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Abstract: Arthrospira (Spirulina) maxima (SM) is a cyanobacterium that has a long history of being
used as human food. In recent years, several investigations have shown its beneficial biological
effects, among which its antioxidant capacity has been highlighted. The purpose of this study was to
evaluate the effects of SM on body weight, glycemia, sexual behavior, sperm quality, testosterone
levels, sex organ weights, and the activity of antioxidant enzymes in diabetic male rats (a disease
characterized by an increase in reactive oxygen species). The experiment consisted of six groups of
sexually expert adult males (n = 6): (1) control (vehicle); (2) streptozotocin (STZ)-65 mg/kg; (3) SM-400
mg/kg; (4) STZ + SM-100 mg/kg; (5) STZ + SM-200 mg/kg; and (6) STZ + SM-400 mg/kg. Sexual
behavior tests were performed during the first 3 h of the dark period under dim red illumination.
Our results showed that SM significantly improved sexual behavior and sperm quality vs. diabetic
animals. Likewise, while the enzymatic activities of SOD and GPx increased, TBARS lipoperoxidation
decreased and testosterone levels increased. In view of the findings, it is suggested that SM may
potentially be used as a nutraceutical for the treatment of diabetic male sexual dysfunction due to its
antioxidant property.

Keywords: diabetes mellitus; sexual behavior; oxidative stress; Spirulina maxima

1. Introduction

Diabetes mellitus (DM) is characterized by an inability to regulate blood glucose in
humans or animals due to either a deficiency of insulin or an erratic signaling pathway [1].
The dysfunction in blood glucose homeostasis affects the metabolism of all macronutrients,
not only carbohydrates but lipids and proteins as well [2].

The scientific literature shows that diabetes is on the rise, irrespective of gender [3,4],
to the extent that it has reached pandemic proportions [5,6]. DM is more frequent in
developing countries due to poor dietary and exercise regimens [7], with 90% of patients
presenting type 2 DM [8].

DM is also a risk factor for secondary disorders, such as coronary disease, stroke,
chronic kidney disease, loss of vision, neuropathies, and sexual disorders [9]. Regarding
sexual disorders, DM is closely associated with sexual dysfunction, leading to infertility
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due to alterations in spermatogenesis, structural changes in testicular tissue, the alteration
of glucose metabolism in Sertoli cells, a decrease in testosterone concentrations, ejaculatory
alteration, and a decrease in libido [7]. In fact, the incidence of erectile dysfunction in
diabetic patients has been reported at between 35–75%, i.e., three times higher than that of
non-diabetic men [10].

Although a sole isolated molecular pathway has not been identified as the cause of
sexual dysfunction in DM, one of the suggested mechanisms is oxidative stress (OS) due
to an overproduction of the reactive oxygen species (ROS) concomitant with a decrease in
endogenous antioxidant activity [11].

There are certainly some synthetic drugs for improving sexual performance in men
with DM; nevertheless, their high cost and the potential for adverse effects have engendered
interest in natural products that are more economical and exhibit a safer profile while
alleviating sexual dysfunction [12,13].

Arthrospira maxima (Spirulina maxima) (SM) is a filamentous cyanobacterium (previ-
ously considered blue-green algae) that has been cultivated and consumed in many parts
of the world since ancestral times [14]. SM possesses a widely appreciated nutritional value
and pharmacological effects, and attention has been drawn for some years both by in vivo
and in vitro experiments [15–17] to its antioxidant activity, which is mainly due to its high
content of antioxidant compounds, such as phycobiliproteins, beta-carotene, tocopherols,
and phenolic acids [18]. In this sense, SM offers many functional bioactive ingredients with
anti-inflammatory, antimetastatic, immunostimulatory, cardioprotective, and metallopro-
tective activity [19–22], and it has been effective in the treatment of neuropathies [23] and
neurobehavioral and cognitive deficits [24,25]. Furthermore, it has been determined that
the SM dose-dependently activates cellular antioxidant enzymes and inhibits peroxidation
and DNA damage. In the same way, phycobiliproteins of SM, such as phycocyanin, have
a broad capacity to capture free radicals, such as hydroxyl, alkoxyl, and peroxyl radicals,
to inhibit liver microsome lipid peroxidation and increase the activity of the antioxidant
enzymes superoxide dismutase (SOD) and catalase (CAT) during the process of oxidative
stress [19,20]. However, to date, no study has, to our knowledge, been carried out to
evaluate the benefits of the antioxidant effect of SM on the alterations generated in sexual
behavior induced by the oxidative stress characteristic of diabetes.

Given the previously mentioned information, this study aimed to evaluate the poten-
tial effects of SM in restoring impaired sexual behavior, improving spermatic parameters,
reducing oxidant effects in testicular tissue, increasing antioxidant enzyme activity, and
restoring testosterone levels in streptozotocin/nicotinamide-induced diabetic male mice.

2. Results
2.1. Body Weight and Glycemia

Final body weights are presented in Figure 1. As observed, STZ, STZ + SM 100, and
STZ + SM 200 were significantly lower compared with the control group, whereas this was
not found for STZ + SM 400. Only SM 400 differed from STZ.

Glycemia is presented in Figure 2. Both the control and SM 400 groups demonstrated
normal concentrations of ~90 mg/dL, whereas the remainder presented a significant
increase in such values, reaching more than 300 mg/dL in STZ and STZ + SM 100. Hyper-
glycemia was, however, attenuated but significantly different compared with that of the
control group when SM was administered at doses of 200 and 400 mg/kg.
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Figure 1. Effect of SM on body weight (g). STZ, streptozotocin; SM, Spirulina maxima. Each bar indi-
cates the mean ± SEM (n = 6). Significant difference (p < 0.05) vs. a control; b STZ 65 mg/kg. 
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2.2. Copulatory Behavior

As depicted in Figure 3, mount latency (ML), intromission latency (IL), ejaculatory
latency (EL), and ejaculatory series duration (ESD) were significantly longer in the STZ
groups compared with the control group; contrariwise, mount frequency (MF) and intro-
mission frequency (IF) were significantly lower, thus evidencing sexual dysfunction.
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intromission frequency. STZ, streptozotocin; SM, Spirulina maxima (SM). Each bar indicates the 
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Compared with the STZ group, a significant difference (p < 0.05) was found for SM 
groups in mount latency (ML) for SM 400, STZ + SM 200, and STZ + 400, as well as in 
intromission latency (IL) for the SM 400 and STZ + SM 400 groups and ejaculatory latency 
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Figure 3. Effect of SM on copulatory behavior. (a) Mount latency; (b) intromission latency;
(c) ejaculation latency; (d) post-ejaculatory interval; (e) ejaculatory series duration; (f) mount fre-
quency; (g) intromission frequency. STZ, streptozotocin; SM, Spirulina maxima (SM). Each bar indicates
the mean ± SEM (n= 6). Significant difference (p < 0.05) vs. a control; b STZ 65 mg/kg.

Compared with the STZ group, a significant difference (p < 0.05) was found for SM
groups in mount latency (ML) for SM 400, STZ + SM 200, and STZ + 400, as well as in
intromission latency (IL) for the SM 400 and STZ + SM 400 groups and ejaculatory latency
(EL) with the treatments of SM 400, STZ + SM 200, and STZ + SM 400.

2.3. Sperm Quality

Table 1 presents the results of the spermatic quality analysis; it can be appreciated that
sperm count, motility, and viability were significantly (p < 0.05) inhibited in diabetic rats.
On the other hand, sperm abnormalities were markedly (p < 0.05) increased in this group.
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Table 1. Effect of SM on count, motility, viability, and abnormality of the sperm of control and
experimental groups.

Treatment (mg/kg) Sperm Count
(X106/mL) Sperm Motility Sperm Viability Sperm Abnormality

(%)

Control 69.42 ± 2.72 29.77 ± 7.36 61.74 ± 1.20 3.93 ± 0.98
STZ 39.44 ± 6.05 a 9.48 ± 2.58 a 27.56 ± 2.94 a 6.08 ± 1.17 a

SM 400 75.29 ± 6.33 b 20.52 ± 2.99 b 61.49+ 2.20 b 4.3 ± 1.13 b

STZ + SM 100 64.04 ± 6.22 b 7.55 ± 1.89 a 33.45 ± 4.00 4.1 ± 1.24 b

STZ + SM 200 72.50 ± 2.81 b 16.38 ± 2.87 b 44.95 ± 2.68 b 3.9 ± 1.20 b

STZ + SM 400 74.20 ± 2.95 b 8.52 ± 1.52 a 43.82 ± 3.86 b 3.2 ± 1.12 b

The animals were given the corresponding treatment for 5 weeks. STZ, streptozotocin; SM, Spirulina maxima.
Results are expressed as the mean ± SEM (n = 6). Significant difference (p < 0.05) vs. a control; b STZ 65 mg/kg.

All animals treated with SM exhibited a significantly (p < 0.05) higher total sperm
count than those in the STZ group. Sperm motility was found to be diminished in the
STZ + SM 100 and STZ + SM 400 groups compared with the control group, but it increased
significantly (p< 0.05) in STZ + SM 200 compared with diabetic animals.

The viability analysis revealed a significant increase in all SM-treated groups, except for
the STZ + SM 100 dose, which, notwithstanding this, exhibited a positive trend. Finally, the
morphology of the sperm in SM-treated rats showed a significantly decreased percentage
of abnormalities compared with that of diabetic animals.

2.4. Sex Organ Weight

No differences were found in the weight of seminal vesicles, testes, and epididymis
among the groups (data not presented).

2.5. Biochemical Analyses

According to Table 2, a significant increase (p < 0.05) in lipoperoxidation was found in
the diabetic groups, together with a decrease in SOD and GPX. However, treatment with
SM significantly (p < 0.05) improved the activity of these antioxidant enzymes compared
with that of the diabetic animals.

Table 2. Effect of SM on serum biochemical parameters in male diabetic rats.

Treatments (mg/kg) TBARS
(nmol/mg Protein)

SOD
(U/mg Protein) GPX (mU/mL)

Control 12.57 ± 0.42 4.11 ± 0.03 436.20 ± 24.63
STZ 17.65 ± 1.25 a 1.59 ± 0.04 a 209.83 ± 1.83 a

SM 400 13.91 ± 0.69 b 4.24 ± 0.02 b 430.10 ± 25.17 b

STZ + SM 100 13.79 ± 0.45 b 2.81 ± 0.06 b 332.65 ± 10.75
STZ + SM 200 11.86 ± 0.64 b 4.28 ± 0.03 b 451.55 ± 11.55 b

STZ + SM 400 12.38 ± 0.79 b 4.27 ± 0.02 b 447.42 ± 11.72 b

The animals were given the corresponding treatment for 5 weeks. STZ, streptozotocin; SM, Spirulina maxima.
Results are expressed as the mean ± SEM (n= 6). Significant difference (p< 0.05) vs. a control; b STZ 65 mg/kg.

2.6. Testosterone Analysis

The results of the analysis of the serum testosterone concentration are presented in
Figure 4. In the STZ group, a significant decrease (p < 0.05) in the concentration with regard
to the control was manifested. However, in the group treated with SM and the diabetic
groups treated with SM, the concentration of this hormone increased significantly (p < 0.05)
in the diabetic group and was very similar to that in the control group.
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3. Discussion

Sexual dysfunction is one of the most frequent complications in persons with diabetes
for which, to our knowledge, there is no effective treatment to date [26], although some
hypoglycemic agents may be useful in the treatment of diabetes [27]. Numerous authors
have shown that male sexual dysfunction derived from diabetes is associated with oxidative
stress and, consequently, a decrease in antioxidant concentrations in diabetic patients [28].
The said imbalance of prooxidant and antioxidant species gives rise to the production
of free radicals [29], the increase in the destruction of nitric oxide (NO), and the increase
in the peroxidation of polyunsaturated fatty acids (PUFA) [30]. For these reasons, we
hypothesized that a natural product with great antioxidant activity, such as SM, when
administered to diabetic male rats, would reduce or prevent damage to sexual behavior
and other biochemical parameters related to it.

Almost all the components of SM, in addition to the pharmacological effects mentioned
above and the absence of toxicity, have been effective in the treatment of neuropathies [23]
and neurobehavioral and cognitive deficits [24,25]. In the present work, we tried to improve
sexual behavior, blood and serum biochemical parameters and hormones, and antioxidant
capacity by assessing the serum and testis MDA and Nrf2 pathway of reproductive organs
of diabetic male rats by feeding the animals with SM [12]. No previous evidence, to our
knowledge, has been reported on the effects of this algae in sexual dysfunction models,
particularly assessing its antioxidant potential in diabetes models.

We found that, except for PEI, in which there was only an increasing trend in diabetic
animals compared with controls, sexual behavior indicators significantly increased in ML,
IL, and EL as well as in EDS, but these decreased in MF and IF, all of which is in agreement
with the results of Al-Oanzi [29] and De [27], demonstrating deficiencies in the carrying
out of copulation in diseased animals.

A significant amelioration in these disrupted parameters was observed in animals
treated with SM. Thus, a decrease in ML, EL, and IL compared with the diabetic group
indicates an increase in sexual motivation [31,32]. On the other hand, the significant
increase in MF, as in the case of STZ + SM + 400, and the tendency of the increase in IF
in the case of STZ + SM 200 and STZ + 400 reveal that diabetes did not interfere with the
activity of cyanobacteria for sexual provocation in terms of the efficacy of raising penile
posture and consequently sexual vigor, libido, and potency, characteristics demonstrating
that the treated rats were aroused [33]. Likewise, because sexual dysfunction in diabetes
is associated with inflammation [34], it is probable that the anti-inflammatory activity of
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SM contributed to these results. The phycobiliproteins, β-carotene and other vitamins,
chlorophyll, and phenols present in SM may have been responsible for sexual enhancement
due to their antioxidant properties, which could be the subject of future studies.

Regarding the endocrine profile, the decrease in the serum testosterone level in male
animals to which STZ was administered for the induction of diabetes was consistent with
the results previously published by various authors [35,36], which showed that testosterone
is necessary for normal development of male sexual behavior [28]. SM increased this level
and reached values similar to those of the control group, which, similar to other agents,
influenced erectile function, including sexual desire, until penile erection [30]. In this
regard, it is noteworthy that in other studies, SM increased testosterone concentrations
in the testes when it was administered to rats that had decreased concentrations of this
hormone due to the administration of toxic agents, such as lead acetate [37], and when
it was administered to mice via the administration of bifenthrin [38]. SM contains small
concentrations of androgenic molecules, such as cholesterol and fatty acids, among other
components that can influence testosterone production [33], as do quercetin, vitamin E,
and vitamin C [39,40]. Moreover, it is thought that normality in the serum testosterone
concentration may be more related to the cytoprotective effect of SM in the testicular tissue,
specifically in Leydig cells. On the other hand, there are a few discrepancies in the influence
of testosterone concentration on some parameters of sexual activity in rats [41].

In addition to the relationship between the improvement of sexual behavior and the
concentration of testosterone, the reduction in oxidative stress caused by SM is probably
a decisive factor in the pathophysiology of sexual dysfunction in that it is associated
with an overproduction of free radicals [29]. In our work, which found a decrease in
TBARS and an increase in the enzymatic activities of SOD and GPX in the testicular
tissue of rats treated with SM, enzymes were considered to be the main antioxidants
responsible for maintaining the optimal concentration of ROS [42]. Is important to note that,
although SOD activity is typically assumed to be within cells, there is also an extracellular
isoform—described in 1982—that differs from the cytoplasmatic SOD, as it is conformed
as a tetramer (rather than a homodimer) and contains six Cys residues (vs. four in the
intracellular). In this sense, both SODs catalyze the conversion of O2

− into H2O2, which
means that the changes in its activity have an impact not only on maintaining the balance
between the prooxidant and antioxidant species but also decreasing blood glucose levels.
Under hyperglycemic conditions, endothelial cells increase the levels of O2

−; such an
overproduction of O2

− inhibits the activity of glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), a very important enzyme in the glycolytic pathway, and the inhibition of
GAPDH leads to the accumulation of glucose and other intermediate metabolites of this
pathway and shifts to other alternative pathways of glucose metabolism [43].

Regarding sperm parameters, diabetic rats exhibited lower sperm quality compared
with the control group, presenting a lower sperm count, lower motility and viability, and an
increase in the percentage of abnormalities; this again demonstrates the effects of oxidative
stress and the production of free radicals, such as ROS, caused by hyperglycemia [35]
due to the peroxidation of polyunsaturated fatty acids (PUFA) in sperm cell membrane
spermatozoa [30]. Treatment with SM significantly increased the value of the previously
mentioned parameters, which reveals its spermatic efficacy due to its antioxidant activity,
although a dose–response relationship was not always observed. This antioxidant activity
of SM has been the mechanism for explaining many of its pharmacological activities
demonstrated in vivo and in vitro [44].

There were interesting results in this study, but prior to the extrapolation to humans
mimicking the diabetic conditions of both species, it is necessary to better understand why
SM improves sexual dysfunction parameters.
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4. Materials and Methods

SM was kindly donated by Alimentos Esenciales para la Humanidad, S.A. de C.V. (Mexico
City, Mexico) as a fine powder with a green-blue appearance. It was stored in trilaminate
bags of metalized polyester to avoid light and air exposure and was maintained at room
temperature until its use. In previous studies carried out in our laboratory, it was deter-
mined that the chemical and biochemical composition of this product for each 100 g was as
follows: loss on drying (humidity) 4.65 g, lipids <0.50 g, saturated fats <0.10 g, crude fiber
0.96 g, proteins 60.08 g, ashes 6.71 g, total carbohydrates 27.60 g, sodium 114.99 mg, and
energy supply 350 kcal. The microbiological analysis showed the following: fecal coliforms
<3 NMP/100 mL, total coliforms <3 NMP/100 mL, Escherichia coli absent, mushrooms <1 CFU/g,
yeasts <1 CFU/g, aerobic mesophilic 39,000 CFU/g, Salmonella absent, and Staphylococcus aureus
absent. In addition, the metal analysis showed the following: As 0.054 mg/g, Al 0.352 mg/g,
Cu <0.016 mg/g, Ca 1.1 mg/g, Fe 0.513 mg/g, Na 10.1 mg/g, K 12.6 mg/g, Cd <0.016 mg/g,
Mn 0.030 mg/g, Ni <0.033 mg/g, Pb <0.033 mg/g, Mg 2.7 mg/g, Zn 0.016 mg/g, and Hg
0.0001 mg/g [14].

4.1. Animals

Thirty-six Wistar albino male rats of 350 ± 15 g (n = 6) and ten female Wistar albino rats
250 ± 15 g of eighty weeks old were obtained from the breeding colony of the Universidad
Autónoma Metropolitana (UAM), Unidad Xochimilco, Mexico City, Mexico. They were
housed in polypropylene cages with a sawdust floor and placed in an air-conditioned room
(22–23 ◦C; 50–60 % humidity; and artificial illumination with an inverted light-dark cycle of
12h/12 h; lights on at 7:00 pm). The rats had access to standard rodent chow and purified
water ad libitum, and they were adapted to the laboratory environment for 15 days prior to
beginning the experimental protocols.

All procedures, including euthanasia, were performed in agreement with the Bioethics
Committee of the National School of Biological Sciences of the National Polytechnic In-
stitute, Mexico City ZOO-021-2019 and following the Mexican Official Regulation (NOM
ZOO-062-200-199) entitled “Technical Specifications for Production, Care, and Use of Labo-
ratory Animals”.

4.2. Preparation of Females for Couplings, Animal Selection, and Preparation for Experiments

With the purpose of carrying out the definitive study of sexual behavior with sexually
expert males, they were previously trained in mating with receptive females in circular
acrylic cages 60 cm in diameter by 40 cm high on a bed of sawdust on alternate days to avoid
sexual exhaustion. Only sexually apt healthy males were selected [45]. Only males who
completed the copulatory sequence in <15 min from the entry of the female into the cages
in three consecutive copulation sessions were considered sexually apt. Animals (males and
females) that did not complete the copulatory sequence during training in the required
time were removed from the study and replaced with other animals [45]. Receptive females
were used for couplings, for which a bilateral ovariectomy was previously performed
on female rats, as described by Khajuria [46]. Female rats were anesthetized with an i.p.
dose of sodium pentobarbital, 60 mg/kg, and under the effect of anesthesia, both ovaries
were excised, and the oviducts were ligated. The animals were maintained in recovery
for 15 days after surgery. Finally, before initiating the sexual-behavior experiment, estrus
was further induced in these ovariectomized rats by subcutaneous (s.c.) administration of
estradiol benzoate (12 µg/kg) (Sigma Chemical Co., Ltd., St. Louis, MO, USA) 24 h before
starting sexual behavior experiments and progesterone (3 mg/kg) (Sigma Chemical Co.,
Ltd.) 4 h before starting sexual experiments.
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4.3. Induction of Diabetes Type II in Males

Once the sexually expert males were obtained, diabetes was induced (except for an-
imals in the normal control group and SM 400 mg/kg group) with a single dose of STZ
65 mg/kg i.p. dissolved in citrate buffer at pH 4.6. One hour after STZ administration,
110 mg/kg of nicotinamide dissolved in saline solution was administered i.p., thus giv-
ing rise to the development of type II diabetes, according to the method described by
Masiello [47]. After diabetes induction, blood glucose concentration was measured weekly
from the dorsal tail vein by puncture under overnight fasting conditions using a glucometer
(Accu-Chek Performa; Roche, Germany). Rats were considered diabetic when the blood
glucose concentration was >200 mg/dL.

4.4. Mating Behavior Test

The sexually expert rat males (in whom diabetes was induced) were randomly dis-
tributed into six groups (n = 6), and the following treatments were administered for 5 weeks:
1. Control; 2. streptozotocin (STZ) 65 mg/kg; 3. SM 400 mg/kg; 4. STZ + SM 100 mg/kg; 5.
STZ + SM 200 mg/kg, and 6. STZ + SM 400 mg/kg. The rats were then evaluated with
sexual behavior tests. SM was suspended in water with 1% Tween-80 and administered
orally (per os) in a constant volume per kg of weight. The doses of SM used in this study
(100, 200, and 400 mg/kg) were selected on the basis of the results of pharmacological
studies in rats carried out by our working group; such doses have shown good efficacy
without producing mortality or altering body weights, tissues, and organs [14,48]. The
evaluation in sexual behavior tests was performed during the first 3 h of the dark period
under dim red illumination in a silent room, as previously described by Fumero [49]. Each
male was introduced into a cage where it was first acclimatized for 10 min, then the female
was introduced, and the registrations of the following parameters were videotaped with a
digital camera (Sony HDR-CX405; China): mount latency (ML), counted as the time elapsed
since the introduction of the female into the male box until the first mount; intromission
latency (IL), calculated as time from introduction of the female to the first intromission by
the male rat; mount frequency (MF), defined as the number of mounts before ejaculation;
intromission frequency (IF), considered the number of intromissions before ejaculation;
ejaculation latency (EL), recorded as the time elapsed from the first intromission to the first
ejaculation; post-ejaculatory interval (PEI), calculated by the time from the first ejaculation
to the next intromission by the male rat; and ejaculatory series duration (ESD), the time
elapsed from the introduction of the female to the beginning of the second ejaculatory
series (marked by the next intromission after the post-ejaculatory interval) [30,40].

Once tests were completed, the males were sacrificed by cervical decapitation. Blood
was collected from the descending aorta vein, further incubated at room temperature for
10 min to allow coagulation, and subsequently centrifuged at 5000 rpm for 5 min to obtain
the serum, which was frozen at −70 ◦C until analysis.

4.5. Sperm Collection and Analysis

Subsequently, the males’ sacrificed testes, epididymis, and seminal vesicles were
excised and weighed. A sperm sample was obtained from the vas deferens and the tail of
the epididymis, which was suspended in 1 mL of Hanks’ balanced salt solution preheated
to 37 ◦C.

Staining was performed by incubating 10 µL of sperm sample with 10 µL of eosin–
nigrosin vital dye at 36 ◦C for 5 min; this then was spread and dried on a slide to observe
the viability of the cells under a microscope with a 100X objective. Viable (unstained) cells
were distinguished from those that were not (stained), and the percentage of each was
yielded from a count of at least 200 cells. Their morphology was also evaluated without
characterization of the abnormality types found.
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4.6. Biochemical Analysis

The determination of enzymatic activity in the testes was performed using commercial
kits for superoxide dismutase (SOD) (Ransod; Randox Laboratories, Ltd., Crumlin, UK),
which was based on the method described by Andersen [50], and glutathione peroxidase
(GPX) (Ransel; Randox Laboratories, Ltd., Crumlin, UK) was determined according to the
method of Paglia [51]. Lipoperoxidation was assessed by malondialdehyde (MDA), which
was determined by the TBARS technique described by Matsuzawa [52].

Testosterone in the serum was determined with an ELISA kit (Cayman Chemical
Company, Ann Arbor, MI, USA) following the manufacturer’s instructions.

4.7. Statistical Analysis

The parametric data (body weight, blood glucose levels, mount latency, intromission
latency, ejaculation latency, post-ejaculatory interval, and ejaculatory series duration; the
count, motility, viability, and abnormality of the sperm; TBARS levels, SOD and GPX
concentration; and testosterone levels) were expressed as the mean ± SEM (n = 6), while
non-parametric data (mount and intromission frequencies) were expressed as frequencies.
In the first case, after a normality test, analysis comparisons between multiple groups were
performed with one-way ANOVA and post hoc Dunnett tests; in turn, for non-parametric
data, Kruskal–Wallis with Dunnett post hoc tests were carried out [53]. In both cases,
significant differences were considered when p < 0.05. All statistical analysis and the
preparation of figures were made on GraphPad Prism v.8.

5. Conclusions

Oxidative stress in diabetic rats impairs sexual behavior in males, modifying mainly
spermatic and biochemical parameters and testosterone levels. The antioxidant effect of
SM, evidenced by the increase in the activity of SOD and GPX and the decrease in MDA
in male diabetic rats, effectively counteracted the deterioration in parameters such as
sexual conduct, sperm count, sperm motility, sperm viability, and sperm abnormalities
and preserved sexual conduct together with higher sperm quality. These results show
that antioxidant therapy, specifically with SM, could have a beneficial application in the
treatment of diabetic sexual disorders in men.
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seksualnymi. Psychiatr. Pol. 2018, 52, 1087–1099. [CrossRef] [PubMed]

4. Rai, A.; Das, S.; Chamallamudi, M.R.; Nandakumar, K.; Shetty, R.; Gill, M.; Sumalatha, S.; Devkar, R.; Gourishetti, K.; Kumar, N.
Evaluation of the aphrodisiac potential of a chemically characterized aqueous extract of Tamarindus indica pulp. J. Ethnopharmacol.
2018, 210, 118–124. [CrossRef] [PubMed]

5. Maiorino, M.I.; Bellastella, G.; Esposito, K. Diabetes and sexual dysfunction: Current perspectives. Diabetes. Metab. Syndr. Obes.
2014, 7, 95–105. [CrossRef]

6. Wan, X.Z.; Li, T.T.; Zhong, R.T.; Chen, H.B.; Xia, X.; Gao, L.Y.; Gao, X.X.; Liu, B.; Zhang, H.Y.; Zhao, C. Anti-diabetic activity of
PUFAs-rich extracts of Chlorella pyrenoidosa and Spirulina platensis in rats. Food Chem. Toxicol. 2019, 128, 233–239. [CrossRef]

7. Lert-Amornpat, T.; Maketon, C.; Fungfuang, W. Effect of Kaempferia parviflora on sexual performance in streptozotocin-induced
diabetic male rats. Andrologia 2017, 49, e12770. [CrossRef]

8. Figueroa, M.C.; Pérez, I.; Mejía, R. Characterization of a type 2 diabetes model in female Wistar rats. Rev. MVZ Córdoba 2013, 18,
3699–3707. [CrossRef]

9. World Health Organization. Informe Mundial Sobre la Diabetes; WHO: Geneva, Switzerland, 2016; pp. 1–84. Available online:
https://apps.who.int/iris/bitstream/handle/10665/254649/9789243565255-spa.pdf (accessed on 6 November 2022).

10. Yu, W.; Wan, Z.; Qiu, X.F.; Chen, Y.; Dai, Y.T. Resveratrol, an activator of SIRT1, restores erectile function in streptozotocin-induced
diabetic rats. Asian J. Androl. 2013, 15, 646–651. [CrossRef]

11. Elbatreek, M.H.; Pachado, M.P.; Cuadrado, A.; Jandeleit-Dahm, K.; Schmidt, H. Reactive Oxygen Comes of Age: Mechanism-Based
Therapy of Diabetic End-Organ Damage. Trends Endocrinol. Metab. 2019, 30, 312–327. [CrossRef]

12. Sahin, K.; Orhan, C.; Akdemir, F.; Tuzcu, M.; Gencoglu, H.; Sahin, N.; Turk, G.; Yilmaz, I.; Ozercan, I.H.; Juturu, V. Comparative
evaluation of the sexual functions and NF-κB and Nrf2 pathways of some aphrodisiac herbal extracts in male rats. BMC
Complement. Altern. Med. 2016, 16, 318. [CrossRef] [PubMed]

13. Duangnin, N.; Phitak, T.; Pothacharoen, P.; Kongtawelert, P. In vitro and in vivo investigation of natural compounds from seed
extract of Mucuna pruriens lacking l-DOPA for the treatment of erectile dysfunction. Asian Pac. J. Trop. Med. 2017, 10, 238–252.
[CrossRef] [PubMed]

14. Cristóbal-Luna, J.M.; Chamorro-Cevallos, G.; Monterubio-López, R.; Pérez-Ramos, J.; Pérez-González, C.; Pérez-Gutiérrez, S.
Chapter 2: The effect of Arthrospira (Spirulina) maxima and its aqueous extract on fetal alcohol syndrome, induced in CD1 mice.
In Spirulina and Its Health Benefits; Cochran, J., Ed.; NOVA: Hauppauge, NY, USA, 2021; pp. 45–92. [CrossRef]

15. Miranda, M.S.; Cintra, R.G.; Bsrros, S.B.M. Antioxidant activity of the microalga Spirulina maxima. Braz. J. Med. Biol. Res. 1998,
31, 1075–1079. [CrossRef] [PubMed]

16. Brito, A.F.; Silva, A.S.; de Souza, A.A.; Ferreira, P.B.; de Souza, I.L.L.; Araujo, L.C.D.C.; da Silva, B.A. Supplementation with
Spirulina platensis Improves Tracheal Reactivity in Wistar Rats by Modulating Inflammation and Oxidative Stress. Front.
Pharmacol. 2022, 13, 826649. [CrossRef]

17. Ferreira, P.B.; Diniz, A.F.A.; Lacerda Júnior, F.F.; Silva, M.D.C.C.; Cardoso, G.A.; Silva, A.S.; da Silva, B.A. Supplementation with
Spirulina platensis Prevents Uterine Diseases Related to Muscle Reactivity and Oxidative Stress in Rats Undergoing Strength
Training. Nutrients 2021, 13, 3763. [CrossRef]

18. Sadek, K.M.; Lebda, M.A.; Nasr, S.M.; Shoukry, M. Spirulina platensis prevents hyperglycemia in rats by modulating gluco-
neogenesis and apoptosis via modification of oxidative stress and MAPK-pathways. Biomed. Pharmacother. 2017, 92, 1085–1094.
[CrossRef]

19. Deng, R.; Chow, T.J. Hypolipidemic, antioxidant, and antiinflammatory activities of microalgae Spirulina. Cardiovasc. Ther. 2010,
28, e33–e45. [CrossRef]

20. Shastri, D.; Kumar, M.; Kumar, A. Modulation of lead toxicity by Spirulina fusiformis. Phytother. Res. 1999, 13, 258–260. [CrossRef]
21. Al-Dhabi, N.A. Heavy metal analysis in commercial Spirulina products for human consumption. Saudi J. Biol. Sci. 2013, 20,

383–388. [CrossRef]
22. Gunes, S.; Tamburaci, S.; Dalay, M.C.; Deliloglu-Gurhan, I. In vitro evaluation of Spirulina platensis extract incorporated skin

cream with its wound healing and antioxidant activities. Pharm. Biol. 2017, 55, 1824–1832. [CrossRef]
23. Abdel-Daim, M.M.; Shaaban-Ali, M.; Madkour, F.F.; Elgendy, H. Oral Spirulina Platensis Attenuates Hyperglycemia and Exhibits

Antinociceptive Effect in Streptozotocin-Induced Diabetic Neuropathy Rat Model. J. Pain Res. 2020, 13, 2289–2296. [CrossRef]
24. Sinha, S.; Patro, N.; Patro, I.K. Amelioration of neurobehavioral and cognitive abilities of F1 progeny following dietary supple-

mentation with Spirulina to protein malnourished mothers. Brain Behav. Immun. 2020, 85, 69–87. [CrossRef]
25. Sinha, S.; Patro, N.; Patro, I.K. Maternal Protein Malnutrition: Current and Future Perspectives of Spirulina Supplementation in

Neuroprotection. Front. Neurosci. 2018, 12, 966. [CrossRef]

http://doi.org/10.3390/nu10101562
http://www.ncbi.nlm.nih.gov/pubmed/30360409
http://doi.org/10.14715/cmb/2018.64.2.2
http://www.ncbi.nlm.nih.gov/pubmed/29433621
http://doi.org/10.12740/PP/OnlineFirst/85192
http://www.ncbi.nlm.nih.gov/pubmed/30659569
http://doi.org/10.1016/j.jep.2017.08.016
http://www.ncbi.nlm.nih.gov/pubmed/28830817
http://doi.org/10.2147/DMSO.S36455
http://doi.org/10.1016/j.fct.2019.04.017
http://doi.org/10.1111/and.12770
http://doi.org/10.21897/rmvz.137
https://apps.who.int/iris/bitstream/handle/10665/254649/9789243565255-spa.pdf
http://doi.org/10.1038/aja.2013.60
http://doi.org/10.1016/j.tem.2019.02.006
http://doi.org/10.1186/s12906-016-1303-x
http://www.ncbi.nlm.nih.gov/pubmed/27561457
http://doi.org/10.1016/j.apjtm.2017.03.001
http://www.ncbi.nlm.nih.gov/pubmed/28442107
http://doi.org/10.52305/ULEL1652
http://doi.org/10.1590/S0100-879X1998000800007
http://www.ncbi.nlm.nih.gov/pubmed/9777014
http://doi.org/10.3389/fphar.2022.826649
http://doi.org/10.3390/nu13113763
http://doi.org/10.1016/j.biopha.2017.06.023
http://doi.org/10.1111/j.1755-5922.2010.00200.x
http://doi.org/10.1002/(SICI)1099-1573(199905)13:3&lt;258::AID-PTR438&gt;3.0.CO;2-2
http://doi.org/10.1016/j.sjbs.2013.04.006
http://doi.org/10.1080/13880209.2017.1331249
http://doi.org/10.2147/JPR.S267347
http://doi.org/10.1016/j.bbi.2019.08.181
http://doi.org/10.3389/fnins.2018.00966


Plants 2023, 12, 722 12 of 13

26. Shahzad, S.; Batool, Z.; Tabassum, S.; Ahmad, S.; Kamil, N.; Khaliq, S.; Nawaz, A.; Haider, S. Spirulina platensis (Blue-green
algae): A miracle from sea combats the oxidative stress and improves behavioral deficits in an animal model of Schizophrenia.
Pak. J. Pharm. Sci. 2020, 33 (Suppl. 4), 1847–1853.

27. De, A.; Singh, M.F.; Singh, V.; Ram, V.; Bisht, S. Treatment effect of l-Norvaline on the sexual performance of male rats with
streptozotocin induced diabetes. Eur. J. Pharmacol. 2016, 771, 247–254. [CrossRef] [PubMed]

28. Farzadi, L.; Khaki, A.; Ghasemzadeh, A.; Ouladsahebmadarek, E.; Ghadamkheir, E.; Shadfar, S.; Khaki, A.A. Effect of rosmarnic
acid on sexual behavior in diabetic male rats. Afr. J. Pharm. Pharmacol. 2011, 5, 1906–1910. [CrossRef]

29. Al-Oanzi, Z.H. Erectile dysfunction attenuation by naringenin in streptozotocin-induced diabetic rats. J. Food Biochem. 2019, 43, e12885.
[CrossRef] [PubMed]

30. Minaz, N.; Razdan, R.; Hammock, B.D.; Mujwar, S.; Goswami, S.K. Impact of diabetes on male sexual function in streptozotocin-
induced diabetic rats: Protective role of soluble epoxide hydrolase inhibitor. Biomed. Pharmacother. 2019, 115, 108897. [CrossRef]
[PubMed]

31. Chaturapanich, G.; Chaiyakul, S.; Verawatnapakul, V.; Pholpramool, C. Effects of Kaempferia parviflora extracts on reproductive
parameters and spermatic blood flow in male rats. Reproduction 2008, 136, 515–522. [CrossRef] [PubMed]

32. Sing, R.; Ali, A.; Jeyabalan, G.; Semwal, A.; Jaikishan. An overview of the current methodologies used for evaluation of
aphrodisiac agents. J. Acute Dis. 2013, 2013, 85–91. [CrossRef]

33. Erhabor, J.O.; Idu, M. Aphrodisiac potentials of the ethanol extract of Aloe barbadensis Mill. root in male Wistar rats. BMC
Complement. Altern. Med. 2017, 17, 360. [CrossRef] [PubMed]

34. Arya, A.; Cheah, S.C.; Looi, C.Y.; Taha, H.; Mustafa, M.R.; Mohd, M.A. The methanolic fraction of Centratherum antihelminticam
seed down regulates pro-inflammatory cytokines, oxidative stress, and hyperglycemia in STZ-nicotinamide-induced type 2
diabetic rats. Food Chem. Toxicol. 2012, 50, 4209–4220. [CrossRef]

35. Al-Roujeaie, A.S.; Abuohashih, H.M.; Ahmed, M.M.; Alkhamees, O.A. Effect of rutin on diabetic-induced erectile dysfunction:
Possible involvement of testicular biomarkers in male rats. Andrologia 2017, 49, e12737. [CrossRef] [PubMed]

36. Pontes, D.A.; Fernandes, G.S.A.; Piffer, R.C.; Gerardin, D.C.C.; Pereira, O.C.M.; Kempinas, W.G. Ejaculatory dysfunction in
streptozotocin-induced diabetic rats: The role of testosterone. Pharmacol. Rep. 2011, 63, 130–138. [CrossRef] [PubMed]

37. Abdrabou, M.I.; Elleithy, E.; Yasin, N.; Shaheen, Y.M.; Galal, M. Ameliorative effects of Spirulina maxima and Allium sativum on
lead acetate-induced testicular injury in male albino rats with respect to caspase-3 gene expression. Acta Histochem. 2019, 121,
198–206. [CrossRef]

38. Barkallah, M.; Slima, A.B.; Elleuch, F.; Fendri, I.; Pichon, C.; Abdelkafi, S.; Baril, P. Protective Role of Spirulina platensis
against Bifenthrin-Induced Reprotoxicity in Adult Male Mice by Reversing Expression of Altered Histological, Biochemical, and
Molecular Markers Including MicroRNAs. Biomolecules 2020, 10, 753. [CrossRef] [PubMed]

39. Salama, A.F.; Kasem, S.M.; Tousson, E.; Elsisy, M.K. Protective role of L-carnitine and vitamin E on the testis of atherosclerotic
rats. Toxicol. Ind. Health 2015, 31, 467–474. [CrossRef]

40. Allouh, M.Z.; Daradka, H.M.; Abu-Ghaida, J.H. Influence of Cyperus esculentus tubers (tiger nut) on male rat copulatory
behavior. BMC Complement. Altern. Med. 2015, 15, 331. [CrossRef]

41. Cabrera, A.; Paredes, R.G. Effects of chronic estradiol or testosterone treatment upon sexual behavior in sexually sluggish male
rats. Pharmacol. Biochem. Behav. 2012, 101, 336–341. [CrossRef]

42. Noberasco, G.; Odetti, P.; Boeri, D.; Maiello, M.; Adezati, L. Malondialdehyde (MDA) level in diabetic subjects. Relationship with
blood glucose and glycosylated hemoglobin. Biomed Pharmacother. 1991, 45, 193–196. [CrossRef]

43. Younus, H. Therapeutic potentials of superoxide dismutase. Int. J. Health Sci. 2018, 12, 88–93.
44. Hernández-Lepe, M.A.; Wall-Medrano, A.; Juárez-Oropeza, M.A.; Ramos-Jiménez, A.; Hernández-Torres, R.P. Spirulina y su

efecto hipolipemiante y antioxidante en humanos: Una revisión sistemática [Spirulina and its hypolipidemic and antioxidant
effects in humans: A systematic review]. Nutr. Hosp. 2015, 32, 494–500. [CrossRef] [PubMed]

45. Lucio, R.A.; Tlachi, J.L.; López, A.A.; Zempoalteca, R.; Velázquez-Moctezuma, J. Análisis de los parámetros del eyaculado en la
rata Wistar de laboratorio: Descripción de la técnica. Vet. Mex. 2008, 40, 405–415.

46. Khajuria, D.K.; Razdan, R.; Mahapatra, D.R. Description of a new method of ovariectomy in female rats. Rev. Bras. Reumatol.
2012, 52, 462–470.

47. Masiello, P.; Broca, C.; Gross, R.; Roye, M.; Manteghetti, M.; Hillaire-Buys, D.; Novelli, M.; Ribes, G. Experimental NIDDM:
Development of a new model in adult rats administered streptozotocin and nicotinamide. Diabetes 1998, 47, 224–229. [CrossRef]

48. Garrido-Acosta, O.; Limón, I.D.; García, E.; Anguiano-Robledo, L.; Barrientos-Alvarado, C.; Chamorro-Cevallos, G. Efecto
Protector de Spirulina maxima en un modelo experimental de enfermedad de Parkinson inducido con MPP+ Protective effect of
Spirulina maxima in an experimental Parkinson´s disease model induced by MPP+. Rev. Mex. Cienc. Farm. 2017, 48, 56–64.

49. Fumero, B.; Fernandez-Vera, J.R.; Gonzalez-Mora, J.L.; Mas, M. Changes I, 5(6), n monoamine turnover in forebrain areas
associated with masculine sexual behavior: A microdialysis study. Brain Res. 1994, 662, 233–239. [CrossRef]

50. Andersen, H.R.; Nielsen, J.B.; Nielsen, F.; Grandjean, P. Antioxidative enzyme activities in human erythrocytes. Clin. Chem. 1997,
43, 562–568. [CrossRef]

51. Paglia, D.E.; Valentine, W.N. Studies on the quantitative and qualitative characterization of erythrocyte glutathione peroxidase. J.
Lab. Clin. Med. 1967, 70, 158–169.

http://doi.org/10.1016/j.ejphar.2015.12.008
http://www.ncbi.nlm.nih.gov/pubmed/26671005
http://doi.org/10.5897/AJPP11.463
http://doi.org/10.1111/jfbc.12885
http://www.ncbi.nlm.nih.gov/pubmed/31353690
http://doi.org/10.1016/j.biopha.2019.108897
http://www.ncbi.nlm.nih.gov/pubmed/31102913
http://doi.org/10.1530/REP-08-0069
http://www.ncbi.nlm.nih.gov/pubmed/18614624
http://doi.org/10.1016/S2221-6189(13)60105-5
http://doi.org/10.1186/s12906-017-1866-1
http://www.ncbi.nlm.nih.gov/pubmed/28693591
http://doi.org/10.1016/j.fct.2012.08.012
http://doi.org/10.1111/and.12737
http://www.ncbi.nlm.nih.gov/pubmed/27785836
http://doi.org/10.1016/S1734-1140(11)70407-8
http://www.ncbi.nlm.nih.gov/pubmed/21441620
http://doi.org/10.1016/j.acthis.2018.12.006
http://doi.org/10.3390/biom10050753
http://www.ncbi.nlm.nih.gov/pubmed/32408700
http://doi.org/10.1177/0748233712472523
http://doi.org/10.1186/s12906-015-0851-9
http://doi.org/10.1016/j.pbb.2012.01.021
http://doi.org/10.1016/0753-3322(91)90107-5
http://doi.org/10.3305/nh.2015.32.2.9100
http://www.ncbi.nlm.nih.gov/pubmed/26268076
http://doi.org/10.2337/diab.47.2.224
http://doi.org/10.1016/0006-8993(94)90817-6
http://doi.org/10.1093/clinchem/43.4.562


Plants 2023, 12, 722 13 of 13

52. Matsuzawa, T.; Saitoh, H.; Sano, M.; Tomita, I.; Ohkawa, M.; Ikekawa, T. Studies on Antioxidant Effects of Hypsizigus marmoreus.
II. Effects of Hypsizigus marmoreus for Antioxidant Activities of Tumor-Bearing Mice. Yakugaku Zasshi 1998, 118, 476–481.
[CrossRef]

53. Mitteer, D.R.; Greer, B.D. Using GraphPad Prism’s Heat Maps for Efficient, Fine-Grained Analyses of Single-Case Data. Behav.
Anal. Pract. 2022, 15, 505–514. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1248/yakushi1947.118.10_476
http://doi.org/10.1007/s40617-021-00664-7
http://www.ncbi.nlm.nih.gov/pubmed/35692516

	Introduction 
	Results 
	Body Weight and Glycemia 
	Copulatory Behavior 
	Sperm Quality 
	Sex Organ Weight 
	Biochemical Analyses 
	Testosterone Analysis 

	Discussion 
	Materials and Methods 
	Animals 
	Preparation of Females for Couplings, Animal Selection, and Preparation for Experiments 
	Induction of Diabetes Type II in Males 
	Mating Behavior Test 
	Sperm Collection and Analysis 
	Biochemical Analysis 
	Statistical Analysis 

	Conclusions 
	References

