides can damage health and disrupt endocrine 
functions, including carcinogenesis, neurotoxicity, 
disruption of immunological response, and reproductive 
efficacy (Lee et al., 2020).
 One of the fungicides used in pest control programs 
against human health, including in the reproductive 
system, is Mancozeb (MZB). Several studies have 
shown that Mancozeb can induce the overproduction 
of reactive oxygen species that are considered a 
threat to male fertility (Hashem et al., 2018; Saddein 
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et  al., 2019b), as well as its adverse effects on the 
gastrointestinal, neurological, and hematological. 
Further, recent research on animal models has revealed 
that MZB induces alterations in sperm motility, sperm 
morphology, and sperm count (Al-Khedhairy et  al., 
2012) and (Ashkanani et al., 2020).
Interest in the health-promoting properties of 
Pinus pinaster, commonly called maritime pine, is 
increasing. The bark of P. pinaster contains many 
polyphenolic compounds, shows a wide variety of 
proanthocyanidins, and is recognized for its strong 
antioxidant activity (Bayer and Högger, 2024). This 
action occurs through the scavenging of free radicals, 
reduction in oxidative stress, and enhancement of the 
total antioxidant capacity of the body (Walke et  al., 
2023). It has been shown that the extract of P. pinaster 
expressed protective effects against a wide range of 
types of oxidative damage, even in the reproductive 
system, in some experimental studies (Ferreira-Santos 
et al., 2020b). Pinus pinaster extract protects testicular 
tissue against testicular-toxicant–induced oxidative 
damage by enhancing antioxidant defenses, such as 
Mancozeb (Ferreira-Santos et al., 2021).
L. carnitine is a biologically active amino acid, a 
small water-soluble molecule of the chemical formula 
3-hydroxy-4-N-trimethylaminobutyrate, which exists 
in meat and milk products. (Abd-Allah et al., 2009). L. 
carnitine is a strong antioxidant that plays an important 
role in energy production via long-chain fatty acids. It 
exerts numerous biological activities, including anti-
inflammatory, anti-apoptotic, cardioprotective, and 
gastroprotective properties. In addition, it involves 
providing energy that enhances sperm metabolism, 
chemical maturity, mobility, and spermatogenesis (Ng 
et al., 2004). 
Previous studies exerted beneficial effects of L. carnitine 
and its acetylated form on sperm parameters and 
reproduction. Moreover, L. carnitine can ameliorate 
the mechanisms by which toxic compounds induce 
reproductive dysfunction largely by its antioxidant 
properties. (Abdelrazik and Agarwal, 2009, Abdel-Emam 
and Ahmed, 2021). However, the potential effects and 
mechanisms of P. pinaster extract and L. carnitine, alone 
or in combination, for eliminating the detrimental effects 
of mancozeb on testicular tissues have not been reported; 
based on these limitations, the current experiment aimed 
to evaluate the mechanisms by which P. pinaster extract 
and L. carnitine, alone or in combination, improve the 
hypothalamic-hypophyseal-testicular functions in Wister 
male rats exposed to mancozeb. 

Material and Methods
Experimental animals
 Wistar rats were used in the current study at the age 
of 15 weeks and weighed 210–220 g. All rats were 
reared under control laboratory conditions at 22°C 
± 1°C with 12-hour light and 12-hour dark. They 
provided standard feed and ad libitum water. Before 

starting the experiment, all rats were allowed 14 days 
to acclimatize to the experimental conditions. The 
current experiment was carried out at Al-Qasim Green 
University/Veterinary Medicine from September 15, 
2023, to December 15, 2023 (ESCVM, NO. 1872023.). 
Experimental design
 Fifty Wistar male rats were divided into five 
groups (n = 10). The control group received 4 ml 
of normal saline. The Mancozeb group (MCZ) was 
administered orally 313.6 mg/Kg of mancozeb 
(PVT, Ltd., Holand) single dose/day for 4 weeks 
to cause testicular toxicity, the Pine Bark extract 
group (PPE+MCZ) was given 313.6 mg /Kg of 
mancozeb for 4 weeks followed by administrating 
orally 40 mg/Kg.b.w/day of Pine Bark extract, P. 
pinaster, (pycnogenol®) (Puritan’s Pride, INC. USA) 
for 4 weeks. The L. carnitin group (LC+MZC) was 
administered orally 313.6 mg/Kg of mancozeb for 
4 weeks followed by administered 200 mg/Kg of L. 
carnitine for 4 weeks. The last group (MCZ+ PPE + 
LC) was administered daily for 4 weeks, starting with 
313.6 mg/Kg of mancozeb, followed by 40 and 200 
mg/Kg.b.w. of pineapple bark extract and L. Carnitin 
for 4 weeks. Pine Bark extract and L. Carnitin were 
orally administered through a gavage tube on a daily 
basis for four consecutive weeks. The doses of pine 
bark extract, L. Carnitin, and mancozeb were used 
according to previous research (Sakr et al., 2009; Ko 
et al., 2018; Koohpeyma et al., 2022). 
After 4 weeks, blood samples were collected to estimate 
the concentrations of fertility hormones, oxidants, and 
antioxidant markers. After sacrifice, the rats’ testes 
were taken for histological study and fold changes 
in the levels of follicle-stimulating hormone receptor 
(FSHr) and luteinizing hormone receptor (LHr).
Assessment of oxidant and antioxidant markers
The activities of malondialdehyde (MDA), superoxide 
dismutase (SOD), and glutathione peroxidase (GPx) 
were assessed in rats’ serum according to the method 
illustrated by (Nishikimi et  al., 1972; Kei, 1978; 
Mohandas et al., 1984). 
Quantification of gene expression
Extraction of RNA, cDNA synthesis, and RT-qPCR 
analysis
Total RNA was extracted from tissue samples 
(testicular and pituitary tissues) by adding 1 µl of 
TRIzol reagent to 100 mg of the tissue sample. This 
was performed according to the manufacturer’s 
instructions for the Bioneer kit provided by Korea. The 
nano-drop-spectrophotometer “Thermos, USA” was 
used at absorbances of 260 and 280 nm to determine 
the quantity and purity of extracted RNA. 
The extracted RNA samples were treated with DNase-
I-enzyme to remove any genome present; this was 
performed according to the manufacturer’s protocol 
for the Promega kit provided by the USA. The RNA 
samples were treated with cDNA synthesis depending 
on the protocol explained by AccuPower®, Korea kit. 
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SYBER Green was used to detect gene amplification 
using a real-time PCR machine. The primers used in 
the present experiment were designed using the NCBI 
Gene bank database and primer 3 tool and are illustrated 
in Table 1. The relative expression “fold change” of 
target genes in testicular tissues was calculated by 
∆∆Ct method explained by (Livak and Schmittgen, 
2001), which depended on the target gene relative to 
GAPDH (housekeeping gene). 
Assessment of male fertility hormone concentrations
The concentrations of testosterone, FSH, and LH 
were determined according to the manufacturer’s 
instructions using ELISA kits “Sunlong Biotech, Co., 
China”.
The seminal fluid function
The epididymal tail was cut, placed in saline (2 ml 
at 37°C), and cut into small pieces. One drop of the 
epididymal suspension was placed in the Neubauer 
chamber and manifested under a light microscope to 
calculate the count using Raji’s method (Raji et  al., 
2006). 
10 µl of the epididymal suspension was placed on a 
warm slide and manifested under a light microscope 
to evaluate sperm motility according to Atashfaraz’s 
method with his colleagues’ method (Atashfaraz et al., 
2013).
Narayana’s method (Narayana et  al., 2005) and 
Björndahl’s and his colleagues’ method (Björndahl 
et al., 2003) were used to evaluate sperm morphology 
and viability percentages, respectively.
Histological Study
The left testis was fixed in 10% buffered formaldehyde 
for 48 hours and processed histologically, depending 
on the method adopted by (Mescher, 2018), as follows: 
dehydration, clearing, embedded in paraffin, and 
staining with hematoxylin and eosin after sectioning 
into five-micrometer slices. 
Statistical analysis
The results of the present experiment were statistically 
analyzed using SPSS version 20. Levene’s test was 
used to test the homogeneity of variances. Shapiro–
Wilk and Kolmogorov–Smirnov normality tests were 
performed to evaluate the normal distribution of 

data. The variances among the experimental groups 
were evaluated using one-way ANOVA, followed by 
Tukey’s post hoc test. The data are the mean (M) ± 
standard deviation (SD). The variances at p < 0.05 are 
significant statistically (Schefler, 1980).
Ethical approval
The ethical scientific committee of Al-Qasim Green 
University/Veterinary Medicine approved the current 
experiment, ensuring proper care and use of laboratory 
animals (ESCVM, NO. 1872023.). 

Results
Comparative effects of P. pinaster Extract and L. 
carnitine on serum concentrations of oxidative stress 
and antioxidant markers against Mancozeb-induced 
reprorotoxicity in adult male rats
The concentration of serum MDA was significantly 
elevated (p < 0.05) in MCZ rats compared with all 
experimental groups, Figure 1A. It was significantly 
decreased (p < 0.05) in the MCZ + PPE + LC group 
compared with the other experimental rats. The serum 
MDA concentration was significantly decreased (p 
< 0.05) in the MCZ+PPE and the MCZ+LC groups 
compared with the MCZ group, with non-significant 
differences (p > 0.05) among the MCZ+PPE, 
MCZ+LC, and control groups, Figure 1A. The serum 
concentration of superoxide dismutase, SOD, was 
significantly reduced (p < 0.05) in MCZ rats and 
elevated (p < 0.05) in MCZ+PPE+LC rats compared 
with all treatment groups, Figure 1B. The serum 
concentration of SOD was significantly increased 
(p < 0.05) in MCZ+PPE and the MCZ+LC groups 
compared with MCZ rats, with non-significant 
differences (p > 0.05) between the aforementioned 
groups, Figure 1B. The serum concentration of GPx 
was significantly decreased (p < 0.05) in the MCZ 
group and increased (p < 0.05) in the MCZ+PPE+LC 
group compared with all treatment groups, Figure 1C. 
The GPx concentration showed a significant increase 
(p < 0.05) in the MCZ+PPE and the MCZ+LC groups 
in comparison with MCZ rats, with non-significant 
differences (p > 0.05) among the MCZ+PPE, 
MCZ+LC, and control groups, Figure 1C.

Table 1. The primer sequences used in real-time qPCR.

Primer Sequence (5'-3') Product size NCBI reference 
sequence

FSHr F ATC ACT GGC TGT GTC ATT GC 102 bp NM_199237.2
R ACC TCA GTT CAA TGG CGT TC

LHr F AGA CGC TTT ATT CCG CCA TC 92 bp NM_012978.2
R AGC, ACA TTG; GAG, TGT CTT; GG

GAPDH F CAA GAA GGT GGT GAA GCA GG 109 bp NM_017008
R CAA GAA GGT GGT GAA GCA GG
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Comparative effects of P. pinaster Extract and L. 
carnitine on serum concentrations of male reproductive 
hormones and testicular genes in response to mancozeb-
induced reprotoxicity in adult male rats
Reproductive hormones
The serum concentrations of LH, FSH, and testosterone 
are shown in Figure (2 A, B, and C, respectively). 
The serum testosterone, FSH, and LH levels were 
significantly decreased in the rats that received MCZ 
only compared with the experimental groups, Figure 2. 
The concentrations of FSH, LH, and testosterone in the 
MCZ+PPE+LC rats were significantly increased (p < 
0.05) compared with all treatment groups, Figure 2. In 
comparison with the MCZ group, the concentrations of 
LH, FSH, and testosterone were significantly increased 
(p < 0.05) in the MCZ+PPE group and the MCZ+LC 
group, Figure (2 A, B, and C). The serum levels of 
testosterone, LH, and FSH in the MCZ+LC rats and 

the MCZ+PPE rats showed a significant decrement 
(p < 0.05) in comparison with the control group, with 
non-significant variation (p > 0.05) between both 
groups concerning LH and testosterone concentrations, 
Figure 2.
Testicular genes
The testicular gene expression levels of the luteinizing 
hormone-β receptor (LHβr) and follicle-stimulating 
hormone-β receptor (FSHβr) were significantly 
downregulated (p < 0.05) in mancozeb-exposed rats 
compared with all experimental groups, Figure 3. 
Interestingly, the cotreatment of P. pinaster extract 
with L. carnitine rats caused significant (p < 0.05) 
enhancement and upregulation of the testicular 
FSHβr, and LHβr gene expression levels compared 
with all experimental groups. The current results 
registered a significant (p < 0.05) upregulation in 
mancozeb co-administration of P. pinaster extract 

Fig. 1. Serum oxidative stress and antioxidant markers in rats. (A) MDA: malondialdehyde, (B) SOD: 
superoxide dismutase; (C) GPx: glutathione peroxidase. The different letters represent significant 
differences among groups at p < 0.05. C: control rats received distilled water, MCZ: rats received 
(313.6 mg/Kg/day) of mancozeb. MCZ+PPE: rats received (313.6 mg/Kg/day) of mancozeb and (40 
mg/Kg/day) of Pinus pinaster extract. MCZ+LC: rats received (313.6 mg/Kg/day) of mancozeb and 
(200 mg/Kg/day) of L. carnitine. MCZ+PPE+LC: rats received (313.6 mg/Kg/day) of mancozeb, (40 
mg/Kg/day) of Pinus pinaster extract, and (200 mg/Kg/day) of L. carnitine. 
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rats and in mancozeb-co-exposed to L. carnitine rats 
compared with mancozeb-treated male rats, whereas 
non-significant (p > 0.05) differences were observed 
among the MCZ+PPE, MCZ+LC, and control groups, 
Figure 3.
Comparative effects of P. pinaster Extract and L. 
carnitine on seminal analysis quality in response to 
mancozeb-induced reprotoxicity in adult male rats
Table 2 shows the effects of P. pinaster extract and 
L. carnitine on the seminal quality of rats exposed 
-to mancozeb. The semen count, sperm motility, and 
viability were significantly increased (p < 0.05) in the 
MCZ+PPE+LC males compared with all experimental 
rats, whereas they were significantly reduced in the 
MCZ-treated male rats compared with all experimental 
rats. Sperm count, motility, and viability were 
significantly elevated (p < 0.05) in MCZ+PPE males 
and MCZ+LC males compared with MCZ-treated rats 
and control rats, Table 2. 

The statistical analysis of sperm abnormality results in 
MCZ males revealed a significant elevation (p < 0.05) 
compared with all experimental rats. It was significantly 
reduced (p < 0.05) in MCZ+PPE+LC males compared 
with that in all treated rats. The sperm abnormalities of 
MCZ+PPE and MCZ+LC males registered a significant 
decrement (p < 0.05) compared with the control and 
MCZ males, Table 2.
Comparative effects of P. pinaster Extract and L. 
carnitine on histological changes in response to 
mancozeb-induced reprotoxicity in adult male rats
Histological sections of the testes of mancozeb-treated 
rats showed necrosis and atrophy in the seminiferous 
tubules, distributed vacuolation among spermatogenic 
cells resulting from exfoliation germ cells, empty 
lumens from spermatozoa, and degeneration 
spermatogenic cells. Additionally, mancozeb caused 
germinal layer disintegration and interstitial space 
widening accompanied by loss of the quantities of 
interstitial cells (Figure 4B) compared with control 

Fig. 2. Serum reproductive hormone levels in rats. (A) serum concentrations of luteinizing hormone 
(LH), (B) serum concentrations of follicle-stimulating hormone (FSH), and (C) serum concentrations of 
testosterone. The different letters represent significant differences among groups at p < 0.05. C: control 
rats received distilled water, MCZ: rats received (313.6 mg/Kg/day) of mancozeb. MCZ+PPE: rats 
received (313.6 mg/Kg/day) of mancozeb and (40 mg/Kg/day) of Pinus pinaster extract. MCZ+LC: 
rats received (313.6 mg/Kg/day) of mancozeb and (200 mg/Kg/day) of L. carnitine. MCZ+PPE+LC: 
rats received (313.6 mg/Kg/day) of mancozeb, (40 mg/Kg/day) of Pinus pinaster extract, and (200 mg/
Kg/day) of L. carnitine. 
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rats that showed a typical histological appearance of 
Leydig cells and Sertoli cells with different stages of 
spermatogenesis (Figure 4A). Whereas the testicular 
section of either P. pinaster extract or L. carnitine-
mancozeb-treated rats showed mild spermatogenic 
degeneration and normal architecture of Sertoli and 
Leydig cells, seminiferous tubules accompanied with 
the series stages of development of spermatogonia, 
spermatocytes, spermatid, and spermatozoa (Figure 
4C, and D), while the testicular-histological sections 
of rats that received both P. pinaster extract or L. 
carnitine after being exposed to mancozeb showed a 
normal structure, same as that of control rats as normal 
germinal epithelia, typical spermatogenic cells with 
normal Sertoli and Leydig cells, seminiferous tubules 
filled with primary and secondary spermatocytes, 
spermatid, and spermatozoa (Figure 4E).

Discussion
Oxidative stress is the major cause of testicular damage 
associated with mancozeb exposure; mancozeb 
exposure exhibits oxidative stress by causing reactive 
oxygen species (ROS) like hydrogen peroxide, 
superoxide radicals, hydroxyl radicals, and lipid 
peroxide to be released from the cellular membrane 
(Ritchie and Ko, 2021). Consistent with previous 
studies (Saddein et  al., 2019a; Yousuf et  al., 2023), 
the administration of mancozeb to rats resulted in the 
elevation of testicular nitric oxide and MDA levels 
accompanied by a decrease in SOD, GSH, and total 
antioxidant activities, suggesting the presence of 
testicular oxidative stress. The current results revealed 
that there were dysfunction in antioxidant enzymes 
and elevated serum lipid peroxidation, MDA, in rats 
receiving only mancozeb that might be attributed to 
the mancozeb metabolites, ethylene thiourea, and 

Fig. 3. The testicular fold change of male experimental rats. (A) testicular fold change of LHβr gene, 
and (B) testicular fold change of FSHβr gene. The different letters represent significant differences 
among groups at p < 0.05. C: control rats received distilled water, MCZ: rats received (313.6 mg/Kg/
day) of mancozeb. MCZ+PPE: rats received (313.6 mg/Kg/day) of mancozeb and (40 mg/Kg/day) of 
Pinus pinaster extract. MCZ+LC: rats received (313.6 mg/Kg/day) of mancozeb and (200 mg/Kg/day) 
of L. carnitine. MCZ+PPE+LC: rats received (313.6 mg/Kg/day) of mancozeb, (40 mg/Kg/day) of 
Pinus pinaster extract, and (200 mg/Kg/day) of L. carnitine.

Table 2. The effects of Pinus pinaster extract and L. carnitine on the seminal quality of male rats exposed to mancozeb.

Parameters C MCZ MCZ+PPE MCZ+ LC MCZ+PPE+LC
Sperm count

(million/ml)

60.980 ± 2.00 c 24.762 ± 7.184 d 62.67 ± 3.689 c 70.876 ± 3.53 b 84.248 ± 3.292  a

Sperm motility (%) 85.355 ± 5.87 b 20.745 ± 1.14  c 81.51 ± 1.637 b 81.94 ± 2.469 b 90.522 ± 0.407  a
Sperm viability (%) 73.12 ± 1.634 c 19.494 ± 0.575 d 79.440 ± 1.40 b 80.68 ± 6.229 b 92.782 ± 1.796  a
Sperm abnormality (%) 38.84 ± 3.31 b 62.720 ± 4.73 a 31.92 ± 1.861 c 25.42 ± 1.468 d 13.90 ± 3.22    e

The value is represented as Mean ± Standard Deviation (SD). 

The different letters in the same raw are represented at p value < 0.05. C: control rats received distilled water, MCZ: rats received (313.6 mg/
Kg/day) of mancozeb. MCZ+PPE: rats received (313.6 mg/Kg/day) of mancozeb and (40 mg/Kg/day) of Pinus pinaster extract. MCZ+LC: rats 
received (313.6 mg/Kg/day) of mancozeb and (200 mg/Kg/day) of L. carnitine. MCZ+PPE+LC: rats received (313.6 mg/Kg/day) of mancozeb, 
(40 mg/Kg/day) of Pinus pinaster extract, and (200 mg/Kg/day) of L. carnitine. RTW: relative testes weight. REW: relative epididymis weights.
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carbon disulfide, abilities to generate ROS and reactive 
nitrogen species (RNS) through Fenton’s reaction 
(Kistinger and Hardej, 2022) with downregulation of 
expression of GPx and SOD (Mohammadi-Sardoo 
et  al., 2018); therefore, these alterations could 
cause damage to the testicular cellular cytoplasmic 
organelles and sperm DNA (Dall’Agnol et al., 2021). 
Furthermore, mancozeb promotes lipid peroxidation 
and upregulates inducible NO synthase and NOX4, 
which are the main sources of superoxide radicals, 
nitric oxide (NO), and consequent peroxynitrite, which 

are considered potent genotoxicity and oxidative stress 
in testicular tissues, which caused elevated the MDA 
concentration(Mohammadi-Sardoo et al., 2021). 
The antioxidant role of PPE had been previously 
demonstrated (Atta et al., 2020), which were confirmed 
in the current results, whereby reduction in MDA and 
enhancement in the activities of superoxide dismutase 
and glutathione peroxidase in PPE co-administration 
to mancozeb-treated rats, which contributed to their 
biological components from procyanidin, quercetin, 
zinc, kaempferol, tricin, vitamin C and E (Singh et al., 

Fig. 4. Testicular-histological section of all experimental rats. (A) The testicular section of control rats 
showed a normal structure of interstitial cells, Sertoli cells, and seminiferous tubules with different 
stages of spermatogenesis. (B) The testicular sections of mancozeb-treated rats showed germinal 
layer degeneration (GLD), loss of interstitial cells (star), vacuolation among spermatogenic cells (blue 
arrow), widening the spaces among seminiferous tubules (bidirectional black arrow), and necrosis 
of seminiferous tubules (yellow arrow). (C) The testicular sections of P. pinaster extract-mancozeb-
treated rats showed that the germinal epithelia, Sertoli cells, interstitial cells, and seminiferous tubules 
return to the normal architecture with various phases of spermatogenesis. (D) The testicular section of 
L. carnitine -mancozeb-treated rats showed a normal structure as that of control rats. (E) Histological-
testicular sections of both P. pinaster extract- and L. carnitine -mancozeb-treated rats showed that the 
seminiferous tubules returned to normal architecture. Hematoxylin and Eosin (H&E); 400X.
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2021; J. Bayer and P. Högger, 2024), which have potent 
antioxidant properties that protect cellular DNA and 
membranes against ROS, RNS, and oxidative damage 
(Liu et al., 2024). 
Besides, the statistical analysis of the current data 
revealed that there was a valuable enhancement in the 
antioxidant activities with reduced lipid peroxidation 
in L. carnitine co-exposure to mancozeb-treated rats, 
which was attributed to the ability of L. carnitine 
to scavenge free radicals and prevent the testicular 
oxidative stress (Salem et  al., 2021). The present 
results of MNZ + LC-treated rats are in accordance 
with the findings (Abdel-Emam and Ahmed, 2021), 
who concluded that L. carnitine could reduce oxidative 
stress via diminished lipid peroxidation and improve 
antioxidant enzyme activities, including SOD and GPx. 
Intriguingly, the present results showed a significant 
elevation in GPx and SOD, accompanied by a lowering 
of MDA in mancozeb-treated rats that received both 
P. pinaster extract and L. carnitine (MCZ+PPE+LC 
group). This indicates the synergistic effects of both 
L. carnitine and the phytochemicals of P. pinaster 
extract, such as polyphenolic acid, flavonoids, and 
anthocyanins, which bolster the antioxidant defense 
in rats by inducing the synthesis of antioxidants and 
suppressing lipid peroxidation (Atta et al., 2020; Salem 
et  al., 2021). Importantly, P. pinaster extract and L. 
carnitine can prevent oxidative stress by removing 
free radicals directly, maintaining the integrity of 
mitochondria, and chelating catalytic metals serve as 
promoters of ROS like copper and iron, suppressing 
the enzyme-generating ROS, NADPH oxidases, and 
xanthine oxidase, accompanied by further production 
of antioxidant enzymes (Surai, 2015; Ferreira-Santos 
et al., 2020a; Abdel-Emam and Ahmed, 2021). 
In the current investigation, exposure of the rats to 
mancozeb caused a decline in serum concentrations 
of FSH, testosterone, and LH as compared to the 
control group; this agrees with (Skalny et  al., 2021), 
who observed that mancozeb and its metabolites have 
a toxic effect, as well as it can accumulate in the brain 
and testicular tissues, resulting in degeneration and 
apoptosis of the hypothalamic, gonadotropic, Leydig, 
and Sertoli cells, causing a decrement in serum FSH, 
and LH, in turn testosterone hormones. Moreover, 
the current results indicate the antiandrogenic and 
anti-steroidogenic effects of mancozeb, which inhibit 
and reduce the enzyme required to synthesize these 
hormones at the hypothalamus, pituitary, and testicular, 
HPT axis (Seshoka et al., 2021). The current results are 
consistent with (Elsharkawy et al., 2019), who reported 
a lower testosterone level upon exposure to mancozeb 
due to the suppression of testicular 3β-hydroxysteroid 
dehydrogenase, downregulation of steroidogenic acute 
regulatory protein, cytochrome P450 11A1 and 17A1 
(CYP11A1 and CYP17A1), LHβ receptor and FSHβ 
receptor genes, resulting in a reduction in testosterone 
biosynthesis (Bhaskar et al., 2014; Skalny et al., 2021).

Intriguingly, the serum levels of LH and FSH in the co-
administration of PPE and L. carnitine in mancozeb-
treated rats improved and enhanced due to the additive 
therapeutic role of both PPE and L. carnitine at the 
level HPT axis via their antioxidant, anti-inflammatory, 
and antiapoptotic activities (Fan et al., 2015; Alharbi, 
2024) causing regeneration of the hypothalamic, and 
pituitary cells which induce the gene expression of 
hypothalamic GNRH and pituitary LHβ, and FSHβ 
resulting to elevate the levels of LH and FSH, which 
impact on Leydig to induce testosterone synthesis 
and on Sertoli cells to promote spermatogenesis, 
respectively (Sudjarwo et al., 2019; Hafezi et al., 2022). 
These findings align with the current results of the co-
administration of PPE and L. carnitine (individually or 
in combination) in mancozeb-exposed rats. In addition, 
the present results are consistent with the findings of 
Atta et  al., (2020), who reported that PPE, a natural 
compound, had a protective role and could potentially 
reverse the oxidative alterations in brain and testicular 
tissues in rats via upregulation CYP17A1, 17β-HSD, 
FSHβr, and LHβr and aromatase genes in testicular 
tissues, subsequently enhancing and improving the 
biosynthesis of testosterone.
According to a previous study (Alyasari and 
Selman, 2023) that concluded that L. carnitine had 
antioxidant properties and was a positive regulator 
of testicular androgen production, L. carnitine could 
prevent testicular oxidative stress by blocking ROS 
production, upregulating the StRAR, steroidogenic 
enzyme (17β-HSD and 3β-HSD) genes, and inducing 
the transcriptional activators of the FSHβr, and LHβr 
gene in rats, resulting in elevated serum testosterone 
concentrations in male rats (Salem et al., 2021; Alyasari 
and Selman, 2023), these findings support the current 
results in Figures 2C and 3.
The direct cytotoxic impact of mancozeb in testicular 
tissues accompanied by lowering testosterone levels 
could be the main reason for decreasing seminal 
quality and elevating dead and abnormal sperm 
in the current experiment, according to previous 
investigations (Mohammadi-Sardoo et  al., 2018; 
Kumawat et al., 2024). Androgens and gonadotropins 
are vital in promoting spermatogenesis in male rats, 
so LH and FSH induce Leydig and Sertoli cells to 
synthesize testosterone and promote spermatogenesis, 
respectively; consequently, any lack of testosterone, 
FSH, and LH levels causes decreasing spermatogenesis, 
in turn, insufficient quantities of healthy sperm, 
and ultimately reduced fertility (Ramaswamy and 
Weinbauer, 2014; Elsharkawy et  al., 2019). The 
negative effects of mancozeb administration on the 
seminal fluid in the current experiment might be 
attributed to several mechanisms (Mohammadi-Sardoo 
et  al., 2021); one way was that the accumulation of 
mancozeb metabolites in testicles could damage and 
injure the Sertoli cells directly, in turn impairing and 
disrupting spermatogenesis and reducing sperm count 
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and viability (Elsharkawy et  al., 2019). Second, the 
drop in serum testosterone level investigated in the 
present experiment impairs spermatogenesis. Third, 
any change in gonadotropin levels can influence 
spermatogenesis (Ramaswamy and Weinbauer, 2014). 
Fourth, elevated testicular ROS levels directly affect 
the membrane polyunsaturated fatty acids of sperm, 
resulting in sperm dysfunction and reduced sperm 
viability, count, and motility of sperms (Ritchie and 
Ko, 2021). 
On the other hand, according to current findings, 
the administration of both P. pinaster extract 
with L. carnitine (PPE-LC) can play a major role 
collaboratively, rather than when they are performed 
individually, due to their synergistic abilities to 
improve seminal quality and eliminate the detrimental 
effects of mancozeb as reduced the abnormal and 
dead sperm with elevating the live, motility, and count 
sperm in mancozeb-PPE-LC treated rats that attributed 
to the quercetin, anthocyanin, and kaempferol abilities, 
the main natural antioxidants of P. pinaster extract, to 
prevent testicular oxidative stress (Yousuf et al., 2023) 
via inhibiting mancozeb metabolites’ accumulation in 
body organs, particularly testis, protecting spermatozoa 
membrane from free radicles, and preventing sperm 
deformities; as a result, enhancement the semen quality 
(Atta et al., 2020), all these findings align with current 
observation. 
Importantly, the current results were in line with the 
findings of (Abd-Elrazek and Ahmed-Farid, 2018), 
who concluded that the anti-apoptotic and antioxidant 
properties of L. carnitine can reduce the detrimental 
effects of mancozeb on mitochondrial, DNA, and plasma 
membrane integrity of sperm via lipid peroxidation 
reduction (Mardanshahi et al., 2019). L. carnitine had 
the ability to protect sperm membrane flexibility and 
maintain energy generation by removing the toxic 
acetyle-CoA and regulating fatty acid metabolism in 
sperm membrane that reflected positively in sperm 
viability and motility (Kooshesh et al., 2023), as well 
as, L. carnitine plays an avital role in incrementing the 
glial cells-derived neurotrophic factor, which enhanced 
the self-renewal of spermatogonia that influenced 
spermatogenesis (Cao et al., 2017). All the above facts 
may explain the current improvement in sperm quality 
in rats received L. carnitine after exposed to mancozeb. 
The testicular toxicity induced by mancozeb in current 
research might be due to the apoptotic properties of 
MCZ, which increased the permeability of Sertoli 
and Leydig mitochondria’ membrane and allowed the 
apoptotic factors to drain out (Mohammadi-Sardoo 
et al., 2018), concomitant with the generation of tumor 
necrosis factor is the major moderator of apoptosis 
(Gök and Deveci, 2022; Mesallam et al., 2023).
In the current study, the severity of histopathological 
alterations of testicle tissues in the mancozeb- L. 
carnitine-treated rats as well as in the mancozeb-P. 
pinaster extract-treated rats was lower than that 

investigated in the mancozeb-treated rats. These 
enhancement changes might be attributed to the 
antioxidant and anti-inflammatory properties of P. 
pinaster extract, which reverse oxidative stress and 
avoid depletion of the endogenous SOD, GSH, CAT, 
and vitamins E and C, which support the integrity of the 
basement membrane of germinal epithelia, Sertoli and 
Leydig cells membrane via limiting lipid peroxidation 
induced by ROS in testicular tissues (Kim et al., 2012). 
Previous studies have shown that P. pinaster extract 
can restore and recover the structural components of 
seminiferous epithelia and Leydig cells via the anti-
apoptotic and anti-inflammatory effects of its biological 
constituents like flavonoids, proanthocyanidin, and 
kaempferol (Sudjarwo et al., 2019; Khafaji, 2023). 
The current observation is consistent with (Ali 
et  al., 2024) who found that the protective effects 
of L. carnitine and its derivatives could be defended 
against any testicular oxidative stress and damage 
via suppressing malondialdehyde and nitric oxide 
formations and modulating mancozeb-induced 
alterations in the antioxidant defense mechanisms 
in rat tissues (Dehghani et  al., 2023). Additionally, a 
previous study had shown that L. carnitine can regulate 
the function of Sertoli cells and can protect the DNA, 
mitochondria, and membrane of sexual cells, Sertoli 
and Leydig cells, from ROS as well as facilitate 
carbohydrate and lipid intermediary metabolism for 
energy production required for sperm motility (Cao 
et  al., 2017). Furthermore, the current observations 
are  consistent with the finding of (Koohpeyma 
et  al., 2022), who reported that when administering 
200 mg/Kg of L. carnitine to male rats exposed to 
monosodium glutamate caused elevation in the testis 
weight and volume, enhanced the height of germinal 
epithelium, increment the volume, length, and diameter 
of seminiferous tubules, and reduction the apoptotic 
cells in seminiferous tubules, as well as, raising the 
quantities of spermatozoa and sexual lineage cells 
and sperm motility via the antioxidant properties of L. 
carnitine (Chang et al., 2023).
Limitations
The current experiment was conducted on male rats, 
and there was no evidence of humans due to species-
specific differences in physiology and metabolism. The 
current study primarily focused on testicular oxidative 
stress and antioxidant activities without evaluating 
other potential mechanisms, such as anti-inflammatory 
and anti-apoptotic effects through which P. pinaster 
extract and L. carnitine might affect reproductive 
health.

Conclusion
The findings highlight the antioxidant properties of 
Pinus pinaster and L. carnitine in mitigating oxidative 
stress via improving testicular health in rats exposed 
to Mancozeb. The current experiment first investigates 
the combined additive effects of P. pinaster extract 
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and L. carnitine on testicular oxidative stress in male 
rats exposed to mancozeb due to their antioxidant 
activities. Importantly, mancozeb co-treated with L. 
carnitine and P. pinaster extract can act additively as 
a therapeutic substance at the level of  hypothalamic-
pituitary-testis to improve fecundity traits via their 
antioxidant activities. Further experiments are required 
to identify the effects of P. pinaster extract on prostatic 
hyperplasia.
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