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ABSTRACT
Folic acid and methylenetetrahydrofolate reductase enzyme (MTHFR) gene C677T (rs1801133) SNP
have been proofed to influence the spermatogenesis. This study aimed to investigate the biochemi-
cal, histological, and immunohistochemical (IHC) of adultmale rabbits after induction of infertility by
adenine, and the role ofMTHFRC677Tgenotypeswith orwithout folic acid therapy. Thirty adultmale
rabbits were divided into three groups: control (G1), adenine-induced infertility (G2), and adenine-
induced infertility with folic acid therapy (G3). The PCR-RFLPwas applied to detect theMTHFR C677T
genotypes. Biochemical analyses of seminal fluid, homocysteine, and sex hormones were deter-
minedwith histological and IHCexamination of testicular tissue.Morphometricmeasurements and a
TUNEL assay of seminiferous tubules were also performed. The results revealed a significant increase
in homocysteine and sperm abnormalities, while sex hormones, sperm count andmotility decreased
significantly in the TT genotype compared with the CC genotype. Also, G2 displayed a significant
increase in homocysteine and sperm abnormalities, with a significant decrease in sex hormones,
sperm count and motility as compared to the G1 and G3. In conclusion, MTHFR 677C > T polymor-
phism is a genetic risk factor for male infertility and folic acid has a potential role in the treatment of
male infertility.
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Introduction

Male infertility is a significant problem facing married
couples worldwide; the percentage of infertile hus-
bands is progressively increasing (Dhillon et al. 2007;
Anawalt et al. 2019). Several genetic factors may have
impacts on male infertility which play a role in idio-
pathic male infertility (Wernimont et al. 2011; Skakke-
baek et al. 2016). DNAmethylation is one of the crucial
epigenetic modifications that have a vital effect in reg-
ulating gene expression in spermatogenesis, such as
autosomal and Y-sex chromosomes. Therefore, defec-
tive expression of those genes that are implicated in
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spermatogenesis may lead to male infertility (Rahi-
minia et al. 2019).

Folic acid is made up of pteroic acid and L-glutamic
acid, while the functional form of folate is tetrahydro-
folic acid. MTHFR is an enzyme that converts
homocysteine (Hcy) to methionine using methylene-
tetrahydrofolate to be converted into tetrahydrofolate
(Kumar et al. 2005). This process maintains folic acid
in a free active form; otherwise, it will be trapped in
themethylene-tetrahydrofolate form (Kim et al. 1997).
The presence of folic acid in the methylene tetrahy-
drofolate form suppresses folic acid polyglutamization

© 2021 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/26895293.2021.1963846&domain=pdf&date_stamp=2021-08-10
http://orcid.org/0000-0002-0151-8309
http://orcid.org/0000-0003-2984-9262
http://orcid.org/0000-0001-5541-7928
mailto:f.alhumaydhi@qu.edu.sa
http://creativecommons.org/licenses/by/4.0/


ALL LIFE 731

and prevent it frombinding to cells, leading to a useless
compound (Bailey andAyling 2009).MTHFR is one of
the crucial enzymes in the folic acid metabolic path-
way and in methionine production. It is responsible
for the conversion of 5,10-methylenetetrahydrofolate
to 5-methyl tetrahydrofolate (Friso et al. 2002). A
healthy fertility process is associated with a normal
folic acid metabolic pathway; the genetic polymor-
phism of key enzymes in the folic acid cycle has been
implicated in idiopathic male infertility (Friso et al.
2002). Defects in the metabolism of folic acid par-
ticipate in wide metabolic functions, while MTHFR
gene C677T (rs1801133) SNP is implicated in the dis-
turbance of folic acid metabolism that elevates blood
Hcy (Lunenfeld andVan Steirteghem2004).Moreover,
mutation of MTHFR C677T (rs1801133) was shown
with possible contribution to abnormalities of sper-
matogenesis through the lack of a DNA methylation
process (Poduri et al. 2008).

Thus far, the role of SNPs in male infertility have
not been fully examined. Therefore, this experimental
animal model study of male infertility was designed
to investigate the biochemical, the histological, and
the IHC alterations in the testicular structure of adult
male rabbits after experimental induction of infertil-
ity by adenine, as well as the effect of MTHFR C677T
genotypes on male infertility. Moreover, the current
study investigated the effect of folic acid intake in
restoring normal spermatogenesis among those with
adenine-induced infertility who have the MTHFR
C677T (rs1801133) SNP with CC and TT genotype
carriers in an attempt to determine a simple therapeu-
tic line for the treatment of male infertility.

Methods

This experimental study (in vivo study) was conducted
in the central research laboratory of the Department
of Medical Laboratories, College of Applied Medical
Sciences, Qassim University, Saudi Arabia.

Drugs and chemicals

Adenine and folic acid powders were purchased from
Research Products International (RPI) (Mt. Prospect,
IL, USA). Reagent kits of ELISA techniques were pur-
chased from R&D Systems Inc. (Minneapolis, USA).
A TUNEL assay kit was purchased from abcam (Cam-
bridge, UK).

Study animals and grouping

Thirty adult sexually mature New Zealand white male
rabbits (aged six months and weighing 2–3 kg) were
used in this study (Dutta and Sengupta 2018). They
were acclimated for one week and trained to give
semen for one month. The rabbits were housed under
hygienic conditions in the animal house of the Col-
lege of Applied Medical Sciences, Qassim University,
SaudiArabia at 21–24°C inA12 h/12 h light/dark cycle
and freely fed food and water during the experimen-
tal period. The rabbits were equally divided into three
groups (N = 10) and received 5mL of IS/kg through
an intragastric tube to deliver the drugs for 30 days as
follows:G1 rabbits received only 5mLof IS/kg;G2 rab-
bits received 300mg of adenine/kg dissolved in IS to
induce infertility (Huang et al. 2014); G3 rabbits were
given 40mg of folic acid and 300mg of adenine/kg
dissolved in IS (Naughton et al. 2003).

Ethical approval

This study was approved by the Ethics Committee
of Qassim University according to the institutional
and national guidelines for animal use and care, ethi-
cal approval number [3439-cams1-2018-1-14-S]; date:
07/10/2018.

Collection and analysis of semen

At the end of the experiment, semen was obtained
from all rabbits with different MTHFR genotypes to
perform seminal fluid analysis. Semen was collected
from two successive ejaculates of each male rabbit by
a sterile artificial vagina using a female teaser rabbit.
The semen was collected in a plastic syringe of 3mL
capacity at an interval of 15min, as described previ-
ously by Naughton et al. (2003), to measure the fol-
lowing parameters of the spermatozoa in fresh semen
that predict the fertilizing ability of the experimental
rabbits:

(1) The total ejaculate volume of both ejaculates at an
interval of 15min/mL was measured in a gradu-
ated conical tube of 3mL capacity andmaintained
at 37°C.

(2) The sperm motility percent was measured in
a diluted sample of semen (1:20 within 10min
from collection with a Tris-buffer medium) by
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using the CASA system (Hobson Tracker Limited,
Sheffield, UK) for the evaluation of the motil-
ity pattern. Two drops of diluted semen were
placed on a slide and covered with a cover slip,
then examined under a phase-contrast micro-
scope at 100×, equipped with a heating stage at
37°C, connected by a video camera to a monitor
and recorded. The total number of sperms and
immotile sperms was counted in five visual fields
per sample (% motile spermatozoa = Number
of motile sperms/total number of sperms×100)
(Boiti et al. 2005).

(3) The sperm cell concentration (million/mL) was
estimated by dilution of the total volume of semen
ejaculate (1:100 in a fixative solution of PBS and
glutaraldehyde solution 2%) through use of a
hemocytometer method and count two Neubauer
chambers per sample (Habeeb et al. 2008).

(4) The total sperm count (the total number of
sperms/ejaculate) equals the sperm concentra-
tion× the volume of ejaculate.

(5) The percentage of sperm abnormalities was esti-
mated through dilution of the total volume of
semen ejaculate (1:100 in a fixative solution
of PBS and glutaraldehyde solution 2%). Then
20µL of the solution was smeared on a clean
slide. The smears were air-dried at 37°C and the
sperms were stained in a single step with try-
pan blue, naphthol yellow, and eosin-Y solution,
respectively, in 1% acetic acid. The percentage
of abnormal spermatozoa was measured under
a phase-contrast microscope (Nomarski contrast)
in 200 spermatozoa from each rabbit and classi-
fied as normal or abnormal spermatozoa (Safaa
et al. 2008).

Blood sample collection and analysis

After the semen had been obtained from all rabbits
at the end of the experiment, all the rabbits were
generally anesthetized by intramuscular injection of
35mg pentobarbital sodium/kg in the gluteus mus-
cle to obtain blood samples for the determination of
MTHFR gene C677T SNP and the measurement of
plasma Hcy and sex hormones (LH and testosterone).
2mL of blood were withdrawn from the ears of each
rabbit on the anticoagulant EDTA, then divided into
two blood samples (1mL each).

Determination ofMTHFR gene C677T (rs1801133)
SNP

Genomic DNA was extracted from the leucocytes of 1
mLperipheral bloodusing theBiospinBloodGenomic
DNAMini-Prep Kit (BioFlux, Iran) (Buffone and Dar-
lington 1985; Boiti et al. 2005) and PCR-RFLP was
used to detect the MTHFR C677T genotypes (Ange-
line et al. 2007; Habeeb et al. 2008). PCR amplification
and PCR restricted segment detection (198 base pairs
of the MTHFR gene) were carried out through the
following procedure:

(A) 120 ng of the genomic DNA was incubated in
50µL of both forward and backward primers of
the MTHFR C677T SNP as follows: 5’-TGAA
GGAGAAGGTGTCTGCGGGA-3’ and 5’-AGGA
CGGTGCGGTGAGAGTG-3’, respectively.

(B) Restriction enzyme HinfI at 37°C for 3–4 h in the
buffer was used to restrict the 198 bp product of
the MTHFR DNA segment, yielding to CC, CT,
and TT genotype fragment length as (198, 198,
175,23, and 175, 23), respectively.

(C) The resulting PCR fragments were separated
through the application of agarose gel (3%)
including 5mg/mL ethidium bromide and mea-
sured by 100 Base-Pair Ladder (Bioron).

Measurement of sex hormones

The remaining 1 mL of blood was centrifuged at
4000 rpm for 10min to collect plasma samples for
the measurement of Hcy, LH, and testosterone lev-
els through use of the ELISA technique. The minimal
detectable concentration of LH was estimated to be
3mIU/mL. To convert the results of testosterone from
ng/mL to nmol/L, the following equation was applied:
1 ng/mL = 3.47 nmol/L. The minimal level of testos-
terone ranged from 0.012 to 0.041 ng/mL (Naughton
et al. 2003; Sanati and Nikmanesh 2008; Jones and
Lopez 2013; Huang et al. 2014).

Lightmicroscope (LM) histological and IHC studies

At the end of the experiment, all rabbits with different
genotypes were sacrificed and processed to examine
the testes histologically and IHC by the LM to record
any pathological disorders in the testis.
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Histological study

The excised specimens from both testes were pro-
cessed (fixed in 10% formalin, dehydrated in ascend-
ing series of ethanol, cleared in xylene, and embedded
in paraffin wax to obtain 5µm sections). Then slides
were deparaffinized with xylene and stained with the
H&E, MT, and PAS techniques to examine the general
histological structure of the testis (Suvana and Layton
2019).

IHC study

The TUNEL assay HRP-DAB method was used in the
current study to localize apoptotic cells in the testis
according to the protocol provided by the manufac-
turer (abcam). In brief, the slides were deparaffinized,
rehydrated, and rinsed with TBS for 5min (rinse with
TBS after each of the following steps). The specimen
was covered with 100µL of Proteinase K solution for
20min and 100µL of 3% H2O2 for 5min. 100µL of
TdT Equilibration buffer was added for 30min, fol-
lowed by the addition of 40µL of TdT labeling reaction
mix to each sample. Then, a cover slip was placed
over the top and the sample was incubated at 37°C
for 90min. Slides were immersed in TBS to remove
the cover slip, and then the specimen was covered
with 100µL of stop buffer and incubated at room
temperature for 5min. 100µL of blocking buffer was
added to the specimen and incubated at RT for 10min.
100µL of conjugate was immediately added to the
specimen after careful blotting of the blocking buffer
from the specimen, which was then incubated for
30min. Next, the specimen was covered with 100µL
of DAB working solution and incubated for 15min; it
was then rinsed with dH2O. The specimen was cov-
ered with 100µL Methyl green for 3min. Slides were
dehydrated by repeated immersion in 100% ethanol
followed by xylene. DPX mounting media was added
and, finally, the slide was covered with a glass cover
slip. The reaction was observed as being dark brown
in color in the nuclei of testicular cells compared to
the negative control without use of the TdT labeling
reaction mix.

Morphometric study

Image analysis of data from all groups was carried
out on stored pictures acquired by a Leica LM digital

camera; then data were analyzed by the Image J
program (Media Cybernetics Inc., USA). Five fields
from sections stained with H&E from all rabbits were
examined and the selected areas of testicular tissue on
the picturewere divided into six regions tomeasure the
mean of ST transverse diameter, ST epithelial height,
and area% of collagen fibres between the ST and apop-
totic testicular cells in the ST of 10 non-overlapping
fields from each animal with magnification ×1000.

Statistical analysis

The data were collected and analyzed using the
SPSS software version 16. Data were expressed as
mean± SD. A comparison of variables among male
rabbit groups was performed with an unpaired t-test
and a chi-square test for continuous and categorical
variables, respectively. The association of the MTHFR
C677T SNP alleles and genotypes with male infertility
and relative risk estimationwas tested by the odds ratio
(OR). The correlation between Hcy levels and other
parameters was tested through use of the correlation
coefficient (r2). One-way ANOVA followed by a post-
hoc Tukey’s test for intergroup comparisons were used
for the following parameters: The diameter of ST/µm,
the epithelial height of ST/µm, the area percentage of
collagen fibres in the testis, the percentage of apop-
totic cells (TUNEL assay) in ST of the testis, p-values of
less than 0.05were considered significant. The Pearson
correlation was used to examine the relation between
selected variables (Mousa et al. 2018).

Results

MTHFR C677T (rs1801133) SNP genotypes and
alleles distribution

The allele and genotype frequency and alleles dis-
tribution among all groups is illustrated in Table 1,
and the agarose gel electrophoresis findings of the
MTHFR C677T SNP in different studied groups
are shown in Figure 1(A, B, C) and Figure 2. The
results of the current study revealed significant dif-
ferences between all groups regarding the genotype
and allele distributions of the MTHFR C677T SNP.
The CC genotype was significantly more frequent in
all groups while the TT genotype had the least fre-
quency (X2 = 8.99, p = 0.01). The C allele frequency
was greater in all studied groups than the T allele
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Table 1. Allele and genotype frequencies for MTHFR C677T polymorphism in all groups.

Genotype frequency n (%) Allele frequency n (%)

Group CC CT TT C T

G1 (n = 10) 5 (50%) 4 (40%) 1 (10%) X2 = 1.94
p = 0.746

14 (70%) 6 (30%) X2 = 0.57
p = 0.75G2 (n = 10) 4 (40%) 4 (40%) 2 (20%) 12 (60%) 8 (40%)

G3 (n = 10) 5 (50%) 2 (20%) 3 (30%) 12 (60%) 8 (40%)
All groups

(n = 30)
14 (46.7%) 10 (33.3%) 6 (20%) X2 = 8.99

p = 0.01
38 (63.3%) 22 (36.7%)

Figure 1. Findings of agarose gel electrophoresis of MTHFR CT SNP in the studied rabbits, marker (100 bp). Figure 1A: lanes 1, 2 homozy-
gous for C (198 bp), lanes 3→10 heterozygous CT (198, 175 bp) and lanes 11→15 homozygous for T (175 bp). Figure 1B: lanes 1→4
homozygous for C (198 bp), lanes 5→8 heterozygous CT (198, 175 bp) and Lanes 9, 10 homozygous for T (175 bp). Figure 1C: lanes 1→5
homozygous for C (198 bp), lanes 6, 7 heterozygous CT (198, 175 bp) and lanes 8→10 homozygous for T (175 bp).
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Figure 2. Allele and genotype frequencies for MTHFR C677T polymorphism in G1, G2, G3, and all groups (X2 and p-value).

Table 2. Comparison of laboratory data of all groups (mean± SD, ANOVA; (F) test and t-test).

Variable G1 G2 G3
F value
P value t-test value p value

Plasma Hcyµmol/L 9.25± 1.17 12.04± 0.96 9.93± 1.32 F = 15.54
p ≤ 0.001

∗−5.27
∗∗−1.28
∗∗∗4.61

p = 0.001
p = 0.232
p = 0.001

Serum LH (mIU/mL) 3.54± 0.77 2.1± 0.79 3.1± 0.85 F = 8.5
p ≤ 0.001

∗6.72
∗∗1.37
∗∗∗−2.56

p = 0.001
p = 0.203
p = 0.03

Serum testosterone(ng/mL) 4.2± 1.0 2.39± 0.92 3.6± 0.96 F = 9.02
p = 0.001

∗4.311
∗∗ 1.54
∗∗∗−2.54

p = 0.002
p < 0.158
p < 0.03

Sperm countmillion/m3 187.4± 6.5 85.5± 5.5 144.3± 7.4 F = 5.933
p < 0.01

∗ 10.080
∗∗ 3.047
∗∗∗−8.211

p < 0.001
p = 0.1
p < 0.001

Total sperm cell abnormalities% 13.7± 0.9 34.0± 1.7 25.00± 1.1 F = 27.148
p < 0.001

∗−18.77
∗∗ −16.627
∗∗∗5.9

p < 0.001
p < 0.001
p < 0.01

Motility (%) 85.0± 5.1 48.0± 9.7 53.3± 3.3 F = 31.291
p < 0.001

∗ 1s4.3
∗∗ 15.058
∗∗∗−3.823

p < 0.001
p < 0.001
p < 0.01

∗Refers to t-value of comparing G1 with G2; ∗∗Refers to t-value of comparing G1 to G2; ∗∗∗Refers to t-value of comparing G2 to G3.

frequency. We estimated the risk ratio (X2 = 0.574,
p = 0. 573, OR = 1.55 95%, CI = 0.494–4.896) but
it showed a non-significant statistical result that may
have been due to the small size of the studied sample
(Table 1). Otherwise, when we compared the geno-
type and allele distribution in G2 and G3 with that
of G1, we could not detect any significant associa-
tion between G2/G3 and G1 (X2 = 1.94, p = 0.746,
X2 = 0.57, p = 0.75, respectively).

All data of plasma Hcy, LH, and testosterone lev-
els with parameters of semen analysis in all groups
are demonstrated in Table 2 with an ANOVA (F)
test. The levels of plasma Hcy displayed significant

differences among all groups G1 (9.25± 1.17), G2
(12.04± 0.96), andG3 (9.93± 1.32) (F-value = 15.54,
p ≤ 0.01). Hcy levels increased more significantly in
G2 than in G1 (t = 5.27, p = 0.001), decreased more
significantly in G3 than in G2 (t = −3.57, p = 0.028),
and non-significantly decreased in G3 as compared
to G1 (t = −1.28, p = 0.232). The plasma LH lev-
els showed significant differences among all groups
(F = 8.5, p = 0.001).

The LH value was 3.54± 0.77mIU/mL for G1,
while it decreased to 2.1± 0.79mIU/mL in G2 and
increased in G3 (3.1± 0.85) (t = 6.72, p ≤ 0.001,
t = 2.56, p = 0.03, respectively). The concentration
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Table 3. Comparison of laboratory data (mean± SD, ANOVA; (F) test and t-test) with different MTHFR C677T genotypes in all groups
(n = 30).

Variable CC n = 14 CT n = 10 TT n = 6
F-value
p–value t-value p-value

Plasma Hcyµmol/L 8.69± 1.02 9.79± 1.1 10.89± 1.14 F = 13.73
p ≤ 0.001

∗−1.88
∗∗−2.7
∗∗∗−2.27

p = 0.092
p = 0.032
p = 0.072

Plasma LH (mIU/mL) 3.67± 0.9 3.23± 0.87 1.94± 0.82 F = 8.12
p = 0.002

∗0.44
∗∗ 6.92
∗∗∗1.64

p = 0.669
p = 0.001
p = 0.17

Plasma testosterone (ng/mL) 4.4± 0.96 3.17± 1.08 2.57± 1.42 F = 6.98
p = 0.004

∗2.06
∗∗1.84
∗∗∗0.746

p = 0.04
p = 0.046
p = 0.489

Sperm count Millions/m3 36.32± 3.96 21.5± 6.15 16.1± 1.6 F = 26.1
p ≤ 0.001

∗8.66
∗∗18.91
∗∗∗3.56

p ≤ 0.001
p ≤ 0.001
p = 0.016

% of Total sperm cell abnormalities 19.45± 6.6 20.18± 3.45 34.1± 2.7 F = 18.47
p ≤ 0.001

∗−3.144
∗∗−13.87
∗∗∗−6.575

p = 0.012
p ≤ 0.001
p = 0.001

% of sperms motility 71.94± 20.97 30.92± 4.7 18.19± 1.4 F = 37.00
p ≤ 0.01

∗28.26
∗∗61.74
∗∗∗14.59

p ≤ 0.001
p ≤ 0.001
p ≤ 0.001

∗Refers to t-value of comparing CC with CT; ∗∗Refers to t-value of comparing CC with TT; ∗∗∗ for comparing CT to TT.

of plasma testosterone in G1 was 4.2± 1.0 ng/mL,
while it decreased to 2.39± 0.92 ng/mL in G2 and
increased to 3.6± 0.96 ng/mL in G3, with signifi-
cant differences among all groups (F-value = 9.02,
p = 0.001). Moreover, the comparison of testosterone
levels showed a more significant decrease in G2
as opposed to G1 and G3 (t-test value = 4.311,
p = 0.002, t-test value = 2.54, p = 0.031, respec-
tively). The comparison of the plasma content of Hcy,
LH, and testosterone in G1 and G3 revealed no signif-
icant differences between the two groups (t = −1.28,
p = 0.232, t = −1.37, p = 0.203, t = 1.54, p = 0.158,
respectively). Moreover, the correlation co-efficient
(r2) between Hcy levels and each of the LH and
testosterone hormone levels appeared to be nega-
tive (r2 = 0.402, p = 0.023, r2 = −0.245, p = 0.192,
respectively).

The results of the semen analysis (sperm count mil-
lions/mL), percentage of total sperm abnormality, and
percentage of sperm motility revealed significant dif-
ferences among all groups. The mean± SD level of the
sperm count in G1 was 187.4± 6.5million/mL; it sig-
nificantly decreased in G2 (85.5± 5.5million/mL) as
compared with G1 (t-value = −10.08, p = 0.001) and
significantly increased in G3 (144.3± 7.4million/mL)
as compared with G2 (t = 8.211, p < 0.001). Impor-
tantly, the sperm count did not differ significantly
between G1 and G3 (t = 3.047, p = 0.1) as shown
in Table 2. There was a negative significant correla-
tion between Hcy plasma levels and sperm count in all

groups (r = −0.723, p ≤ 0.001). Concerning the per-
centages of sperm cell abnormality, a big increase was
found in G2 and G3 as compared to G1 (t = 18.77,
t = 16.627, p < 0.001, respectively), while less pro-
nounced difference was observed between G3 and G2
(25.00± 1.1% versus 34.0± 1.7; t = −5.9, p < 0.01)
as shown in Table 2. We also found that plasma
Hcy positively correlate with the total sperm cell
abnormality in all groups (r = 0.77, p ≤ 0.001). The
percentage of sperm motility varied in all groups;
it was 85.0± 5.1%, 48.0± 9.7%, and 53.3± 3.3% in
G1, G2, and G3, respectively. Our data also indi-
cated a significantly negative correlation between
plasma levels of Hcy and sperm motility in all groups
(r2 = −0.712, p ≤ 0.001). Excitingly, the folic acid
treatment increased spermmotility in G3 as compared
to G2, which did not receive folic acid (t = −3.823,
p < 0.01).

In addition, MTHFR C677T genotypes were com-
pared with the different biochemical parameters in all
studied groups as shown in Table 3. The TT genotype
carriers showed higher levels of plasma Hcy compared
with the CC genotype carriers (t = 2.27, p = 0.032).
To the contrary, the levels of plasma sex hormones (LH
and testosterone), the total sperm count, and sperm
motility were found to be bigger in CC genotype car-
riers as oppose to TT genotype carriers in all groups
(t = 6.92, p ≤ 0.01; t = 1.84, p = 0.046; t = 18.91,
p ≤ 0.001; t = 61.74, p ≤ 0.001). The percentage of
sperm cell abnormalities appeared to be elevated in TT
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Table 4. Comparison of laboratory data (mean± SD, ANOVA; (F) test and t-test) with different MTHFR C677T genotypes in G2 and G3
(n = 20).

Variable CC n = 9 CT n = 6 TT n = 5
F-value
p-value t-value p-value

Plasma Hcyµmol/L 8.9± 1.11 9.5± 0.84 10.94± 1.24 F = 6.8
p = 0.007

∗−0.377
∗∗−2.319
∗∗∗−3.57

p = 0.722
p = 0.048
p = 0.023

Plasma LH (mIU/mL) 3.57± 0.96 2.91± 0.85 1.89± 0.83 F = 4.4
p = 0.03

∗1.63
∗∗2.79
∗∗∗1.46

p = 0.163
p = 0.049
p = 0.217

Plasma Testosterone (ng/mL) 3.88± 0.84 2.74± 0.58 1.72± 0.35 F = 16.
631

p ≤ 0.001

∗2.169
∗∗4.929
∗∗∗3.834

p = 0.082
p = 0.008
p = 0.019

Sperm Count Millions/m3 125.82± 2.05 88.28± 5.4 114.94± 1.05 F = 19.8
p ≤ 0.001

∗3.89
∗∗15.152
∗∗∗1.84

p = 0.011
p ≤ 0.001
p = 0.138

% of Total sperm cell abnormalities 19.43± 2.6 29.0± 2.28 34.76± 2.42 F = 65.242
p ≤ 0.001

∗−7.098
∗∗−16.081
∗∗∗3.329

p = 0.001
p ≤ 0.001
p = 0.029

% of Sperms motility 71.466± 7.37 45.11± 11.14 34.56± 3.11 F = 39.635
p ≤ 0.001

∗7.04
∗∗18.381
∗∗∗3.481

p = 0.001
p ≤ 0.001
p = 0.025

∗Refers to t-value of comparing CC with CT; ∗∗Refers to t-value of comparing CC with TT; ∗∗∗ for comparing CT to TT.

genotype carriers comparedwithCCgenotype carriers
(t = 13.87, p ≤ 0.001) (Table 3).

In addition, the current study examined the rela-
tionship between the estimated biochemical variables
and the MTHFR C677T genotypes in G2 and G3
rabbits who had received adenine to induce infertil-
ity (Table 4). The plasma levels of Hcy differed sig-
nificantly among the different C677T genotypes (F
value = 6.85, p = 0.007); they were greater in the TT
genotype carriers comparedwith the CC genotype car-
riers (t = 2.7, p = 0.048). The plasma sex hormones
(LH and testosterone), the sperm count, and sperm
motility varied significantly in the different genotypes
(F = 4.44, p = 0.028, F = 4.24, p = 0.032, F = 19.8,
F = 39.635, p ≤ 0.001); they were bigger in the CC
genotype carriers as compared with the TT geno-
type carriers (t-value = 2.79, p = 0.048, t = 4.929,
p = 0.008, t = 15.152, t = 18.38, p ≤ 0.001, respec-
tively). The percentage of sperm abnormality signifi-
cantly decreased in the CC genotype carriers as com-
pared with the TT genotype carriers (t = −16.081,
p ≤ 0.001) (Table 4).

Lightmicroscope histological and IHC results

LM examination of sections from the testes of G1
stained with HE stain in Figure 3 showed normal
testicular parenchyma of seminiferous tubules (ST)
separated by a thin interstitium that had numerous
Leydig cells in Figure 3(A). ST were lined with a strat-
ified germinal epithelium formed of spermatogenic

cells and Sertoli cells between them with acidophilic
cytoplasm and large pale ovoid nuclei. Spermatogenic
cells consisted of four types (spermatogonia resting on
BM, large primary spermatocytes with large nuclei,
a few small secondary spermatocytes, and numer-
ous spermatids with deeply stained nuclei). Each
tubule was enclosed in a single layer of flat myoid
cells and had numerous sperms in its lumen. Ley-
dig cells had acidophilic cytoplasm and ovoid nuclei,
while sections stained with MT showed loose connec-
tive tissue (LCT) with small BV between the ST in
Figure 4(A). Additionally, ST stained with PAS were
surrounded by a thin, regular basement membrane
(BM) in Figure 5(A), while the immunostained sec-
tions with TUNEL assay did not show apoptosis in
spermatogenic or Sertoli cells as shown in Figure 4(A).
Sections from the testis of G2 stained with HE stain
in Figure 3 revealed irregular ST that had irregular
outlines and a thin epithelium with disorganized sper-
matogenic cells with few sperms in Figure 3(B). The
disorganized epithelium showed many spermatogenic
cells with darkly stained nuclei and intercellular sep-
arations with sloughed spermatogenic cells and few
sperms in the lumen of ST. Some ST were lined by
Sertoli cells and a few spermatogenic cells resting on
BM with irregular myoid cells, while sections stained
with MT showed ST enveloped by a thick, irregu-
lar BM and wide, thick interstitial tissue of LCT with
congested blood vessels and numerous Leydig cells
in Figure 4(B). Additionally, some areas of the inter-
stitium stained with PAS were wide with acidophilic
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Figure 3. Photomicrographs from the testes of rabbits that were stained with HE. A section from G1 in Figure 3A shows two semi-
niferous tubules (ST) lined by spermatogenic and Sertoli cells (SE). Spermatogonia (SG) and Sertoli cells (SE) rest on a thin basement
membrane (BM) that is surrounded by flatmyoid cells (M). Several layers of primary spermatocytes (PS), spermatids (SM) and sperms (SP)
are observed. Multiple interstitial Leydig cells (L) with vesicular nuclei and acidophilic cytoplasm appear between the ST, while Figure 3B
of G2 shows two irregular ST lined with few spermatogenic cells as SG and PS with numerous SE. Also, the lumen of ST has some SP and
multiple sloughed spermatogenic cells (SL) that have dark condensed nuclei. Additionally, Figure 3C of G3 shows numerous SG and SE
resting on the BM followed bymultiple layers of PS and SP similar to those of G1. Multiple L cells appear around a small blood vessel (BV)
between the ST. HE× 1000 and the bar = 50µm.

Figure 4. Photomicrographs from the testes of rabbits that were stained with MT. A section from G1 in Figure 4A shows boundaries
between two ST that are surrounded by a thin BM and separated by a thin interstitial tissue of loose connective tissue (LCT). Each ST is
linedby several layers of spermatogenic cells as SG, PS andSPwith SE cells that rest on theBM.Multiple L cells appear arounda small blood
vessel (BV) in LCT between the ST. Additionally, sections of G2 as in Figure 4B reveal that ST are surrounded by a thick BM and separated
by a thick, wide LCT of collagen fibres with multiple L cells around a small congested BV and the ST are lined with spermatogenic cells as
SG and PS. Also, their lumen has multiple SL. A section from G3 in Figure 4C reveals boundaries of three ST that are surrounded by a thin
BM and separated by a thin LCT with multiple L cells between the ST while each ST is lined by several layers of spermatogenic cells as SG
that rest on the BM, PS and SP similar to those of G1. MT× 1000 and the bar = 50µm.
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Figure 5. Photomicrographs from rabbit testes that were stainedwith PAS stain. A section fromG1 in Figure 5A shows the boundaries of
three ST that are surrounded by a thin BM and separated by a thin interstitium of LCT. Each ST is lined by several layers of spermatogenic
cells, such as SG, PS, and SP with SE cells that rest on the BM. Multiple L cells appear in LCT between the ST. Additionally, sections of G2,
as in Figure 5B, reveal three irregular ST that are surrounded by a thick BM and irregular flat myoid cells (M) and that are separated by a
thick, wide LCTwithmultiple L cells. Meanwhile, the ST are linedwith SE and spermatogenic cells such as SG and PSwhile their lumen has
few SP. Furthermore, a section from G3 in Figure 5C reveals the boundaries of three ST that are surrounded by a thin BM and separated
by a thin LCT with multiple L cells between the ST. Meanwhile, each ST is lined by SE and several layers of spermatogenic cells as SG that
rest on the BM, PS, and SP that are very similar to those of G1. PAS× 1000 and the bar = 50µm.

vacuolated hyaline material and multiple Leydig cells
in Figure 5(B), while the immunostained sections
withTUNEL assay showed apoptosis in spermatogenic
cells as shown in Figure 6(B). Folic acid therapy in
G3 nearly restored the normal testicular architecture
that was similar to G1 rabbits with a mild improve-
ment in the testicular structure. H&E stained sections
from the testis of G3 in Figure 3 revealed ST nearly
similar to those of G1 and were lined with Sertoli
cells, numerous spermatogonia resting on BM, pri-
mary spermatocytes, spermatids, and many sperma-
tozoa in Figure 3(C). Numerous Leydig cells appeared
in the interstitial tissue between the ST and near small
blood vessels, while sections stainedwithMT included
ST surrounded by a thin, regular BM and thin LCT
with numerous Leydig cells in Figure 4(C). Addition-
ally, ST stained with PAS were surrounded by a thin,
regular BM; the interstitium was wide with vacuolated
acidophilic hyaline material and multiple Leydig cells
in Figure 5(C). Meanwhile, the immunostained sec-
tions with TUNEL assay in Figure 6(C) did not show
apoptosis in spermatogenic or Sertoli cells. Further-
more, the morphometrical study and statistical anal-
ysis confirmed these results and revealed a significant

decrease in the diameter and epithelial height of ST,
while there was a significant increase in the area per-
centage of collagen fibres and the percentage of apop-
totic cells in the ST of G2 compared to G1 and G3
(Table 5 and Figures 3–6).

Discussion

Male infertility is a huge dilemma that should be
solved, as it has become a worldwide problem (Azizi
et al. 2018). Therefore, increasing attention has being
focused on discovering the hidden etiology of male
infertility (Xu 2006). Recently, a great focus has been
directed towards the genes and their polymorphisms
that may play a vital role in the scenario of male infer-
tility (Markandona et al. 2015; Anifandis et al. 2017;
Ren et al. 2019).

It was noticed that a lack of DNAmethylation could
prevent sperm maturation in mice (Kelly et al. 2003).
The increase of the dangerousHcy plasma level and the
decrease of methionine deregulate the expression of
spermatogenesis genes due to the lack of methylation
(Singh and Jaiswal 2013). TheMTHFR 677T genotype
was more associated with hypomethylation than was
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Figure 6. Photomicrographs from rabbit testes that were immunostained by TUNEL assay. A section from G1 in Figure 6A shows the
boundaries of two ST that are separated by a thin LCT withmultiple L cells between the ST. The ST rest on the BM and are lined by SE and
spermatogenic cells, such as SG, PS, and SP that donot reveal apoptosis. Additionally, a section fromG2 in Figure 6B shows the boundaries
of two adjacent ST that are separated by a few L cells between the ST. The ST are lined by spermatogenic cells, such as SG (that rest on BM
with M cells) and PS that reveal multiple apoptotic cells (AP). Meanwhile, the section of G3 in Figure 6C reveals the boundaries of four ST
that are separated by a thin LCT. The ST rest on BM and are lined by spermatogenic cells such as SG, PS, and SP that reveal few AP cells.
TUNEL assay× 1000 and the bar = 50µm.

Table 5. Statistical analysis of the morphometrical study of the testes of all groups (size of ST, area % of collagen fibres, and
percentage of apoptotic cells in the spermatogenic and Sertoli cells of ST).

Parameter Mean± SD G1 p-value Mean± SD G2 p-value Mean± SD G3 p-value

Diameter of ST/µm 256± 18 – 155± 29 0.024∗ 235± 15 0.073
Epithelial height of ST/µm 86± 11 – 55± 19 0.034∗ 75± 16 0.069
Area % of collagen fibres

between ST
0.63± 0.36 – 6.7± 1.38 0.016∗ 1.54± 0.43 0.067

Percentage of apoptotic cells
in the spermatogenic and
Sertoli cells of ST

1± 1 – 15± 3 0.032∗ 4± 2 0.057

the 677C genotype (Stern et al. 2000; Friso et al. 2002).
Our findings support the notion that MTHFR gene
C677T (rs1801133) SNP is associated with male infer-
tility and provided insights into how the SNP weakens
male fertility.

Several studies have revealed the association of
MTHFR polymorphisms including MTHFR C677T
SNP with infertile patients (Stuppia et al. 2003; Park
et al. 2005; Singh et al. 2005; Dhillon et al. 2007;
Gava et al. 2011; Qiu 2011; Pei 2013; Kurzawski et al.
2015; Karimian and Colagar 2016; Hong et al. 2017).
The findings of the current study are strongly consis-
tent with other previous researches (Liu et al. 2015;
Yang et al. 2016; Ren et al. 2017; Ren et al. 2019;
Shi et al. 2019). This study accords with a previous
meta-analysis studywhich reported that the 677C > T

polymorphism was significantly associated with the
risk of male infertility in Asian population (Ren et al.
2019). Also, our findings are consistent with other
meta-analysis studies which showed that the MTHFR
C677T polymorphism has been linked with increased
male infertility risk in the Asian and overall popu-
lations (Ren et al. 2017; Shi et al. 2019). Moreover,
the current results are consistent with the previous
meta-analysis study which concluded that MTHFR
C677T mutation was a risk factor for male infertility
in both azoospermia and oligoasthenoteratozoosper-
mia (OAT) patients, especially in Asian population
(Liu et al. 2015). Our results are in agreement with
those resultswhich obtained byPark andhis colleagues
(2005) who showed that the MTHFR 677TT genotype
is a genetic risk factor for male infertility because it
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was present at a statistically high significance in unex-
plained infertile men, especially with severe OAT and
non-obstructive azoospermia (Park et al. 2005). More-
over, this study matches with that observed in earlier
studywhich showed that 677T is clearly a risk factor for
infertility in the Indian population (Singh et al. 2005)
and Brazilian population (Gava et al. 2011).

In Contrary to our findings, Ni et al. (2015)
reported that the MTHFR C677T SNP is not con-
sidered a risk factor for male infertility in Chinese
people (Ni et al. 2015). Moreover, Li et al. (2014)
could not find any evidence of an association of the
MTHFR C677T SNP with male infertility (Li et al.
2014). In contrast to our results, Stuppia et al. (2003)
have reported that MTHFR 677T allele is not asso-
ciated with an increased risk of male infertility in
Italy (Stuppia et al. 2003). However, the confliction
between our findings and others may probably be
due to the gene-nutrient/environmental and the gene-
racial/ethnic interactions (Yang et al. 2016).

Furthermore, Hcy plasma level was high in the
MTHFR 677TT genotype carriers compared with
the 677C SNP genotype carriers. This may explain
the strong association between Hcy levels and the
MTHFR gene C677T SNP with male infertility. Also,
the findings of the current study demonstrate a pos-
sible therapeutic effect of folic acid on infertility. It
shows the capability of folic acid to restore fertility in
the adenine-induced infertility of rabbits. In addition,
our study showed that the treatment with folic acid
reduced the plasma content of Hcy. This finding sug-
gested that one mode of action through which folic
acid restored fertility was by decreasing the concentra-
tion of plasmaHcy. Therefore, our findings support the
notion that disturbance in the folic acid metabolism
negatively influence the status of fertility by affecting
the process of spermatogenesis (Kelly et al. 2005).

Defective folic acid metabolism was shown to affect
spermatogenesis by decreasing the process of DNA
methylation, thereby deregulating gene expression
(Cisneros 2004; Swayne et al. 2012). It also aggravates
chromosomal anomalies and disrupts the system of
DNA repair, which permits the disincorporation of
uracil during DNA replication (Crider et al. 2012).
The results of this study could be explained by the
assumption that a lack of methionine formation and
an increase in Hcy levels may play a role in the forma-
tion of free radicals and an increase in Hcy-mediated
DNA damage (Huang et al. 2000; Hamzeh et al. 2019).

The increment of toxic reactive oxygen species accom-
panied by high Hcy levels may cause DNA damage
(Singh and Jaiswal 2013). Human spermatozoa are
predisposed to peroxidative damage and free radicals
(Aitken 1995). This could be corrected with folic acid,
which has anti-oxidative functions andmayprotect the
spermatogenic cells and sperm DNA from the harm-
ful effects of free radicals. Lack of methylation with
DNA oxidative stress disruption could play a crucial
role in infertility inMTHFRC677I SNP genotypemale
carriers (Šerý et al. 2012).

Conclusions

The novel results of this study support the concept
that MTHFR 677 C > T SNP is a genetic risk factor
for male infertility. Furthermore, results also showed
the effectiveness of folic acid to restore fertility in
adenine-induced infertility in male rabbits. Interest-
ingly, the therapeutic potential of folic acidwas evident
even in the MTHFR 677 C > T SNP genotype car-
riers. Therefore, the present study gives a rational to
evaluate the prognostic significance ofMTHFRC677T
SNP as risk factor of infertility in human males; and
to investigate the potential of folic acid in the therapy
of human male infertility. This study is limited by the
small sample size; further researches on larger sample
size should be conducted to investigate the associa-
tion of the MTHFR C677T SNP with male infertility
and with plasma Hcy levels. In addition, further stud-
ies on humans are needed to test the therapeutic role
of the folic acid in the MTHFR C677T SNP male
carriers.
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