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A B S T R A C T

Hyperglycemia, an important feature of diabetes, can cause oxidative stress, which is associated with varieties of
diabetic complications including erectile dysfunction. Therefore, this study sought to investigate the effect of
almond-supplemented diet on some biochemical indices relevant to erection in diabetic male rats. Forty-two male
rats were divided into two groups: A (n ¼ 6) and B (n ¼ 36). Diabetes was induced in Group B via injection of a
single dose of STZ (50 mg/kg) intraperitoneally and confirmed 72 h after induction. Diabetic rats (blood glucose
�250 mg/dL) were subsequently divided into six groups (n ¼ 6). Fourteen days after confirmation of diabetes,
rats were fed with diets containing almond drupe and seeds (10 and 20% inclusion) for fourteen days. The effects
of the diets on blood glucose, sexual behavior, sexual hormones, phosphodiesterase-5 activity, nitric oxide, H2S,
and AGEs levels were evaluated. Significant increase in blood glucose level, phosphodiesterase-5 activity, and
glycated hemoglobin was observed in diabetic rats. Furthermore, diabetes caused a significant decrease in nitric
oxide, H2S, sexual hormones (testosterone, follicle-stimulating hormone and luteinizing hormone) levels, and
sexual behavioral indices. However, treatment with diets supplemented with almond drupe and seeds signifi-
cantly reversed these effects in diabetic rats. Findings in this study revealed that almond-supplemented diets
enhance some important biomarkers relevant to erection in diabetic rats. Thus, dietary inclusion of almond (drupe
and seeds) could serve as a cheap and readily available nutraceutical in the management of erectile dysfunction
associated with diabetes.
1. Introduction

Diabetes is a metabolic syndrome characterized by elevated blood
sugar levels (hyperglycemia). Hyperglycemia produces oxidative stress,
which is associated with varieties of complications that come along with
diabetes which include retinopathy, encephalopathy, cardiovascular
diseases and erectile dysfunction (Pop-Busui et al., 2006; Krentz et al.,
2007; Capellini et al., 2010). Erectile dysfunction, which means persis-
tence inability to achieve and/or maintain penile erection required for
satisfactory sexual performance, can lead to low or loss of self-esteem
among men (McMahon, 2014). Overproduction of reactive oxygen spe-
cies (ROS) associated with hyperglycemia destroys smooth muscle and
nerves of the penis and this has been reported to cause erectile
dysfunction in diabetics (Cameron and Cotter, 2007; Kizub et al., 2014;
Dal and Sigrist, 2016). Besides, prolonged hyperglycemia produces
inflammation and reactive species that scavenge nitric oxide (NO), a
principal mediator of penile erection. Chronic hyperglycemia had been
reported to initiates free radical generation through the formation of
form 14 November 2019; Accept
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advanced glycated end-products (AGEs) (Basta et al., 2004; Jaku�s and
Rietbrock, 2004; Ramasamy et al., 2005). Advance glycated
end-products up-regulate adhesion molecules that mediate vascular
damage coupled with stimulation of cytokines on monocytes of the
endothelial cells (Schalkwijk, 2005; Singh et al., 2014).

Though there are available pharmacological therapies for erectile
dysfunction management which include phosphodiesterase-5 (PDE-5)
inhibitors such as sildenafil citrate among others. However, there are
limitations to the efficacy of these conventional drugs as they come with
associated side effects, and besides, some patients respond poorly to PDE-
5 inhibitors (Bella et al., 2007; Foresta et al., 2008). Long-time before
now, erectile dysfunction was thought to be psychogenic and/or neuro-
pathic in origin, but a recent shred of shreds of evidence has revealed that
the predominant etiology of erectile dysfunction is vascular (Wahed
et al., 2018). Thus, lifestyle modification which includes healthy diets
has been proposed to improve erectile dysfunction. Previous studies have
shown that diet rich in whole grains, fruits, nuts, and vegetables was
associated with an enhanced erectile function in subject with metabolic
ed 10 December 2019
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Table 1. Diet formulation for control and test groups.

Groups I II III IV V VI VII

Skimmed milk 37.5 37.5 37.5 34.7 31.9 34.1 30.6

Oil 10.0 10.0 10.0 10.0 10.0 10.0 10.0

Vitamin premix 4.0 4.0 4.0 4.0 4.0 4.0 4.0

Corn starch 48.5 48.5 48.5 41.3 34.1 41.9 35.4

Almond drupe - - - 10 20 - -

Almond seed - - - - - 10 20

Total (g) 100 100 100 100 100 100 100

Note: Skimmed milk ¼ 32% protein; The vitamin premix (mg or IU/g) has the
following composition; 3200 IU vitamin A, 600 IU vitamin D3, 2.8 mg vitamin E,
0.6 mg vitamin K3, 0.8 mg vitamin B1, 1 mg vitamin B2, 6 mg niacin, 2.2 mg
pantothenic acid, 0.8 mg vitamin B6, 0.004 mg vitamin B12, 0.2 mg folic acid,
0.1 mg biotin H2, 70 mg choline chloride, 0.08 mg cobalt, 1.2 mg copper, 0.4 mg
iodine, 8.4 mg iron, 16 mg manganese, 0.08 mg selenium, 12.4 mg zinc, 0.5 mg
antioxidant. Group I: (Control) serve as normal rats placed on basal diet; Group II:
(STZ) serve as diabetic rats placed on basal diet; Group III: (STZ þ SC) serve as
diabetic rats placed on basal diet plus sildenafil citrate; Group IV: (STZ þ10%
AD) serve as diabetic rats placed on diet supplemented with almond drupe
(10%); Group V: (STZ þ20% AD) serve as diabetic rats placed on diet supple-
mented with almond drupe (20%); Group VI: (STZ þ10% AS) serve as diabetic
rats placed on diet supplemented with almond seed (10%) and (STZ þ20% AS)
serve as diabetic rats placed on diet supplemented with almond seed (20%).
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syndrome (Esposito et al., 2010; Liu, 2013). It has been reported that diet
rich in fruits, nuts, and vegetables improves endothelial function and
reduces inflammation, thereby linking diet, inflammation, vascular
function and erectile dysfunction (Johnston, 2009; Schwingshackl and
Hoffmann et al., 2014).

Almond (Terminalia catappa) belongs to family Combretaceae and its
generic name originated from the Latin word "terminalis”. It is a tree
commonly grown in tropical and subtropical regions because of its
edible, ornamental and medicinal purposes (Pinelo et al., 2004). Termi-
nalia catappa have found to possess various pharmacological properties,
such as anti-stress, anti-oxidant (Subashinee et al., 2002; Pinelo et al.,
2004; Oyeleye et al., 2017). Almond fruit is rich in vitamins, amino acids,
minerals, phenolic compounds with potential medicinal value in man-
aging certain diseases and ailments (Pinelo et al., 2004). Previous studies
have reported various biological activities of almond fruit in vitro; anti-
diabetic, antihypertensive, and antioxidative properties (Adefegha et al.,
2017). Furthermore, previous studies have shown that dietary inclusion
of plant-based materials rich in phytochemicals such as phenolic com-
pounds and flavonoids could improve endothelial and vascular function
(Schroeter et al., 2006; Alissa and Ferns, 2012). But unfortunately, there
are little or no scientific findings to substantiate this claim. However,
this study was designed to investigate the possible effect of dietary
supplementation of almond (drupe and seed) on sexual functions, sex
hormones and other important biochemical parameters relevant to
erectile dysfunction in diabetic male rats.

2. Materials and methods

2.1. Chemicals

Para-nitrophenylphenylphosphonate, coomassie blue G, sulfanil-
amide and streptozotocin (STZ) were obtained from Sigma Chemical Co
(St. Louis, MO, USA), bovine serum albumin, nitrate, and vanadium
chloride was obtained from Reagen (Colombo, Parana, Brazil). Sildenafil
citrate was obtained from Cipla Limited., Mumbai, India, and Estradiol
benzoate procured from Organon Limited, Kolkata, India, whereas pro-
gesterone was obtained from Cadilla Healthcare Limited, Daman, India.
2.2. Sample collection

Fresh samples of almond (Terminalia catappa) fruits were obtained
from the botanical garden, Federal University of Technology, Akure,
Nigeria. Authentication was carried out at the Centre for Research and
Development, Federal University of Technology, Akure, Nigeria. The
fruits were cleansed and separated into drupe and seed which were later
air-dried to a constant weight. The dried samples (almond drupe and
seed) were pulverized into a fine powder using a manual blender and
kept inside the refrigerator for subsequent use.
2.3. HPLC analysis of phenolic compounds and amino acids composition
of almond fruit

High performance liquid chromatographic analyses were carried out
under gradient conditions using C18 column (4.6 mm� 150 mm) packed
with 5 μm diameter particles; the mobile phase was water containing 2%
acetic acid (A) and methanol (B), and the composition gradient was: 5%
of B until 2 min and changed to obtain 25, 40, 50, 60, 70 and 100% B at
10, 20, 30, 40, 50 and 80 min, respectively, following the method
described by Oboh et al. (2017).
2.4. Feed formulation

Diets were formulated according to the method of Akinyemi et al.
(2014) and following guideline from an expert (Table 1).
2

2.5. Experimental animals

Forty-two (42) adult male Wistar albino rats (weighing 180–200 g)
were procured from the breeding colony of the Department of Veter-
inary Physiology and Biochemistry, University of Ibadan, Nigeria. The
animals were acclimatized for two weeks and allowed to ad libitum
access to water and commercial diet. The handling of experimental
animals was in accordance with the institutional guidelines for the
care and use of animals and all procedures were approved by the
School of Sciences Animal Ethical Committee, Federal University of
Technology, Akure, Nigeria (FUTA/SOS/1411). The animals were
housed in stainless steel cages and kept in a room where 12 h light/
dark cycle and room temperature (25–28 �C) was maintained
throughout the period of the experiment.
2.6. Experimental design

Diabetes was induced via intraperitoneal injection of a single dose
of streptozotocin (50 mg/kg) in fresh citrate buffer (0.1 M, pH 4.5).
Seventy-two (72) hours after streptozotocin injection, diabetes was
confirmed using Fine test glucometer and animals with blood glucose
�250 mg/dL were considered diabetic and used for the experiment.
Since erectile dysfunction is one of the complications associated with
diabetes, diabetic rats were left alone untreated for two weeks.
Thereafter, the animals were randomly divided into seven groups as
follows (n ¼ 6): group 1 (normal control) served as normal rats
placed on basal diet; group 2 (diabetic control) served as diabetic rats
placed on basal diet; group 3 (diabetic þ sildenafil citrate) served as
diabetic rats placed on basal diet plus sildenafil citrate (5 mg/kg);
group 4 (diabetic þ10% almond drupe) served as diabetic rats placed
on diet supplemented with 10% almond drupe; group 5 (diabetic
þ20% almond drupe) served as diabetic rats placed on diet supple-
mented with 20% almond drupe group; 6 (diabetic þ10% almond
seed) served as diabetic rats placed on diet supplemented with 10%
almond seed; and group 7 (diabetic þ20% almond seed) served as
diabetic rats placed on diet supplemented with 20% almond seed.
The rats were placed on their respective diet (Table 1). Treatment
lasted for 14 days, after which the animals were subjected to sexual
behavioral studies.



Table 2. Phenolic composition of almond fruit.

Compounds Almond drupe (mg/g) Almond seed (mg/g)

Gallic acid 45.08 � 0.03b 14.57 � 0.02a

Catechin 7.15 � 0.01a 6.13 � 0.01a

Chlorogenic acid 26.89 � 0.02a 62.18 � 0.01b

Caffeic acid 6.31 � 0.02a 11.86 � 0.01b

Ellagic acid 107.53 � 0.01b 80.09 � 0.03a

Epicatechin 7.69 � 0.03a 13.90 � 0.01b

Rutin 45.27 � 0.02b 13.24 � 0.02a

Quercitrin 25.73 � 0.01a 23.15 � 0.01a

Isoquercitrin 44.18 � 0.01b 39.68 � 0.02a

Quercetin 21.94 � 0.03a 23.37 � 0.03a

Kaempferol 62.59 � 0.02a 65.02 � 0.01a

Values represent mean � deviation of replicate experiment.
Values with the same superscript alphabet are not significantly different (p <

0.05).

Table 3. Amino acids composition of almond fruit.

Amino acids Samples

Almond Drupe
(mg/g)

Almond Seed
(mg/g)

Gly 4.243 � 0.04a 5.766 � 0.02b

Ala 2.390 � 0.01a 3.224 � 0.03a

Ser 2.920 � 0.02a 3.101 � 0.05a

Pro 3.813 � 0.01a 3.659 � 0.06a

Val 3.698 � 0.03a 3.618 � 0.01a

Thr 4.371 � 0.04a 5.283 � 0.05a

Ile 3.341 � 0.01a 3.906 � 0.03a

Leu 5.394 � 0.04a 5.111 � 0.06a

Asx 12.158 � 0.11a 11.371 � 0.09a

Lys 4.765 � 0.01a 4.276 � 0.07a

Met 0.903 � 0.01a 0.788 � 0.02a

Glx 15.685 � 0.43b 14.061 � 0.37a

Phe 3.620 � 0.05a 3.335 � 0.07a

His 4.948 � 0.03a 4.723 � 0.01a

Arg 4.761 � 0.09a 4.863 � 0.07a

Tyr 1.967 � 0.02a 2.199 � 0.01a

Trp 0.677 � 0.01a 0.878 � 0.02a

Cys 1.101 � 0.01a 0.853 � 0.01a

Values represent mean � deviation of replicate experiment.
Values with the same superscript alphabet are not significantly different (p <

0.05).
Where Asx ¼ Asparagine þ Aspartic acid and Glx ¼ Glutamine þ Glutamic acid.
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2.7. Sexual behavioral procedure

To evaluate the effect of dietary supplementation of almond (drupe
and seed) on sexual behavior, estrous female rats were paired with
treated male rats. Female rats were made estrous by the administration of
estradiol benzoate at a dose of 2 μg/kg body weight and progesterone,
500 μg/kg body weight at 48 and 4 h, respectively before the
commencement of sexual behavioral studies. The male rat sexual
behavioral study was conducted after the training of the male rats with
the sexually receptive females for three consecutive days. Sexual
behavior was monitored in a separate room for 1 h in a clear plastic box
(60 � 60 � 80 cm) and captured by digital video recording. The
behavioral study was carried out early hour in the morning (6:00 a.m.).
The sexual behavior parameters examined were the mounting number,
mount latency, intromission number, and intromission latency (Guohua
et al., 2009; Ademosun et al., 2019).

2.8. Tissue preparation

Twenty-four hours after the last treatment, animals were anesthetized
under mild diethylether, and their blood was collected into a plain bottle
for serum preparation and cholesterol level determination. The penile
tissues were excised, rinsed in cold phosphate buffer and weighed. The
penile tissues were chopped with scissors and homogenized in cold
phosphate buffer (0.1 M, pH 7.4) using Teflon glass homogenizer. The
homogenates were centrifuged at 10,000 rpm for 10 min. The superna-
tant obtained was kept (-20 �C) for subsequent analyses.

2.9. Biochemical assays

Blood glucose level was determined using Fine test glucometer
(OSANG Healthcare Co. Ltd., Korea), phosphodiesterase-5 activity was
determined according to Ademosun et al. (2019), hormonal (testos-
terone, follicle-stimulating hormone, and luteinizing hormone) levels
were determined using Accu-Bind ELISA kits (Monobind Inc., California,
USA), glycated hemoglobin level was evaluated as previously described
(Nayak and Pattabiraman, 1981), nitric oxide level was determined ac-
cording to Miranda et al. (2001), Hydrogen sulfide level was estimated
(Padiya et al., 2014) and total protein content was determined using
standard method (Bradford, 1976).

2.10. Data analysis

Data were expressed as mean � standard error of the mean (SEM) (n
¼ 6). One way analysis of variance was used for statistical analyses fol-
lowed by post hoc Dunnett's test for comparing the mean. The significant
difference was accepted at p < 0.05.

3. Results

In order to identify the major components of almond drupe and seed,
HPLC analysis was carried out using standard phenolic acids and flavo-
noids. The results of the analysis revealed the abundance of gallic acid (tR
¼ 9.97 min; peak 1), catechin (tR¼ 16.39 min; peak 2), chlorogenic acid
(tR ¼ 21.47 min; peak 3), caffeic acid (tR ¼ 25.03 min; peak 4), ellagic
acid (tR¼ 31.20; peak 5), epicatechin (tR¼ 32.71 min; peak 6), rutin (tR
¼ 39.98 min; peak 7), quercitrin (tR ¼ 44.15 min; peak 8), isoquercitrin
(tR ¼ 47.83 min; peak 9), quercetin (tR ¼ 52.64 min; peak 10) and
kaempferol (tR¼ 59.86 min; peak 11) (Table 2). In addition, all the basic
amino acids found in protein were present in varying amount in almond
fruit (Table 3).

The blood glucose levels of diabetic (STZ-induced) rats showed a
significant increase (p < 0.05) when compared with rats in the control
group. Treatment with diets supplemented with almond drupe and seed
(10 and 20% inclusion) resulted in a significant decrease in blood glucose
level in comparison with diabetic rats fed with basal diet. Also, almond-
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supplemented diet reduced blood glucose level in diabetic rats than sil-
denafil citrate (Figure 1).

Sexual activity of all rats in different groups (except normal control)
was observed to be almost the same immediately after induction of
diabetes. However, noticeable changes were observed after 14 days of
treatment with almond-supplemented diets. Sexual activities in diabetic
rats reduced significantly (p < 0.05) when compared with rats in the
normal control group. Almond-supplemented diets and sildenafil citrate
increased sexual function in diabetic rats (Figure 2). The effect of sil-
denafil citrate on sexual function in diabetic rats is significantly higher
than that of almond-supplemented diets. It is also important to note that
almond drupe improve sexual functions (mounting and intromission
numbers) compared to almond seed.

Figure 3 showed a significant increase (p < 0.05) in
phosphodiesterase-5 activity in diabetic rats when compared with the
control group. However, treatment with almond-supplemented diets and



Figure 1. Effect of Almond drupe (AD) and seed (AS) supplemented diets on
blood glucose level in diabetic rats.

Figure 2. Effect of Almond drupe (AD) and seed (AS) supplemented diets on sexual b
and (D) intromission latency in diabetic rats. Bars represent mean � standard error o
versus sildenafil citrate (SC).
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sildenafil citrate significantly lowered phosphodiesterase-5 activity in
comparison with diabetic rats. Sildenafil citrate had a better effect on
lowering phosphodiesterase-5 activity than almond-supplemented diets
(Figure 3).

The effect of almond-supplemented diets and sildenafil citrate on the
level of gasotransmitters responsible for the initiation of penile erection
was assessed in diabetic rats and the results are presented in Figures 4
and 5. Nitric oxide level of diabetic rats decreased significantly (p< 0.05)
in comparison with normal control rats. Diets supplemented with almond
(drupe and seed) increased the nitric oxide level in diabetic rats
(Figure 4). Similarly, the hydrogen sulfide level was significantly
decreased in diabetic rats in comparison with normal control rats.
However, treatment with almond-supplemented diets (drupe and seed)
reversed the hydrogen sulfide level in diabetic rats (Figure 5).

As shown in Figure 6, diabetes increased glycated hemoglobin level in
comparison with normal control rats. However, treatment with diets
supplemented with almond (drupe and seed) significantly (p < 0.05)
reduced glycated hemoglobin level when compared with diabetic rats.
Also, sildenafil citrate lowered glycated hemoglobin level in diabetic rats,
ehaviour (A) mounting number, (B) mounting latency, (C) intromission number
f the mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ) group and #p < 0.05



Figure 3. Effect of Almond drupe (AD) and seed (AS) supplemented diets on
phosphodiesterase-5 activity in STZ-induced diabetic rats. Bars represent mean
� standard error of the mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ)
group and #p < 0.05 versus sildenafil citrate (SC).

Figure 5. Effect of Almond drupe (AD) and seed (AS) supplemented diets on
hydrogen sulfide level in diabetic rats. Bars represent mean � standard error of
the mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ) group and #p < 0.05
versus sildenafil citrate (SC).
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but the effect was not statistically different from the group treated with
almond-supplemented diets.

Furthermore, the results from this study showed a significant
decrease in sexual hormones (follicle-stimulating hormone and lutei-
nizing hormone) levels except for testosterone that is not significantly
different in comparison with diabetic rats. However, treatment with diets
supplemented with almond drupe and seed (10 and 20% inclusion)
resulted in a significant increase in sexual hormone level (Figure 7).
Treatment with sildenafil citrate did not affect the hormone (testos-
terone, follicle-stimulating hormone, and luteinizing hormone) levels
when compared with diabetic rats.

Diabetes caused a significant (p < 0.05) decrease in both serum and
testicular cholesterol level when compared with the normal control
group. However, dietary supplementation with almond drupe and seed
(10 and 20% inclusion) significantly improve the cholesterol level in
diabetic rats (Figure 8). Diabetic rats treated with sildenafil citrate
Figure 4. Effect of Almond drupe (AD) and seed (AS) supplemented diets on
nitric oxide level in diabetic rats. Bars represent mean � standard error of the
mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ) group and #p < 0.05 versus
sildenafil citrate (SC).
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showed a slight increase in cholesterol level, but not statistically different
from diabetic rats.

4. Discussion

There is an existing association between diabetes mellitus and the
development of erectile dysfunction. This study proved efficacies of
almond fruits supplemented diets as a dietary intervention in the man-
agement of erectile dysfunction induced by diabetes mellitus. Almond-
supplemented diets decreased blood glucose significantly in diabetic rats.

The biological activities of plant and plant foods depend on their
phytochemical components. The HPLC quantitative analysis of almond
(drupe and seed) revealed an abundance of phenolic acids and flavo-
noids. The polyphenolics present in almond fruit include; gallic acid,
catechin, chlorogenic acid, caffeic acid, ellagic acid, epicatechin, rutin,
quercetin, isoquercitrin, quercitrin, and kaempferol. Polyphenolics such
Figure 6. Effect of Almond drupe (AD) and seed (AS) supplemented diets on
glycated hemoglobin level in diabetic rats. Bars represent mean � standard error
of the mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ) group and #p < 0.05
versus sildenafil citrate (SC).



Figure 7. Effect of Almond drupe (AD) and seed (AS) supplemented diets on hormonal level (A) testosterone, (B) follicle stimulating hormone and (C) luteinizing
hormone in diabetic rats. Bars represent mean � standard error of the mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ) group and #p < 0.05 versus sildenafil
citrate (SC).
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as caffeic acid, ellagic acid, gallic acid, quercetin, and isoquercitrin are
well-known antioxidants. Besides, ellagic acid, rutin, and quercetin have
been reported for their aphrodisiac properties (Goswami et al., 2014;
Adefegha et al., 2018). Almond fruits are rich sources of amino acids like
glutamine, arginine, tryptophan, tyrosine, and phenylalanine that have
been reported to be involved in effective sexual activities of animals
(Kayode and Yakubu, 2017). Glutamine and inositol combined to form
gamma-aminobutyric acid (GABA), which facilitates orgasm and inhibit
excitatory neurotransmitters that cause loss of sexual urge and conse-
quently sexual dysfunction (Rowland et al., 2010). Besides, arginine
enhances blood flow throughout the body including penile tissue and it is
a precursor for nitric oxide (NO). NO elevates arterial elastic properties,
lowers blood pressure and improves erection and sexual performance
(Vlachopoulos et al., 2008; Suzuki et al., 2019). Hydroxylation of
phenylalanine gives L-tyrosine, a precursor for L-3,4-dihydrox-
yphenylalanine, dopamine, norepinephrine, and epinephrine, com-
pounds that enhance libido (Kayode and Yakubu, 2017). Amino acids
like glycine, glutamic acid and cysteine are precursors of glutathione, a
compound that shields cells against oxidative damage which give rise to
6

many diseases including diabetes and its complication such as erectile
dysfunction (Sekhar et al., 2011).

Androgen has been reported to play a crucial role in the proper
functioning of the entire male sexual activity (Chistiakov et al., 2018;
Rastrelli et al., 2018). The gonadotropin-releasing hormone secreted by
neurons in the hypothalamus stimulates the release of follicle-stimulating
hormone and luteinizing hormone into the circulation (Seal et al., 2000;
Ciechanowska et al., 2018). Luteinizing hormone synthesized and
released testosterone, the main hormone that acts on androgen receptors
to enhance the components of sexual behavior (Corona et al., 2016a,b).
Findings in this study revealed that diabetes caused a significant decrease
in sexual hormones (testosterone, follicle-stimulating hormone, and
luteinizing hormone). However, a decreased level of hormone observed
in this study could be associated with a reduced level of testicular
cholesterol, a precursor for the synthesis of sexual hormones (Abarikwu
and Farombi, 2014). Treatment with diets supplemented with almond
fruits (drupe and seed) increased the testosterone level in diabetic rats
possibly through improved cholesterol level. Testosterone synchronizes
sexual activity by acting both centrally and peripherally to modulate



Figure 8. Effect of Almond drupe (AD) and seed (AS) supplemented diets on (A) testicular and (B) serum cholesterol levels in diabetic rats. Bars represent mean �
standard error of the mean (SEM) (n ¼ 6). *p < 0.05 versus diabetic (STZ) group and #p < 0.05 versus sildenafil citrate (SC).
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libido and regulate the synthesis and release of nitric oxide synthase
(Hull et al., 2007; Chistiakov et al., 2018). The tenacity of
almond-supplemented diets to restore the levels of reproductive hor-
mones (testosterone, follicle-stimulating hormone, and luteinizing hor-
mone) may partly account for the enhanced sexual activities exhibited by
sexually compromised diabetic rats. Besides the enhanced testosterone
level observed in this study, there was a concomitant increase in the level
of gonadotropins and this could be a direct impact of
almond-supplemented diets on the pituitary gland giving rise to the
release of both follicle-stimulating hormone and luteinizing hormone
(Ciechanowska et al., 2018).

Nitric oxide, a potent vasodilator, is known to play important physi-
ological roles that include stimulation of sexual activities in animals via
the mediation of penile erection (Vincent et al., 2003; Tropea et al.,
2018). Findings in this investigation revealed that there was a significant
reduction in the level of nitric oxide in diabetic rats when compared with
the control group. The reduced level of NO in diabetic rats could be as a
result of hyperglycemia which has been reported to generate reactive
oxygen species (ROS) (Yaribeygi et al., 2019; Volpe et al., 2018). The
ROS generated are capable of reacting with NO to form peroxynitrite
(ONOO�) which reduce the concentration and bioavailability of NO.
However, treatment with almond-supplemented diets increased NO level
which could be attributed to the antioxidant activities and L-arginine
content of almond fruits. This is in agreement with the previous report
that consumption of polyphenol-rich diets is associated with reduced risk
of vascular diseases possibly due to their positive role on normal endo-
thelial function (Abarikwu and Farombi, 2014; Olabiyi et al., 2017). In
addition, we examined the effect of almond-supplemented diets on H2S
level in diabetic rats. Besides the possible role of H2S in mediating penile
erection (Tang et al., 2006; Qiu et al., 2012), it also scavenge reactive
oxygen species and enhance endogenous antioxidant system (Whiteman
et al., 2004; Yan et al., 2006). Findings in this present study revealed that
almond-supplemented diet increased H2S level in diabetic rats, suggest-
ing the possible role of H2S in activating antioxidant defense mechanism
in the vascular tissues of diabetic rats.

In diabetes, hyperglycemia is well-known to be a major culprit that
responsible for almost complications associated with diabetes (Ceriello
et al., 2016; Rhee and Kim, 2018; Volpe et al., 2018). As a transporter of
oxygen, red blood cells are prone to increased risk of oxidative damage.
In this investigation, we observed a redox-disturbance as evident by a
7

significant increase in glycated hemoglobin level in diabetic rats when
compared with the control group. This agrees with previous findings
(Ramkumar et al., 2014; Sureka et al., 2015; Rhee and Kim, 2018).
However, daily intake of almond-supplemented diets confers a protective
effect against oxidative damage in red blood cells of diabetic rats by
lowering glycated hemoglobin level in diabetic rats. Since mature red
blood cells rely on already synthesized proteins, dietary supplementation
with antioxidants and samples rich in amino acids could be of importance
in maintaining red blood cells structure and functionality (Reeds, 2000).
Improved antioxidant status has been reported to be associated with
modulation of key biochemical indices in diabetics, such as blood glucose
level and glycated hemoglobin. Glycation in diabetics is not limited to
hemoglobin alone but also affect other red blood cells and serum pro-
teins, which give rise to accumulation of advanced glycated end-products
(AGEs). AGEs negatively affect protein properties structurally and func-
tionally, and ultimately the development of diabetic complications such
as erectile dysfunction (Cantero et al., 2007; Forbes and Cooper, 2013).

The significant role of the NO/cGMP signaling pathway in penile
erection has been reported (Angulo et al., 2010; Olabiyi et al., 2017).
During sexual stimulation, nitric oxide produced from either nNOS or
eNOS, or both diffused into the corpora cavernosal of the penile tissue
where it activates soluble guanylate cyclase, an enzyme that converts
guanosine triphosphate (GTP) to cyclic guanosine monophosphate
(cGMP). cGMP is a secondary intracellular messenger that facilitates
relaxation of penile smooth muscles, which in turn leads to penile
erection (Angulo et al., 2010). cGMP level and concentration in the
biological system is controlled by phosphodiesterase-5 (PDE-5), an
enzyme that catalyzes the hydrolysis of cGMP. Most approaches avail-
able for erectile dysfunction management are PDE-5 inhibitors e.g. sil-
denafil, tadalafil, etc. Unfortunately, most of these synthetic drugs are
expensive and have some associated adverse effects (Corona et al.,
2016a,b). However, the use of plant or plant foods has been reported
useful in the management of erectile dysfunction and are considered as
an alternative to the synthetic drugs because they are cheap, readily
available and have little or no side effect (Olabiyi et al., 2017). Findings
in this study revealed the elevated activity of PDE-5 in diabetic rats,
which was ameliorated by the intake of a diet supplemented with
almond fruits. Inhibition of PDE-5 is paramount to erectile dysfunction
management as it makes cGMP available for smooth muscle relaxation
(Angulo et al., 2010; Olabiyi et al., 2017).



A.A. Adebayo et al. Heliyon 5 (2019) e03035
In this study, we examined the influence of dietary supplementation
of almond on sexual behavioral activities in diabetic rats. It is interesting
to note that the sexual activity of all rats in different groups (except
normal control) was observed to be almost the same immediately after
the induction of diabetes. However, there was a noticeable improvement
in sexual activities following treatment with almond-supplemented diets.
Almond-supplemented diets significantly improve sexual activities in
diabetic rats as revealed by increased mounting and intromission number
with a simultaneous decrease in mounting and intromission latencies.
Impaired sexual activities observed in diabetic rats could be due to
reduced level of gaseous neurotransmitters (NO and H2S) and hormones
(testosterone) and increased activity of PDE-5 and level of advanced
glycated end-products (glycated hemoglobin) that have been reported to
induce vascular damage and dysfunction (Forbes and Cooper, 2013;
Yaribeygi et al., 2019). Improved sexual activities after treatment with
almond-supplemented diets could be due to presence of phenolic com-
pounds (such as ellagic acid, rutin and quercetin) and amino acids (such
as arginine, phenylalanine and glutamic acid) that have been reported to
directly or indirectly take part in stimulation of sexual activities (Gos-
wami et al., 2014; Olabiyi et al., 2017; Adefegha et al., 2018). The
enhanced sexual activities observed in this study could be related in part
to the increased levels of some pituitary hormones that stimulate the
synthesis of dopamine receptor and sexual behavior (Nchegang et al.,
2016; Lonstein et al., 2019).

5. Conclusion

Findings in this study revealed that almond-supplemented diets
modulate activities and levels of some important biomarkers relevant to
erection in diabetic rats. Thus, dietary inclusion of almond (drupe and
seeds) could serve as a cheap and readily available nutraceutical in the
management of erectile dysfunction associated with diabetes.
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