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Objective: Given the noteworthy implications of alcohol consumption and its association with male infertility, there has been a notable fo-
cus on investigating natural alternatives to mitigate its adverse effects. Thus, this study was conducted to assess the potential protective ef-
fect of phycocyanin extract derived from the blue algae Arthrospira (Spirulina) platensis against ethanol-induced oxidative stress, distur-
bances in testicular morphology, and alterations in sperm production.

Methods: Male rats were divided into four groups (five rats each): the control group received a saline solution, the ethanol exposed group
(EtOH) was subjected to intraperitoneal injections of 10 mL/kg of ethanol solution at a concentration of 38% (v/v), the phycocyanin alone
treated group (P) received oral administration of phycocyanin at a dosage of 50 mg/kg, and the phycocyanin-cotreated group (PE) was given
oral phycocyanin followed by ethanol injections. All treatments were administered over a period of 14 days.

Results: Our findings demonstrated that ethanol exposure induced reproductive toxicity, characterized by reduced sperm production and
viability, alterations in testicular weight and morphology, increased lipid peroxidation levels, and elevated oxidative enzyme activity. In addi-
tion, the ethanol-intoxicated group showed perturbations in serum biochemical parameters. However, the simultaneous exposure to ethanol
and phycocyanin exhibited a counteractive effect against ethanol toxicity.

Conclusion: The results showed that supplementation of phycocyanin prevented oxidative and testicular morphological damage-induced

by ethanol and maintained normal sperm production, and viability.
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Introduction

Substantial data suggest a continuous decline in worldwide male
fertility over the last few decades [1,2]. The World Health Organiza-
tion estimates that 9% of couples worldwide struggle with fertility
issues and that male factor infertility contributes to 50% of cases [3].
Several risk factors have been linked to this issue, including genetic
mutations, obesity, medications, and environmental toxins and
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drugs such as pesticides, smoking, and alcohol consumption [4,5].

Alcohol consumption is among the most common problems lead-
ing to fertility disturbance. It is associated with impaired semen pro-
duction, poor semen quality, low testosterone levels, irregularity in
reproductive organ structures, and perturbation in sexual behaviour.
Previous clinical studies have reported low testicular weight and in-
terrupted spermatogenesis in men with alcohol dependence syn-
drome [6].

Studies have shown that alcohol can interfere with the function of
the hypothalamus-pituitary-gonadal (HPG) axis and reduce the pro-
duction of gonadotropin releasing hormone (GnRH), luteinizing hor-
mone, and follicle-stimulating hormone, resulting in the impairment
of the activity of Leydig and Sertoli testicular cells, which play a cru-
cial role in testosterone production and sperm maturation respec-
tively [7]. Moreover, alcohol metabolism generates an excess of reac-
tive oxygen species (ROS), thereby causing a discrepancy in the oxi-
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dative stress status of the organism [8,9]. This mechanism is consid-
ered the main way by which alcohol induces ultrastructural changes
in the male reproductive system. In fact, recent animal studies
showed that daily ethanol (EtOH) administration increased malondi-
aldehyde (MDA) levels and decreased antioxidant enzyme activities
in the testis tissue of male rats [10], along with decreasing sperm
count, motility, and viability [11].

A wide range of treatment options for male infertility has been de-
veloped, ranging from adopting lifestyle changes such as alcohol ab-
stinence and better nutrition habits including more vitamins and
trace elements, to medical interventions such as electroejaculation
and sperm retrieval techniques [12]. Moreover, many pharmacologi-
cal treatments have demonstrated efficacy in optimizing sperm pro-
duction and motility, especially the hormonal administration of
GnRH, gonadotropins, and aromatase inhibitors. Alternative medici-
nal plants and food supplementation have also emerged in the phar-
maceutical market as potential treatment options for infertility due
to their antioxidant and scavenging properties, found essentially in
their secondary metabolites such as flavonoids, proteins, and pheno-
lic compounds [13].

Phycocyanin is an important natural phycobiliprotein and the most
abundant compound found in the blue algae Arthrospira platensis,
also known as Spirulina, a cyanobacterium with a long history of use
in traditional diets and herbal medicine [14]. Phycocyanin accounts
for almost 20% of its total protein level. It is a water-soluble blue pig-
ment composed of a chromophore bound covalently to a protein
through cysteine amino acids. It has been widely used in food and
cosmetic industries as a natural dye; it is also known for its interesting
anti-inflammatory, antioxidant, anti-cancer, and viral properties [15-
17]. Numerous animal trials attempting to evaluate phycocyanin food
supplementation against inflammation and diseases induced by oxi-
dative stress have shown that such supplementation could decrease
inflammation and apoptosis markers as well as structural alteration
related to acute myocardial infarction [18]. Additionally, Penton-Rol
et al. [19] reviewed phycocyanin’s protective effect against neurode-
generative disorders and discussed its role in the inhibition of nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidase activity and
the activation of aryl hydrocarbon receptors.

In the present study, we aimed to investigate whether phycocyan-
in supplementation at a dose of 50 mg/kg would prevent EtOH-in-
duced reproductive toxicity by promoting antioxidant defence sys-
tems in male Wistar rats.

Methods

1. Animals
Male Wistar rats weighing 160 to 230 g at the beginning of the ex-
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periment were purchased from Pasteur Institute, Tunisia and housed
in separate cages under controlled conditions of temperature (25 °C)
and a 12:12 light/dark cycle. All animals were provided with water
and food ad libitum and were acclimatized 10 days prior to the be-
ginning of the experiment. The animals were cared for in compliance
with the Institutional Ethics Committee code of practice for the Care
and Use of Animals for Scientific Purposes. The experimental proto-
cols were approved by the Ethics Committee of Faculty of Sciences,
Bizerta, Tunisia (July 10,2021, no. 1032021).

2. Experimental design

The rats were randomly divided into four groups, five animals per
group, and treated for 14 consecutive days as follows. In group 1
(control group), the rats received distilled water orally (10 mL/kg).
Group 2 (EtOH), the EtOH-treated group, received distilled water
orally (10 mL/kg), 1 hour before intraperitoneal EtOH injection with
10 mL/kg (38% v/v) [20]. Group 3, the phycocyanin-cotreated (PE)
group, received phycocyanin extract (BioAlgues Tunisia) orally at a
dose of 50 mg/kg [21,22], 1 hour before intraperitoneal EtOH injec-
tion. Lastly, group 4, the phycocyanin-treated (P) group, received
only phycocyanin extract at a dose of 50 mg/kg. All rats were moni-
tored daily for body weight during the experimental period.

3. Sperm analysis

The cauda of the epididymis was minced and homogenized in 1
mL of Earle’s medium solution with 0.2% bovine serum albumin,
penicillin (100 units/mL), and streptomycin (1 ug/mL), pH 7.2. The
sperm suspension was incubated for 10 minutes at a temperature of
37 °C to promote the release of sperm. The sperm count, sperm mo-
tility, and viability were determined using a hemacytometer accord-
ing to the method of Besley et al. [23]. The count was repeated three
times for each sample to minimize error. The ratio of live and dead
spermatozoa was determined using a drop of 1% trypan blue re-
agent (0.2%) mixed with diluted epididymal sperm suspension. Un-
stained spermatozoa were considered viable and stained sperm
were considered dead. Sperm viability was expressed as the percent-
age of stained sperm of the total sperm counted [24].

4, Oxidative stress measurement

The rats’ testes, prostate, and seminal vesicles were homogenized
in Tris-buffered saline. The homogenate was centrifuged at 4 °C at
9,000 rpm for 10 minutes, and the supernatants were collected. Pro-
tein levels were estimated by the Bradford method [25]. Superoxide
dismutase (SOD) and catalase (CAT) activities were measured in tis-
sue homogenates according to Misra and Fridovich [26] and Aebi
[27], respectively. Lipid peroxidation was assessed by measuring the
MDA level according to the Draper and Hadley [28] method. Hydro-
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gen peroxide (H,0,) level was assessed according to Jabri et al. [29].

5. Histological analyses

The organs were fixed overnight in a 10% paraformaldehyde at
room temperature. The fixed samples were dehydrated with EtOH
(50% to 100%), cleared by toluene series, and embedded overnight
in liquid paraffin. Sections of 5 um were mounted on gelatine-coat-
ed glass slides cut and stained with haematoxylin and eosin solution
for histopathological analyses under light microscopy.

6. Statistical analyses

First, the structure of the data was tested to assess normality (Sha-
piro-Wilk test) and equality of variance (Bartlett test). One-way anal-
ysis of variance (ANOVA) was performed to test for overall differences
between groups, and the Tukey multiple comparisons test was used
in pairwise comparisons of the treated and control groups. Data are
expressed as the meanzstandard error. A value of p<0.05 was con-
sidered statistically significant. Data were analysed using GraphPad
Prism ver. 5 software (GraphPad Software Inc.).

Results

1. Growth rate and relative weights of organs

The EtOH group had a significantly lower growth rate than the
control group. However, the PE group had no significant difference in
growth rate compared to the control group (Table 1). The testis
weight in the EtOH group was significantly lower than the weights in
the control and P groups. Meanwhile, the PE group maintained its
testis weight when compared to the control group, but showed a
significant increase versus the EtOH group. Rats exposed to EtOH
alone had a significantly lower prostate weight than those in the
control group. However, the combination of phycocyanin with alco-
hol led to a recovery of the gonad relative weight. No significant dif-

Table 1. Effects of ethanol and phycocyanin administration on growth
rates and relative weights of testis, prostate, and seminal vesicle
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ferences were noticed in the seminal vesicles' relative weights be-
tween the control group and any treated group (Table 1).

2. Sperm analysis

When compared to the control and P groups, the administration
of EtOH alone caused a substantial decrease in sperm count as well
as in the percentage of motile and viable sperm, while cotreatment
with EtOH and phycocyanin was effective in maintaining sperm pa-
rameters. No significant changes were observed in sperm parame-
ters between the P group and the control group (Table 2).

3. Lipid peroxidation and hydrogen peroxide levels

Lipid peroxidation was evaluated by examining MDA levels, which
were significantly higher in the EtOH rats' testes, prostate, and semi-
nal vesicles than in the control and P groups. Interestingly, co-admin-
istration of EtOH and phycocyanin significantly lowered the MDA
level when compared to the EtOH group. However, exposure to phy-
cocyanin alone had no significant effect on this parameter (Figure 1).

Moreover, H,0, production in the testes, prostate, and seminal
vesicles of the EtOH group was significantly higher than in the con-
trol and P groups. In contrast, the co-administration of phycocyanin
resulted in significantly lower H,0, levels in all reproductive organs
for the PE group than in the EtOH group (Figure 2).

4. Oxidative stress enzyme activities

Testicular SOD activity was significantly higher after subacute
EtOH exposure (EtOH group) than in the control and P groups. Con-
versely, co-administration of EtOH and phycocyanin balanced the
depletion of this antioxidant enzyme, whereas exposure to phycocy-
anin alone had no significant effect as compared to the control
group.

Unexpectedly, the rats exposed only to EtOH showed significantly
higher SOD activity in their prostates and seminal vesicles than the

Table 2. Effects of ethanol and phycocyanin administration on
spermogram

N Prostate Seminal vesicles
Groups Grow:h fate  Testis W.elg hto/ weight/body  weight/body
(%) i) weight (%) weight (%)
Control  39.53+9.22 1.17+£0.04 0.26 +0.004 0.47+0.05
EtOH  1687+162” 084+007" 017+£0007" 033+0.03
PE 25.13+2.69 1.17+006”  0.20+0.02 0.37+0.01
P 22.99+3.94 1.13+£0.03"”  021+001 0.45+0.02

Values are presented as meanzstandard error.

EtOH, ethanol-treated group; PE, phycocyanin-cotreated group at 50 mg/
kg; P, phycocyanin-treated group.

?p<0.05 as compared to the control group; "p<0.05 as compared to the
EtOH group.

Parameter Control EtOH PE P

Spermcount  1082+8.89 47.08+6.68" 94.64+6.38" 109.5+7.45"
(% 10° spz/mL)

Viability (%) 92.02+149 7303+4.97" 91.07+0.78” 9253+1.63”

Motility (%) 82.86+169 50.82+4.09” 8307+1.14" 84.02+3.18”

Values are presented as meanstandard error.

EtOH, ethanol-treated group; PE, phycocyanin-cotreated group at 50 mg/
kg; P, phycocyanin-treated group at 50 mg/kg; spz, spermatozoa.

?p<0.05 as compared to the control group; ”p<0.05 as compared to the
EtOH group.
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rats in the control and P groups. However, co-administration of phy-
cocyanin with alcohol maintained SOD status in these accessory
genital glands (Figure 3).

Figure 4 shows that in contrast to the control and P groups, EtOH
exposure in the EtOH group also induced significantly higher CAT ac-
tivity in the testis, prostate, and seminal vesicle tissues. Interestingly,
those changes were balanced by phycocyanin co-administration. No
significant changes were observed among the control, PE, and P
groups.

5. Testis histology

The testicular histology of the control and P groups displayed a
typical seminiferous tubule structure, characterized by the presence
of various components involved in the process of spermatogenesis
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(Figure 5A, 5B). The luminal space within the seminiferous tubules
exhibited normal spermatozoa content, and the basal region dis-
played clear individualization (Figure 5C).

In contrast, the histological examination of EtOH testes demon-
strated significant alterations. These included the atrophy of the
seminiferous tubules, with fewer spermatozoa within the lumen,
sloughing of the epithelium, and disruption of the spermatogenesis
process. Additionally, vascular congestion and interstitial oedema
were evident (Figure 5D, 5E), and the basal layer displayed a vacuo-
lated appearance (Figure 5F).

Remarkably, the PE rats experienced a protective histological fea-
ture in their testes. The basal layer of the seminiferous tubules re-
mained well individualized, in addition to a fully loaded lumen (Fig-
ure 5G). Nevertheless, certain seminiferous tubules demonstrated a
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Figure 1. Malondialdehyde (MDA) levels in the reproductive tissues of the control and treated groups: (A) testes, (B) prostate, (C) seminal
vesicles. Values are represented as meanztstandard error. EtOH, ethanol-treated group; PE, phycocyanin-cotreated group at 50 mg/kg; P,
phycocyanin-treated group at 50 mg/kg. *p<0.05 as compared to the control group; ”p<0.05 as compared to the EtOH group.
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Figure 2. H,0, levels in reproductive tissues of the control and treated groups: (A) testes, (B) prostate, (C) seminal vesicles. Values are
represented as meanzstandard error. EtOH, ethanol-treated group; PE, phycocyanin-cotreated group at 50 mg/kg; P, phycocyanin-treated
group at 50 mg/kg. p<0.05 as compared to the control group; ”p<0.05 as compared to the EtOH group.
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Figure 3. Superoxide dismutase (SOD) activity in the (A) testes, (B) prostate, and (C) seminal vesicles of the control and treated groups. Values
are represented as meanzstandard error. EtOH, ethanol-treated group; PE, phycocyanin-cotreated group at 50 mg/kg; P, phycocyanin-treated
group at 50 mg/kg. p<0.05 as compared to the control group; ”p<0.05 as compared to the EtOH group.
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Figure 4. Catalase (CAT) activity in the (A) testes, (B) prostate, and (C) seminal vesicles of the control and treated groups. Values are
represented as meanzstandard error. EtOH, ethanol-treated group; PE, phycocyanin-cotreated group at 50 mg/kg; P, phycocyanin-treated
group at 50 mg/kg. p<0.05 as compared to the control group; ”p<0.05 as compared to the EtOH group.

sloughing of the epithelial area (Figure 5H).

Discussion

Excessive alcohol consumption is a common issue among many
societies, and it is reported to negatively affect human health and to
have short- and long-term impacts, namely behavioural alterations,
cardiovascular complications, liver diseases, and several types of can-
cer [30]. Several studies have demonstrated that EtOH consumption
results as well in poor male reproductive capacity, including altered
sexual behaviour [31], low sperm quality, and testosterone produc-
tion [32]. The purpose of the present study was to investigate the
protective effects of phycocyanin extract from A. platensis on repro-
ductive parameters in adult male rats. Our results showed that the
exposure of rats to 38% v/v EtOH for 14 consecutive days significant-
ly lowered their growth rate as compared to the control group. Our
result agrees with previous data [33]. The decrease in growth rate

might be due to the mechanism by which alcohol depresses intesti-
nal function and promotes a false feeling of satiation, thereby reduc-
ing food intake [34]. Remarkably, rats subjected to co-exposure of
EtOH and phycocyanin, and those exposed solely to phycocyanin,
exhibited consistent and unimpaired growth rates. One explanation
for the protective effect of phycocyanin against weight loss is its abil-
ity to enhance the functional activities of the gastrointestinal tract by
improving nutrient utilization and absorption. Additionally, phycocy-
anin has been implicated in the modulation of gut microbiota, pro-
moting the proliferation of beneficial bacterial phyla such as Bifido-
bacterium and Lactobacillus, while simultaneously reducing the
abundance of harmful bacteria like Enterococcus and Escherichia
coli. This modulation of the gut microbiota can influence intestinal
function and permeability, as well as foster a healthier gut environ-
ment [35]. Furthermore, studies emphasize the importance of opti-
mal protein intake in preserving muscle mass and promoting an
overall healthy growth rate [36]. Our findings align with the previous

https://doi.org/10.5653/cerm.2023.06422
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Figure 5. Effects of ethanol and phycocyanin on testis histology.
Photomicrography of haematoxylin and eosin-stained sections of
control rats (A, B); testes from rats exposed to ethanol 38% (D, E,
F); testes from rats cotreated with ethanol and phycocyanin at 50
mg/kg (G, H); testes from rats exposed to phycocyanin alone at 50
mg/kg (C). ST1, normal aspect of seminiferous tubules fully loaded
with spermatozoa; ST2, seminiferous tubules poorly loaded with
spermatozoa; SE, sloughing of the epithelium; BS1, normal aspect of
basal seat; BS2, basal seat with vacuolised appearance; VC, vascular
congestion; |0, interstitial oedema.

study of Husain et al. [37], demonstrating that phycocyanin supple-
mentation at 200 mg/kg effectively counteracted the weight loss in-
duced by streptozotocin in male rats.

The structure and function of male reproductive organs are intri-
cately associated with androgen levels and the proper functioning of
Leydig and Sertoli cells, which play vital roles in the spermatogenesis
process. Consequently, any disruption in the hormonal pathway can
lead to abnormalities in the reproductive organs. Therefore, assess-
ing organ weight can serve as a crucial indicator of the effects of al-

www.eCERM.org

CERMB

cohol on the reproductive system.

In line with this, our study examined the impact of EtOH with a
concentration of 38% v/v on testis and prostate size. Remarkably, a
significant reduction in testis index was observed in the EtOH group
compared to both the control and P groups. Previous research has
already demonstrated the potential influence of alcohol on testos-
terone production, including the stimulation of beta-endorphin re-
lease, disturbances in corticosterone levels, and activation of the aro-
matization process, which converts testosterone into oestrogen.
These processes are believed to contribute to testicular and accesso-
ry sex gland atrophy [38]. Interestingly, the concurrent administra-
tion of EtOH and phycocyanin demonstrated the preservation of a
normal testis size in rats. Previous in vitro studies have highlighted
the cytoprotective properties of phycocyanin, since it enhances cell
viability and downregulates necroptotic pathways in GC-1 SPZ cell
models. Phycocyanin has been observed to enhance testosterone
release, stabilize feedback mechanisms, and improve spermatogen-
esis [39]. Furthermore, it has been reported that the structure of the
phycocyanin chromophore exhibits similarities to bilirubin, which
has been shown to inhibit the NADPH oxidase system responsible
for triggering oxidative stress and apoptotic pathways within the cell
membrane of the testis [40]. In this context it is noteworthy to con-
sider that the activation of the NADPH system is one of the pathways
involved in EtOH oxicity [41]. Taken together, these collective find-
ings underscore the beneficial effects of phycocyanin in conferring
protection to the testes and its potential to support the healthy de-
velopment and function of male reproductive organs.

Sperm analysis is a common measurement to indicate the state of
testicular function, and male fertility, a low sperm count, and poor
sperm quality are associated with reduced fertility [42]. Our results
showed that the EtOH rats had a smaller number of spermatozoa as
well as a lower percentage of sperm viability and motility when com-
pared with the control group. The alteration of sperm count and
quality may be explained by the direct and indirect effects of EtOH
on reproductive organs and hormones. It is suggested that EtOH de-
creases testosterone production by interfering with HPG axis activity
and inhibits the expression of testicular proteins, namely androgen
receptor proteins, heat shock protein (HSP70), and tyrosine-phos-
phorylated protein, which are associated with androgen binding,
apoptosis prevention, and progressive sperm motility [43]. Further-
more, a recent study that investigated the effects of alcohol on tes-
tosterone synthesis in men has shown that acute consumption of a
low or moderate dose of alcohol increases serum testosterone levels,
while excessive or chronic absorption reduces androgen production
with an increase in HPG axis activity, inflammation, and oxidative
stress [44]. It has also been reported that alcohol dehydrogenase is
present in the interstitial cells and seminiferous tubules of the testes,
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which promotes cell damage during alcohol metabolism by enhanc-
ing toxic radical production and, therefore, inducing histopathologi-
cal alterations [45].

Our study yielded intriguing results, demonstrating that the ad-
ministration of phycocyanin, either alone or in combination with
EtOH, had positive effects on sperm production, viability, and motili-
ty. The membranes of spermatozoa contain substantial quantities of
polyunsaturated fatty acids, making them highly susceptible to
damage induced by ROS, oxidative stress, and subsequent apoptotic
effects. These factors lead to a decline in seminal parameters, which
aligns with the aforementioned deleterious effects associated with
alcohol consumption [46]. In this regard, various in vitro and in vivo
investigations have demonstrated that phycocyanin exhibits ROS
scavenging and anti-apoptotic properties. This is attributed to its
ability to inhibit the cyclooxygenase-1 (COX-1) and cyclooxygen-
ase-2 (COX-2) pathways, as well as its capacity to reduce the expres-
sion of inducible nitric oxide synthase induced by lipopolysaccharide
and modulate the cytochrome P450 pathway [17]. Moreover, a study
has found that phycocyanin can maintain normal serum testoster-
one levels and preserve sperm quality parameters in mice subjected
to cadmium intoxication. The authors propose that the protective ef-
fects of phycocyanin can be attributed to its high cellular penetration
and antioxidant capabilities [47].

In the present study, EtOH exposure also resulted in significantly
higher levels of lipid peroxidation and H,0, in the testis, prostate,
and seminal vesicle tissues for the EtOH group than for the control
and P groups. Our results are consistent with previous studies that
demonstrated that oral or intraperitoneal EtOH exposure induces the
production of free radicals and lipid peroxides [48,49]. It has been re-
ported that EtOH metabolization by cytochrome C (Cyp450) within
the microsome and mitochondria leads to excessive production of
hydroxyl radicals, namely O-, and H,0,, due to the high NADPH ac-
tivity of Cyp540 [50]. Moreover, it has been discussed that EtOH may
enhance the activity of the enzyme xanthine oxidoreductase, which
reacts consequently with acetyl aldehyde, a primary metabolic com-
pound of EtOH metabolism, and that it may regenerate ROS such as
H,0, [51]. High level of ROS may lead to lipid damage, particularly
lipid molecules with carbon double bonds, such as polyunsaturated
fatty acids. ROS initiate their reaction by the abstraction of a hydro-
gen molecule from the carbon bonds, which results in the produc-
tion of lipid radicals and a subsequent propagation of chain reac-
tions. The oxidation of cell lipids, namely membrane phospholipids,
produces several primary and secondary products, among them
MDA, which is considered one of the most toxic and mutagenic
products [52]. Combined administration of EtOH and phycocyanin in
the current study resulted in significantly lower lipid peroxidation
and H,0, production in all reproductive organ tissues as compared

Clin Exp Reprod Med 2024;51(2):102-111

to the EtOH group. This can be explained by the scavenging proper-
ties of phycocyanin; in fact, previous in vivo and in vitro studies have
demonstrated that phycocyanin extracted from A. platensis reduced
ROS levels [14] and inhibited lipid peroxidation in rat liver micro-
somes [53].

SOD and CAT are the first line of antioxidant enzymatic defence.
SOD is a metalloenzyme divided into four different subgroups based
on its metal factors and distributed throughout different subcellular
compartments. The SOD defence mechanism against ROS consists of
reducing the superoxide anion (O,-) level in a cell by converting it
into H,0, [54]. This process is completed by CAT activity, which neu-
tralizes H,0, and breaks it down into harmless molecules of oxygen
and water [55]. In our study, exposure to EtOH induced a perturba-
tion of the activity of antioxidant enzymes within the testis, prostate,
and seminal vesicle tissues. The EtOH group showed significantly
higher activity of SOD and CAT than the control and P groups. The
difference in SOD and CAT activities may be a response to the high
level of MDA and H,0, production. Our data are partially consistent
with a previous study of alcohol induced testicular toxicity [56].

A histological investigation was carried out for a better under-
standing of alcohol-induced testicular atrophy. Microscopic exam-
ination of the control and P groups showed a normal testicular struc-
ture characterized by well-developed seminiferous tubules abun-
dantly populated with spermatozoa. Conversely, the EtOH group dis-
played lesions in the epithelium of the seminiferous tubules, includ-
ing widened interstitial spaces and a vacuolated appearance of the
basal region, indicative of disrupted spermatogenesis. Moreover, the
lumens of the seminiferous tubules in the EtOH group showed fewer
spermatozoa compared to the control group. Notably, vascular con-
gestion and interstitial oedema were also observed. Our results are
consistent with an earlier report following exposure to 10% EtOH
[57].

Remarkably, a histological analysis of the testes from the PE rats
cotreated with EtOH and phycocyanin at a dosage of 50 mg/kg
demonstrated a well-preserved structure of the seminiferous tu-
bules, characterized by a clearly individualized basal region and lu-
mens filled with spermatozoa, as compared to the EtOH group. These
findings highlight the potential protective effects of phycocyanin
against EtOH-induced testicular damage.

In the present study, phycocyanin alone at the dose used did not
have significant effects on the parameters investigated. No differenc-
es were observed between the P and control groups. However, when
associated with EtOH, a pro-oxidant agent, phycocyanin exhibited a
protective effect by relieving all alcohol-related adverse effects. This
result may be explained mainly by its substantial antioxidant poten-
tial in reducing the oxidative stress and ROS levels. Indeed, the lack
of significant effects of phycocyanin alone could be explained by the
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low level of oxidative stress in healthy rats not exposed to EtOH and
by the absence of toxicity of phycocyanin consumption as reported
in previous studies [58,59].

In conclusion, the findings of our study provide evidence that alco-
hol induces oxidative stress damage in the testes, prostate, and semi-
nal vesicles. It also leads to disturbances in testicular histology and a
decline in sperm functional parameters. However, phycocyanin
cotreatment ameliorates the alcohol-induced perturbations by miti-
gating oxidative stress damage and preserving the spermatogenesis
process. These results suggest the potential of phycocyanin as an al-
ternative to counteract the detrimental effects of alcohol on male re-
productive health.

Conflict of interest

No potential conflict of interest relevant to this article was report-
ed.

Acknowledgments

The authors express their sincere thanks to Professor Youssef
Krichen, CEO of Bio Algae Tunisia, for the free supply of phycocyanin,
and to Dr Sihem Ben Hassine for her technical assistance.

ORCID

Oumayma Boukari
Mohsen Sakly

https://orcid.org/0000-0001-5695-6843
https://orcid.org/0000-0001-8980-3712

Author contributions

Conceptualisation: MS. Data curation: OT. Formal analysis: SG.
Methodology: DH. Project administration: KBR. Visualisation: TL.
Wrinting original draft: OB. Writing review & editing: WK.

References

1. Skakkebaek NE, Jorgensen N, Main KM, Rajpert-De Meyts E, Lef-
fers H, Andersson AM, et al. Is human fecundity declining? Int J
Androl 2006;29:2-11.

2. Mann U, Shiff B, Patel P. Reasons for worldwide decline in male
fertility. Curr Opin Urol 2020;30:296-301.

3. Fainberg J, Kashanian JA. Recent advances in understanding and
managing male infertility. F1000Res 2019;8:F1000 Faculty Rev-
670.

4, Mima M, Greenwald D, Ohlander S. Environmental toxins and
male fertility. Curr Urol Rep 2018;19:50.

www.eCERM.org

CERMB

5. Leslie SW, Soon-Sutton TL, Khan MAB. Male infertility. In: Stat-
Pearls. StatPearls Publishing; 2023 [cited 2023 Oct 20]. Available
from: https://www.ncbi.nlm.nih.gov/books/NBK562258

6. Sansone A, Di Dato C, de Angelis C, Menafra D, Pozza C, Pivonello
R, et al. Smoke, alcohol and drug addiction and male fertility. Re-
prod Biol Endocrinol 2018;16:3.

7. Emanuele MA, Emanuele NV. Alcohol’s effects on male reproduc-
tion. Alcohol Health Res World 1998;22:195-201.

8. Sengupta P, Dutta S, Alahmar AT. Reductive stress and male infer-
tility. Adv Exp Med Biol 2022;1391:311-21.

9. Prokopieva VD, Vetlugina TP. Features of oxidative stress in alco-
holism. Biomed Khim 2023;69:83-96.

10. Akbari A, Nasiri K, Heydari M, Mosavat SH, Iraji A. The protective
effect of hydroalcoholic extract of Zingiber officinale Roscoe (Gin-
ger) on ethanol-induced reproductive toxicity in male rats. J Evid
Based Complementary Altern Med 2017;22:609-17.

11. Akomolafe SF, Oboh G, Akindahunsi AA, Afolayan AJ. Ethanol-in-
duced male infertility: effects of aqueous leaf extract of Tetra-
carpidium conophorum. Andrologia 2017;49:e12759.

12. Leaver RB. Male infertility: an overview of causes and treatment
options. BrJ Nurs 2016;25:535-40.

13. Dabaja AA, Schlegel PN. Medical treatment of male infertility.
Transl Androl Urol 2014;3:9-16.

14. Pez Jaeschke D, Rocha Teixeira |, Damasceno Ferreira Marczak L,
Domeneghini Mercali G. Phycocyanin from Spirulina: a review of
extraction methods and stability. Food Res Int 2021;143:110314.

15. Farooq SM, Boppana NB, Devarajan A, Sekaran SD, Shankar EM, Li
G, et al. C-phycocyanin confers protection against oxalate-medi-
ated oxidative stress and mitochondrial dysfunctions in MDCK
cells. PLoS One 2014;9:293056.

16. Munawaroh HS, Gumilar GG, Alifia CR, Marthania M, Stella-
sary B, Yuliani G, et al. Photostabilization of phycocyanin from
Spirulina platensis modified by formaldehyde. Process Bio-
chem 2020;94:297-304.

17. Fernandes R, Campos J, Serra M, Fidalgo J, Aimeida H, Casas A, et
al. Exploring the benefits of phycocyanin: from spirulina cultiva-
tion to its widespread applications. Pharmaceuticals (Basel)
2023;16:592.

18. Blas-Valdivia V, Moran-Dorantes DN, Rojas-Franco P, Franco-Colin
M, Mirhosseini N, Davarnejad R, et al. C-phycocyanin prevents
acute myocardial infarction-induced oxidative stress, inflamma-
tion and cardiac damage. Pharm Biol 2022;60:755-63.

19. Penton-Rol G, Marin-Prida J, McCarty MF. C-phycocyanin-derived
phycocyanobilin as a potential nutraceutical approach for major
neurodegenerative disorders and COVID-19-induced damage to
the nervous system. Curr Neuropharmacol 2021;19:2250-75.

20. Boonlert W, Benya-Aphikul H, Umka Welbat J, Rodsiri R. Ginseng

109


https://doi.org/10.1111/j.1365-2605.2005.00573.x
https://doi.org/10.1111/j.1365-2605.2005.00573.x
https://doi.org/10.1111/j.1365-2605.2005.00573.x
https://doi.org/10.1097/mou.0000000000000745
https://doi.org/10.1097/mou.0000000000000745
https://doi.org/10.12688/f1000research.17076.1
https://doi.org/10.12688/f1000research.17076.1
https://doi.org/10.12688/f1000research.17076.1
https://doi.org/10.1007/s11934-018-0804-1
https://doi.org/10.1007/s11934-018-0804-1
www.ncbi.nlm.nih.gov/books/NBK562258
https://doi.org/10.1186/s12958-018-0320-7
https://doi.org/10.1186/s12958-018-0320-7
https://doi.org/10.1186/s12958-018-0320-7
https://www.ncbi.nlm.nih.gov/pubmed/15706796
https://www.ncbi.nlm.nih.gov/pubmed/15706796
https://doi.org/10.1007/978-3-031-12966-7_17
https://doi.org/10.1007/978-3-031-12966-7_17
https://doi.org/10.18097/pbmc20236902083
https://doi.org/10.18097/pbmc20236902083
https://doi.org/10.1177/2156587216687696
https://doi.org/10.1177/2156587216687696
https://doi.org/10.1177/2156587216687696
https://doi.org/10.1177/2156587216687696
https://doi.org/10.1111/and.12759
https://doi.org/10.1111/and.12759
https://doi.org/10.1111/and.12759
https://doi.org/10.12968/bjon.2016.25.18.s35
https://doi.org/10.12968/bjon.2016.25.18.s35
https://www.ncbi.nlm.nih.gov/pubmed/26816749
https://www.ncbi.nlm.nih.gov/pubmed/26816749
https://doi.org/10.1016/j.foodres.2021.110314
https://doi.org/10.1016/j.foodres.2021.110314
https://doi.org/10.1016/j.foodres.2021.110314
https://doi.org/10.1371/journal.pone.0093056
https://doi.org/10.1371/journal.pone.0093056
https://doi.org/10.1371/journal.pone.0093056
https://doi.org/10.1371/journal.pone.0093056
https://doi.org/10.1016/j.procbio.2020.04.021
https://doi.org/10.1016/j.procbio.2020.04.021
https://doi.org/10.1016/j.procbio.2020.04.021
https://doi.org/10.1016/j.procbio.2020.04.021
https://doi.org/10.3390/ph16040592
https://doi.org/10.3390/ph16040592
https://doi.org/10.3390/ph16040592
https://doi.org/10.3390/ph16040592
https://doi.org/10.1080/13880209.2022.2055089
https://doi.org/10.1080/13880209.2022.2055089
https://doi.org/10.1080/13880209.2022.2055089
https://doi.org/10.1080/13880209.2022.2055089
https://doi.org/10.2174/1570159x19666210408123807
https://doi.org/10.2174/1570159x19666210408123807
https://doi.org/10.2174/1570159x19666210408123807
https://doi.org/10.2174/1570159x19666210408123807
https://doi.org/10.3390/nu9090931

B CERM

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

extract G115 attenuates ethanol-induced depression in mice by
increasing brain BDNF levels. Nutrients 2017;9:931.

Salama A, Hussein RA, Mettwally WS, Helmy MS, Ali GH. C-phyco-
cyanin isolated from Microcystis aeruginosa Kutzing mitigates re-
nal injury induced by potassium dichromate via toll-like recep-
tor-4 down regulation in rats. Egypt J Chem 2021;64:3439-50.
Oumayma B, Wahid K, Soumaya G, Olfa T, Ben Rhouma K, Mohsen
S, et al. Phycocyanin improved alcohol-induced hepatorenal tox-
icity and behavior impairment in Wistar rats. Drug Chem Toxicol
2023;46:1187-92.

Besley MA, Eliarson R, Gallegosm AJ, Moghissi KS, Paulsen CA,
Prasad MR. Laboratory manual for the examination of human se-
men and semen-cervical mucus interaction. WHO Press; 1980.
Dorsaf H, Sabrine M, Zaineb BB, Olfa T, Mohsen S, Khemais BR. Re-
productive toxicity of Carlina gummifera L. incense inhalation in
adult male Wistar rats. J Hum Reprod Sci 2022;15:12-20.

Bradford MM. A rapid and sensitive method for the quantitation
of microgram quantities of protein utilizing the principle of pro-
tein-dye binding. Anal Biochem 1976;72:248-54.

Misra HP, Fridovich . The role of superoxide anion in the autoxida-
tion of epinephrine and a simple assay for superoxide dismutase.
J Biol Chem 1972;247:3170-5.

Aebi H. Catalase in vitro. Methods Enzymol 1984;105:121-6.
Draper HH, Hadley M. Malondialdehyde determination as index
of lipid peroxidation. Methods Enzymol 1990;186:421-31.

Jabri MA, Rtibi K, Sebai H. Chamomile decoction mitigates high
fat diet-induced anxiety-like behavior, neuroinflammation and
cerebral ROS overload. Nutr Neurosci 2022;25:1350-61.

Shield KD, Parry C, Rehm J. Chronic diseases and conditions relat-
ed to alcohol use. Alcohol Res 2013;35:155-73.

Avila MA, Marthos GC, Oliveira LG, Figueiredo EC, Giusti-Paiva A,
Vilela FC. Effect of prenatal ethanol exposure on sexual motiva-
tion in adult rats. Alcohol 2016;54:11-6.

Condorelli RA, Calogero AE, Vicari E, La Vignera S. Chronic con-
sumption of alcohol and sperm parameters: our experience and
the main evidences. Andrologia 2015;47:368-79.

Milat AM, Mudnic |, Grkovic |, Kljucevic N, Grga M, Jercic |, et al. Ef-
fects of white wine consumption on weight in rats: do polyphe-
nols matter? Oxid Med Cell Longev 2017;2017:8315803.

Shyngle KB. Chronic intake of separate and combined alcohol
and nicotine on body maintenance among albino rats. J Hum
Ecol 2006;19:21-4.

Xie Y, LiW, Zhu L, Zhai S, Qin S, Du Z. Effects of phycocyanin in
modulating the intestinal microbiota of mice. Microbiologyopen
2019;8:00825.

Lonnie M, Hooker E, Brunstrom JM, Corfe BM, Green MA, Watson
AW, et al. Protein for life: review of optimal protein intake, sustain-

110

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

Clin Exp Reprod Med 2024;51(2):102-111

able dietary sources and the effect on appetite in ageing adults.
Nutrients 2018;10:360.

Husain A, Alouffi S, Khanam A, Akasha R, Farooqui A, Ahmad S.
Therapeutic efficacy of natural product ‘C-phycocyanin’in allevi-
ating streptozotocin-induced diabetes via the inhibition of glyca-
tion reaction in rats. Int J Mol Sci 2022;23:14235.

Walker WH. Androgen actions in the testis and the regulation of
spermatogenesis. Adv Exp Med Biol 2021;1288:175-203.

Yang FH, Dong XL, Liu GX, Teng L, Wang L, Zhu F, et al. The protec-
tive effect of C-phycocyanin in male mouse reproductive system.
Food Funct 2022;13:2631-46.

Briseno-Bugarin J, Hernandez-Ochoa |, Araujo-Padilla X, Moji-
ca-Villegas MA, Montano-Gonzalez R, Gutierrez-Salmean G, et al.
Phycobiliproteins ameliorate gonadal toxicity in male mice treat-
ed with cyclophosphamide. Nutrients 2021;13:2616.

Leite LN, do Vale GT, Simplicio JA, De Martinis BS, Carneiro FS, Ti-
rapelli CR. Ethanol-induced erectile dysfunction and increased
expression of pro-inflammatory proteins in the rat cavernosal
smooth muscle are mediated by NADPH oxidase-derived reactive
oxygen species. Eur J Pharmacol 2017;804:82-93.

Kumar N, Singh AK. Trends of male factor infertility, an important
cause of infertility: a review of literature. J Hum Reprod Sci 2015;8:
191-6.

Tangsrisakda N, lamsaard S. Effect of ethanol on the changes in
testicular protein expression in adult male rats. Andrologia
2020;52:¢13784.

. Smith SJ, Lopresti AL, Fairchild T). The effects of alcohol on testos-

terone synthesis in men: a review. Expert Rev Endocrinol Metab
2023;18:155-66.

Chiao YB, Van Thiel DH. Characterization of rat testicular alcohol
dehydrogenase. Alcohol Alcohol 1986;21:9-15.

Villaverde Al, Netherton J, Baker MA. From past to present: the
link between reactive oxygen species in sperm and male infertili-
ty. Antioxidants (Basel) 2019;8:616.

Montano-Gonzalez Rl, Gutierrez-Salmean G, Mojica-Villegas MA,
Cristobal-Luna JM, Briseno-Bugarin J, Chamorro-Cevallos G. Phy-
cobiliproteins extract from Spirulina protects against single-dose
cadmium-induced reproductive toxicity in male mice. Environ Sci
Pollut Res Int 2022;29:17441-55.

Dosumu OO, Duru Fl, Osinubi AA, Oremosu AA, Noronha CC. In-
fluence of virgin coconut oil (VCNO) on oxidative stress, serum
testosterone and gonadotropic hormones (FSH, LH) in chronic
ethanol ingestion. Agric Biol JN Am 2010;1:1126-32.

Uysal M, Kutalp G, Ozdemirler G, Aykac G. Ethanol-induced
changes in lipid peroxidation and glutathione content in rat
brain. Drug Alcohol Depend 1989;23:227-30.

Albano E. Alcohol, oxidative stress and free radical damage. Proc

https://doi.org/10.5653/cerm.2023.06422


https://doi.org/10.3390/nu9090931
https://doi.org/10.3390/nu9090931
https://doi.org/10.1080/01480545.2022.2139843
https://doi.org/10.1080/01480545.2022.2139843
https://doi.org/10.1080/01480545.2022.2139843
https://doi.org/10.1080/01480545.2022.2139843
https://doi.org/10.1080/01480545.2022.2139843
https://doi.org/10.4103/jhrs.jhrs_149_21
https://doi.org/10.4103/jhrs.jhrs_149_21
https://doi.org/10.4103/jhrs.jhrs_149_21
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/s0021-9258(19)45228-9
https://doi.org/10.1016/s0021-9258(19)45228-9
https://doi.org/10.1016/s0021-9258(19)45228-9
https://doi.org/10.1016/s0076-6879(84)05016-3
https://doi.org/10.1016/0076-6879(90)86135-i
https://doi.org/10.1016/0076-6879(90)86135-i
https://doi.org/10.1080/1028415x.2020.1859727
https://doi.org/10.1080/1028415x.2020.1859727
https://www.ncbi.nlm.nih.gov/pubmed/24881324
https://www.ncbi.nlm.nih.gov/pubmed/24881324
https://doi.org/10.1016/j.alcohol.2016.05.002
https://doi.org/10.1016/j.alcohol.2016.05.002
https://doi.org/10.1016/j.alcohol.2016.05.002
https://doi.org/10.1111/and.12284
https://doi.org/10.1111/and.12284
https://doi.org/10.1111/and.12284
https://doi.org/10.1155/2017/8315803
https://doi.org/10.1155/2017/8315803
https://doi.org/10.1155/2017/8315803
https://doi.org/10.1080/09709274.2006.11905852
https://doi.org/10.1080/09709274.2006.11905852
https://doi.org/10.1080/09709274.2006.11905852
https://doi.org/10.1002/mbo3.825
https://doi.org/10.1002/mbo3.825
https://doi.org/10.1002/mbo3.825
https://doi.org/10.3390/nu10030360
https://doi.org/10.3390/nu10030360
https://doi.org/10.3390/nu10030360
https://doi.org/10.3390/nu10030360
https://doi.org/10.3390/ijms232214235
https://doi.org/10.3390/ijms232214235
https://doi.org/10.3390/ijms232214235
https://doi.org/10.3390/ijms232214235
https://doi.org/10.1007/978-3-030-77779-1_9
https://doi.org/10.1007/978-3-030-77779-1_9
https://doi.org/10.1039/d1fo03741b
https://doi.org/10.1039/d1fo03741b
https://doi.org/10.1039/d1fo03741b
https://doi.org/10.3390/nu13082616
https://doi.org/10.3390/nu13082616
https://doi.org/10.3390/nu13082616
https://doi.org/10.3390/nu13082616
https://doi.org/10.1016/j.ejphar.2017.03.024
https://doi.org/10.1016/j.ejphar.2017.03.024
https://doi.org/10.1016/j.ejphar.2017.03.024
https://doi.org/10.1016/j.ejphar.2017.03.024
https://doi.org/10.4103/0974-1208.170370
https://doi.org/10.4103/0974-1208.170370
https://doi.org/10.4103/0974-1208.170370
https://doi.org/10.1111/and.13784
https://doi.org/10.1111/and.13784
https://doi.org/10.1111/and.13784
https://doi.org/10.1080/17446651.2023.2184797
https://doi.org/10.1080/17446651.2023.2184797
https://doi.org/10.1080/17446651.2023.2184797
https://doi.org/10.1093/oxfordjournals.alcalc.a044597
https://doi.org/10.1093/oxfordjournals.alcalc.a044597
https://doi.org/10.3390/antiox8120616
https://doi.org/10.3390/antiox8120616
https://doi.org/10.3390/antiox8120616
https://doi.org/10.1007/s11356-021-16668-3
https://doi.org/10.1007/s11356-021-16668-3
https://doi.org/10.1007/s11356-021-16668-3
https://doi.org/10.1007/s11356-021-16668-3
https://doi.org/10.5251/abjna.2010.1.6.1126.1132
https://doi.org/10.5251/abjna.2010.1.6.1126.1132
https://doi.org/10.5251/abjna.2010.1.6.1126.1132
https://doi.org/10.5251/abjna.2010.1.6.1126.1132
https://doi.org/10.1016/0376-8716(89)90085-9
https://doi.org/10.1016/0376-8716(89)90085-9
https://doi.org/10.1079/pns2006496
https://doi.org/10.5653/cerm.2023.06422

O Boukari et al.

51.

52.

53.

54.

55.

56.

Nutr Soc 2006;65:278-90.

Oei HH, Zoganas HC, McCord JM, Schaffer SW. Role of acetalde-
hyde and xanthine oxidase in ethanol-induced oxidative stress.
Res Commun Chem Pathol Pharmacol 1986;51:195-203.

Ayala A, Munoz MF, Arguelles S. Lipid peroxidation: production,
metabolism, and signaling mechanisms of malondialdehyde and
4-hydroxy-2-nonenal. Oxid Med Cell Longev 2014;2014:360438.
Bhat VB, Madyastha KM. C-phycocyanin: a potent peroxyl radical
scavenger in vivo and in vitro. Biochem Biophys Res Commun
2000;275:20-5.

Younus H. Therapeutic potentials of superoxide dismutase. Int J
Health Sci (Qassim) 2018;12:88-93.

Nandi A, Yan LJ, Jana CK, Das N. Role of catalase in oxidative
stress- and age-associated degenerative diseases. Oxid Med Cell
Longev 2019;2019:9613090.

Dosumu OO, Akinola OB, Akang EN. Alcohol-induced testicular

www.eCERM.org

Phycocyanin improves alcohol reproductive toxicity

57.

58.

59.

CERMB

oxidative stress and cholesterol homeostasis in rats: the thera-
peutic potential of virgin coconut oil. Middle East Fertil Soc J
2012;17:122-8.

Owembabazi E, Nkomozepi P, Calvey T, Mbajiorgu EF. Co-adminis-
tration of alcohol and combination antiretroviral therapy (cART)
in male Sprague Dawley rats: a study on testicular morphology,
oxidative and cytokines perturbations. Anat Cell Biol 2023;56:236-
51.

Akhilender Naidu K, Sarada R, Manoj G, Khan MY, Mahadeva
Swamy M, Viswanatha S, et al. Toxicity assessment of phycocyan-
in: a blue colorant from blue green alga Spirulina platensis. Food
Biotechnol 1999;13:51-66.

Grover P, Bhatnagar A, Kumari N, Narayan Bhatt A, Kumar Nishad
D, Purkayastha J. C-Phycocyanin: a novel protein from Spirulina
platensis: in vivo toxicity, antioxidant and immunomodulatory
studies. Saudi J Biol Sci 2021;28:1853-9.


https://doi.org/10.1079/pns2006496
https://www.ncbi.nlm.nih.gov/pubmed/3754347
https://www.ncbi.nlm.nih.gov/pubmed/3754347
https://www.ncbi.nlm.nih.gov/pubmed/3754347
https://doi.org/10.1155/2014/360438
https://doi.org/10.1155/2014/360438
https://doi.org/10.1155/2014/360438
https://doi.org/10.1006/bbrc.2000.3270
https://doi.org/10.1006/bbrc.2000.3270
https://doi.org/10.1006/bbrc.2000.3270
https://doi.org/10.1155/2019/9613090
https://doi.org/10.1155/2019/9613090
https://doi.org/10.1155/2019/9613090
https://doi.org/10.1016/j.mefs.2011.12.005
https://doi.org/10.1016/j.mefs.2011.12.005
https://doi.org/10.1016/j.mefs.2011.12.005
https://doi.org/10.1016/j.mefs.2011.12.005
https://doi.org/10.5115/acb.22.229
https://doi.org/10.5115/acb.22.229
https://doi.org/10.5115/acb.22.229
https://doi.org/10.5115/acb.22.229
https://doi.org/10.1080/08905439609549961
https://doi.org/10.1080/08905439609549961
https://doi.org/10.1080/08905439609549961
https://doi.org/10.1080/08905439609549961
https://doi.org/10.1016/j.sjbs.2020.12.037
https://doi.org/10.1016/j.sjbs.2020.12.037
https://doi.org/10.1016/j.sjbs.2020.12.037
https://doi.org/10.1016/j.sjbs.2020.12.037



