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Abstract

Acrylamide (ACR) has been previously associated with male sexual dysfunction and infertility. Eruca sativa (L.) (arugula or
rocket) have been widely used in traditional remedies in Mediterranean region and western Asia and was known for its strong
aphrodisiac effect since Roman times. The current study was designed to investigate LC/MS analysis of total ethanol extract
Eruca sativa (L.) and the efficiency and mechanism of action of Eruca sativa seed extract (ESS) in reducing hypogonadism
induced by acrylamide in male rats. Male Wistar rats were divided into 6 groups (n = 7): control group, Eruca sativa seed extract
(ESS) at doses of 100 and 200 mg\kg, acrylamide (ACR), ACR + ESS 100 mg/kg, and ACR + ESS 200 mg/kg. The animals
received ACR at a dose of 10 mg/kg b.wt for 60 days. Sperm indices, testicular oxidative stress, testosterone hormone, and
testicular histopathology and immunohistochemistry of PCNA and caspase-3 were investigated. Moreover, the expression level
of testicular B-cell lymphoma-2 (Bcl-2) and Bcel-2-associated X protein (Bax) genes was evaluated. In respect to the LC/MS of
total ethanol extract Eruca sativa (L.) seed revealed tentative identification of 39 compounds, which belongs to different classes
as sulphur-containing compounds, flavonoids, phenolic acid, and fatty acids. Administration of ESS extract (100, 200 mg/kg)
improved semen quality, diminished lipid peroxidation, enhanced testicular antioxidant enzyme, restored serum testosterone
level, and reduced testicular degeneration and Leydig cell death in the rats intoxicated with ACR. However, the effects of ESS at
the dose of 200 mg/kg were similar to that of control group. Furthermore, ESS treatment significantly induced anti-apoptotic
effect indicated by elevation of both Bel-2 and Bax expressions. Nutriceutics of ESS extract protects testis against ACR-induced
testicular toxicity via normalizing testicular steroidogenesis, keeping Leydig cells, and improving oxidative stress status.
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cooking, frying, toasting, roasting, or baking in carbohydrate-
rich foods as in French fries and cereals, as well as coffee and
almonds (Elhelaly et al. 2019; Sansano et al. 2017). ACR was
found at concentrations that may exceed 2 mg/kg in a variety
of popular foods (Raju et al. 2016). Furthermore, ACR is an
industrial chemical used in production of polyacrylamide and
acrylamide copolymers that is widely used in water treatment,
papermaking, mining, textile, lotions, cosmetics, deodorants,
and as electrophoresis gels (Aras et al. 2017; Kumar et al.
2018). However, polyacrylamides are non-toxic; the ACR
monomer is highly toxic.

In the last decades, the interest against the environmental
chemicals that affect human health especially those which
caused testicular toxicity and infertility was increased. ACR
is one of those environmental chemicals that have a great bad
effect on human fertility (Yang et al. 2005). ACR is consid-
ered potent neurotoxin, class B carcinogen, and genotoxin as
it induces DNA damage in the germ cells (Pourentezari et al.
2014; Abdel-Daim et al. 2020; Bin-Jumah et al. 2021; Farag
etal. 2021a). In addition to that, it can increase rates of thyroid
gland, central nervous system, and uterus tumours in experi-
mental laboratory animals chronically exposed to acrylamide
toxicity (Kumar et al. 2018). Glycidamide is a metabolite of
ACR which could be responsible for the genotoxic and carci-
nogenic effects of ACR because it forms DNA adducts in
different tissues (Kucukler et al. 2020). Many previous studies
were done to investigate the effects of oral administration of
ACR on the testicular functions. They mentioned that ACR
caused severe testicular damage, significant reduction infertil-
ity due to formation of abnormal sperm, and a decrease in
sperm count (Christina and Daniel 2015; Kalaivani et al.
2018; Kumar et al. 2018; Pourentezari et al. 2014; Yang
et al. 2005). ACR reproductive toxicity could be owed to
alkylation of SH groups in the sperm nucleus and tail, deple-
tion of antioxidant, and/or DNA damage in the testis (Yang
etal. 2005; Yassa et al. 2014). Therefore, unfavourable effects
of ACR could be prevented by using biological activities of
natural antioxidants that may be beneficial for clinical use
(Farouk et al. 2021).

Nutriceutics got a lot of attention not only for their potential
therapeutic effects, but also thanks to their safety. Eruca sativa
L. is an annual herbaceous plant, which belongs to family of
Brassicaceae and commonly known as Arugula, rocket,
rugula, roquette, white pepper, or taramira (Garg and
Sharma 2014). The high content of nutraceutical compounds
in Eruca sativa has been associated to wide range of pharma-
cological activities such as anticancer activity on pancreatic
adenocarcinoma cells (Martelli et al. 2019), anti-inflammato-
ry, neuroprotective effects (Gugliandolo et al. 2018), antibac-
terial (Doulgeraki et al. 2017), antiulcer effect (Algasoumi
et al. 2009; S Jaafar and S Jaafar 2019), antidiabetic (Peter
and EP 2016), hepatoprotective (Mashi 2017; Salman et al.
2010), antihyperlipidemic, antihypertensive (Seham et al.

@ Springer

2015), antioxidant activity (Maia et al. 2015),
nephroprotective (Elgazar and AO 2013), and antiplatelet
(Alarcon et al. 2014). In addition to aphrodisiac activity,
ethanolic extract of E. sativa was reported to enhance andro-
gen production and spermatogenesis (Ansari and Ganaie
2014). ESS oil showed a protective effect against nicotine-
induced testicular damage regarding all morphometric and
histological indices (Hussein 2013).

The current study was designed to evaluate the protective
effect of ESS hydroethanolic extract administration on
hypogonadism, Leydig cells apoptosis, and oxidative stress
induced by acrylamide in rats’ testes and to identify some
possible underlying pathways of its actions.

Materials and method
ESS seeds extract

The ESS seeds were purchased from a local market of medic-
inal plants (Haraz, Cairo, Egypt) and were authenticated at the
herbarium of Botany Department, Faculty of science, Cairo
University, Giza, Egypt. The extraction procedure was guided
by Farag et al. (2021a) with few modifications. Five hundred
grammes of powdered seeds was blended with 70% ethanol in
a sealed glass vessel. Then the mixture was allowed to set for
72 h, in the dark at room temperature, and then was filtrated.
After completion of maceration (3 times), the solvent was
evaporated under vacuum using a rotary evaporator
(Heidolph, 60 rpm Laborta 4000) at temperature below 50°C
and RPM 60 to yield a viscous extract (Gulfraz et al. 2011).
The obtained extract was stored at —20°C until used. The
yielded extract weight was 73.5 g (extraction yield: 29.4%
w/w). For preparation of doses, the extract was freshly dis-
solved in distilled water using 2% tween 80.

LC/MS of ESS extract

ESI-MS positive and negative ion acquisition mode was car-
ried out on a XEVO TQD triple quadruple instrument: Waters
Corporation, Milford, MA01757 USA, mass spectrometer;
column : ACQUITY UPLC - BEH C18 1.7 um - 2.1 %
50 mm column; flow rate: 0.2 mL\min; and solvent system:
consisted of (A) water containing 0.1% formic acid and (B)
methanol containing 0.1% formic acid. The sample (100 pg/
mL) solution was prepared using high performance liquid
chromatography (HPLC) analytical grade solvent of/MeOH,
filtered using a membrane discfilter (0.2 um), and then sub-
jected to LC-ESI-MS analysis. Sample’s injection volumes
(10 pL) were injected into the UPLC instrument equipped
with reverse phase C-18 column (ACQUITY UPLC - BEH
C18 1.7 um particle size- 2.1 x 50 mm column). Sample
mobile phase was prepared by filtering using 0.2 um filter
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membrane disc and degassed by sonication before injection.
Mobile phase elution was made with the flow rate of 0.2 mL/
min using gradient mobile phase comprising two eluents: el-
uent A is H20 acidified with 0.1% formic acid, and eluent B is
MeOH acidified with 0.1% formic acid. Elution was per-
formed using the above gradient. The parameters for analysis
were carried out using negative ion mode as follows: source
temperature 150 °C, cone voltage 30 eV, capillary voltage 3
kV, desolvation temperature 440 °C, cone gas flow 50 L/h,
and desolvation gas flow 900 L/h. Mass spectra were detected
in the ESI between m/z 100 and 1000. The peaks and spectra
were processed using the Maslynx 4.1 software and tentative-
ly identified by comparing its retention time (Rt) and mass
spectrum with reported data.

Chemicals and reagents

All chemicals used in the study were of analytical or HPLC
grade. Acrylamide CAS number 79-06-1. Kits for measuring
oxidative stress parameters, MDA (MD 25 29), GSH (GR 25
11),and SOD (SD 25 21), were purchased from Biodiagnostic
Co. (Dokki, Giza, Egypt), in addition to testosterone ELISA
kit (Abcam 108666, Cambridge, UK).

Animals

A total number of 42 male Wistar albino rats strain of Rattus
norvegicus domestica weighing 190-220 g, 6 weeks of age,
were obtained from the Animal House Colony at Vacsera,
Egypt. This study protocol was revised and approved by
Institutional Animal Care and Use Committee (IACUC),
Cairo University (CU-II-F-83-18). Rats were kept at a con-
stant temperature of 25 £+ 1 °C, with a 12 h light/dark cycle
with food and water ad libitum throughout the experimental
period.

Experimental design

After 1 week of acclimatation, rats were randomly assigned to
6 groups. Seven rats were allocated per group. All treatments
(ACR, ESS, and distilled water) were administrated orally by
oral gavage. The first group was normal control (control):
received 1 mL 2% tween 80 in distilled water. The second
and third were groups that received Eruca sativa seed extract
(ESS) at doses of 100 mg\kg and 200 mg\kg, respectively
(Nazeam et al. 2018). The fourth group was acrylamide
(ACR) that received 10 mg/kg b.wt (Zhu et al. 2010). The
fifth and sixth groups received treatment of ESS at the former
two doses concurrently with 10 mg/kg b.wt. ACR rats in all
groups received the treatments daily as 1 mL/rat orally for 60
days. Twenty-four hour post last dose, all animals were anaes-
thetized under intraperitoneal injection with a mixture of

90 mg of ketamine/kg of b wt. and 10 mg of xylazine/kg b
wt., and sperm analysis was conducted.

Sampling

Blood samples were collected retro-orbital sinuses into
clean sterile serum-separating tubes, centrifuged at
3000g for 15 min, and 1 mL of serum was harvested
and stored at —80°C until analysed within 1 month for
testosterone concentrations. Rats were euthanized by de-
capitation between 09:00 AM and 11:00 AM to eliminate
possible effects due to diurnal variation. Testes and epi-
didymides were immediately removed; weighed and rela-
tive weights were calculated individually as testes or ep-
ididymides weight/body weight. Testes were allocated in-
to duplicate, where one set was quickly stored at —80°C to
be used for antioxidant assays and PCR, while the other
set were kept in formalin to be used for histopathological
examination and immune-histochemistry.

Sperm analysis

Sperm analysis was guided by method described by
Oliveira et al. (2015). One cauda epididymis of each an-
imal was minced with a scalpel, allowing sperm to be
dispersed in 3 mmol/L of Hanks’ balanced salt solution
(HBSS) at 37°C. The suspension was examined for eval-
uation of motility and viability followed by sperm con-
centration and morphology. Sperm motility was evaluated
immediately by placing a drop of sperm suspension in a
pre-warmed (37°C) microscope slide. The total motility
was calculated as the average percentage of motile sperms
(progressive plus non-progressive) in the 10 random fields
under low power (x10). Sperm viability was estimated
using dye exclusion staining technique (Eosin/Nigrosin)
as described by Rato et al. (2013) where the red eosin
stain penetrates spermatozoa with damaged cell mem-
brane. Thus, stained spermatozoa were recognized as
non-viable, whereas unstained spermatozoa were recog-
nized as viable. Sperm count was assessed by diluting
sperm in HBSS by a factor of 1:50. This solution was
used to fill the two grids of a Neubauer counting chamber
using a micro pipette. Sperms in the four large corner
squares were counted under high power (x40) on an op-
tical microscope. Sperm morphology was evaluated on
eosin-nigrosin stained slides under oil immersion field
(x10 magnification) (Kalaivani et al. 2018). Sperm cells
with hook-shaped heads and no visible defects were con-
sidered normal, while those with head or tail defects were
considered abnormal and were classified tail defects, de-
formed head, and detached head.
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Assessment of testosterone hormone

ELISA procedure was used for quantitative determination
of serum total testosterone concentration using competi-
tive enzyme-linked immunosorbent assay kits following
manufacturer’s instructions. The absorbance was mea-
sured at 450 nm using FilterMax F5 Multi-Mode
Microplate Reader (Molecular Devices; San Jose, CA,
USA), and testosterone concentrations were calculated
from a calibration curve.

Assessment of testicular oxidative stress markers

Tissue homogenates were prepared from frozen testes samples
in 10 volumes of 0.1 M Tris—EDTA buffer (pH 7.4) and cen-
trifuged at 3200xg for 20 min at 4°C, and the supernatant
fractions were utilized for the spectrophotometrical assess-
ment of the levels of the following: reduced glutathione activ-
ity (GSH), with method based on the reduction of 5,5'-
dithiobis (2-nitrobenzoic acid) (DTNB) with glutathione pro-
ducing a yellow compound measured at 405 nm (Beutler
1963). Also, lipid peroxide (malondialdehyde MDA forma-
tion) was estimated spectrophotometrically using method
based on thiobarbituric acid (TBA) reacted with
malondialdehyde (MDA) in acidic medium at temperature of
95°C for 30 min lipid peroxidation (Ohkawa et al. 1979). SOD
using SOD assay relies on the ability of the enzyme to inhibit
the phenazine methosulphate-mediated reduction of nitroblue
tetrazolium dye and estimated spectrophotometrically at
560 nm (Nishikimi et al. 1972).

Histopathological examination of testes

The testes were harvested from different groups then fixed in
Bouin’s solution for 2448 h. The specimens were processed
for obtaining 4pum paraffin embedding sections and then
stained with haematoxylin and eosin stain (H&E) following
the methods that are described by Bancroft and Gamble
(2008). The testicular scoring system was done following
the criteria reported by Soliman et al. (2019). These criteria
depend on scoring of the main spermatogenic cells (spermato-
gonial cells, primary spermatocytes, secondary spermato-
cytes, and spermatid cells) and Sertoli cells. The score ranged
from 10 to 1 in thirty randomly chosen seminiferous tubules in
each group under microscopic power field X 200.

Immune-histochemical analysis of proliferative cell
nuclear antigen (PCNA) and caspase-3 expression in
testicular tissue

The immune-histochemical analysis of PCNA and caspase-3
expressions in testicular tissues was performed according to
Saeedan et al. (2021) and El-Marasy et al. 2018). The tissue
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sections were deparaffinized and rehydrated. The antigenic
retrieval was done by pre-treating the tissue specimens with
citrate buffer pH 6 for 20 min followed by the methods de-
scribed by (Abu-Elala et al., 2015). All tissue sections were
incubated with one of mouse monoclonal IgG2a (kappa light
chain) PCNA antibody (Sc-56; Santa Cruz Biotechnology,
Santa Cruz, CA, USA ) with dilution 1:50 and a mouse mono-
clonal IgG1 caspase-3 antibody (Sc-56053; Santa Cruz
Biotechnology, Santa Cruz, CA, USA) at 1:100 dilution in a
humidified chamber for overnight. The primary antibodies
were omitted with Tris-buffered saline (TBS) to obtain nega-
tive control slides to examine the specificity of the tested an-
tibodies. The tissue sections were washed three times with
Tris-buffered saline. The non-specific background was
blocked by using blocking solution. The tissue specimens
were incubated with secondary (HRP) antibody (ab205718;
Abcam, Cambridge, UK). The tissue sections were incubated
with DAB (Sigma) and then counterstained with Mayer
haematoxylin and mounted. The image analysis was
performed according to Farag et al. (2021b) by Imagel
Analyzer. In each group, five sections were evaluated, and
in each section, the colour density of the immune-positive
cells was analysed in five random fields.

mRNA expression analysis by quantitative real-time
PCR (qRT-PCR)

The expression of the B-cell lymphoma-2 (Bcl-2) and the
Bcl-2-associated X protein (Bax) genes in the testis was
analysed by qRT-PCR. To isolate the total RNA, frozen
testes samples were homogenized in liquid nitrogen and
lysed in QIAzol according to the manufacturer’s instruc-
tions (Qiagen). RNA concentration and purity were
checked with an UV-spectrophotometer at 260 nm and
280 nm. Ethidium bromide stained agarose gel electro-
phoresis (1.5%) was used to evaluate the integrity of iso-
lated RNA. For cDNA synthesis, total RNA (1 pg) to-
gether with oligo dT primers (0.5 ng), dNTPs (10 mM),
and reverse transcriptase and its buffer (Thermo Fisher
Scientific, Inc.) were mixed in a total volume of 20 ul
reaction and then incubated at 37°C for 1 h, followed by
70°C for 10 min in the thermal cycler. To determine the
relative mRNA expression level of target gene, synthe-
sized cDNA (1 pl), specific primers (1 pl each primer,
10 pM), and SYBR green PCR master mix (Qiagen) were
mixed in a total volume of 25 ul. The PCR thermal con-
ditions were set as follows: initial denaturation at 95°C
for 4 min, followed by 40 cycle (94°C for 10 s, 56°C
for 15 s, and 72°C for 20 s), and a final extension at
72°C for 7 min (Soliman et al. 2020). Specific primers
were checked using primer Blast software and were syn-
thesized by Invetrigen, Inc. (Table 1).



Environ Sci Pollut Res (2021) 28:53249-53266

53253

Table 1 Primers sequences used

in the qRT-PCR assays Gene Forward primer Reverse primer Accession #
5-3' 5-3'
Bax ACCAAGAAGCTGAGCGAGTG CCAGTTGAAGTTGCCGTCTG NM_017059.2
Bcl-2 GAGGATTGTGGCCTTCTTTG CGTTATCCTGGATCCAGGTG NM_016993.1
B actin GGTGGGTATGGGTCAG ATGCCGTGTTCAATGG NM_031144.3

Statistical analysis

All experiments were performed in triplicates. The data were
expressed as mean + standard deviation (SD) except for
scored data expressed as median + standard error (SE)
(n=7). Statistical analyses were carried out using SPSS soft-
ware package (version 24.0.) and performed using one-way
ANOVA followed by L.S.D test and Duncan post hoc test for
normally distributed data, whilst the scored data that are not
normally distributed was analysed by Kruskal-Wallis, the
nonparametric test of ANOVA, to examine the significance
among the studied groups (Youssef et al. 2020).

Results

LC/MS analysis of total ethanol extract Eruca sativa (L) seed
revealed tentative identification of 39 compounds, which be-
longs to different classes as sulphur-containing compounds,
flavonoids, phenolic acid, and fatty acids. Figure 1 A and B
and Table 2 showed the identified compounds.

1. The detected sulphated compounds were glucoerucin,
glucoalyssin, desulphated-glucoraphanin, desulphated-
sinidrin, and desulphated-(glucosyl-disulfonyl)-butyl glu-
cosinolate. Peak no. 3 with molecular ion m/z 420.2190
and fragment ion at 258, 179, 147, 135, and 103 due to the
loss of hexose unit [M-H-162-SO3,]” corresponds to
glucoerucin C1,H,3NOyS3. Peak no. 5 with molecular
ion m/z 450.3180 and fragment ion at 371due to the loss
of [M-H-SO;] corresponds to glucoalyssin
C13H24NO1S3; peaks no, 24, 31, and 33 with molecular
ion peak at m/z 359.0452, 280.9142, and
522.5403corespond to desulphated-glucoraphanin,
desulphated-sinidrin, and desulphated-(glucosyl-
disulfonyl)-butyl glucosinolate, respectively.

2. The flavonoid glycosides which were detected belong to
O-glycosides and their aglycones as derivatives of the
following: isorhamnetin, quercetin, kaempferol,
myricetin, naringenin, proanthocyanin, and procyanidin.
The analysed extract shows intense molecular ion peaks
with M-162, M-146, and M-132 fragments in MS spec-
trum which is indicative of the cleavage of a O-hexoside
or O-rhamnoside (deoxyhexose) and O-pentoside.

Previous results demonstrated on the family suggested
that kaempferol, quercetin, and isorhamentin glycosides
present in species of the family were of the O-glycoside
type (Bell et al. 2015).

2.1 Peaks no. 8, 17, 20, and 31 belong to isorhamentin
derivatives as peak no. 8 showed molecular ion at
[M+H]" at m/z 681.3137with a main fragment ion at
m/z 315 corresponding to isorhamentin nucleus de-
rived from loss of (M+H-hexose — CH,-hexose), so
peak no. 8 is assigned for isorhamnetin-O-hexoside-
O-acetyl hexoside. Peak no. 17 with molecular ion at
[M+H]" at m/z 447.2711 with a main fragment ion
at m/z 315 derived from loss of ( M+H-pentose) is
assigned for isorhamnetin-O-pentoside. Peak no. 20
showed the molecular ions [M+H]" at m/z 479.2237
which undergo loss of hexose moiety and subse-
quent loss of a methyl from its methoxy group
(=15 Da) and fragment ion m/z 300; peak 20 is
assigned for isorhamentin-O-hexoside. Peak no. 31
showed the molecular ions [M+H]*at m/z 317.3259
which is assigned for isorhamentin aglycone.

2.2 Quercetin derivatives; peaks no. 7,9, 10, 11, 12, 13,
and 14 showed main fragments 303 which corre-
spond to quercetin (aglycone + H)*. Peak no. 7 pres-
ent as glycoside showed molecular ion [M+H]" m/z
at 951.6696 and fragment ion at 789, 627, 465, and
303 which correspond to M+H-hexose-hexose-hex-
ose-caffeoyl), so it is assigned for quercetin -O-
dihexosyl-O-caffeoylhexoside. Peak no. 9 showed
a molecular ion [M+H]"m/z at 789.3619 and frag-
ment ion at 627,465, and 303 which correspond to
[M+H —hexose —hexose- hexose], so peak no. 9 is
quercetin-O-trihexoside. Peak no. 10 with molecular
ion peak at 627.3523 and fragment ion at 465 and
303 corresponds to [M+H —hexose —hexose), so
peak 10 is assigned for quercetin-O-dihexoside.
Peak 11 with molecular ion peak at 995.5999 and
fragment ions at 833, 671, 369, and 303 corresponds
to [M+H —hexose —hexose- sinapoylhexoside), so
peak no. 11 is assigned for quercetin-O-
dihexoside-O-sinapoylhexoside. Peak no. 12 with
molecular ion peak at 817.4893 and fragment ions
at 611, 465, and 303 corresponds to [M+H —
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Table 2  Tentative identification of chemical compounds in the total ethanolic extract of Eruca sativa using LC-MS technique
Compound R; (min) Mol.ion (+/-) MS? (+/-) Identification Rf.
no. (m/z) Fragmentations
1 0.75 341.2404 179,131,113 Disaccharide Jin et al. (2009)
[M-HJ
2 0.8 377.2410 341,215,179 Disaccharide Bennett et al. (2002)
[M-HJ
3 1.21 420.2190 339,274, 258, 241, Glucoerucin Pasini et al. (2012),
[M-HT 194 Rochfort et al. (2008)
4 1.50 225.2157(+) 162 Sinapic acid
[M+H]*
5 1.87 450.3180 371 Glucoalyssin Lelario et al. (2012),
[M-HT Pasini et al. (2012)
6 3.08 458.3009 [M+ Monosulphated disaccharide
HI*
7 3.99 951.6696 [M+  789,627,465,303 Quercetin-O-dihexosyl-O- Pasini et al. (2012)
HT Caffeoylhexoside
8 4.00 681.3137 [M+ 519,477,315 Isorhamnetin-O-hexoside-O-acetyl Pasini et al. (2012)
HI* hexoside
9 4.1 789.3619 [M+ 789, 627,465,303  Quercetin-O-trihexoside
H*
10 4.16 627.3523 [M+ 465,303 Quercetin-O-di hexoside
H]*
11 53 995.5999 [M+ 833, 671, 465,303  Quercetin-O-di Martinez-Sanchez et al. (2007),
H]" hexoside-O-sinapoylhexoside Pasini et al. (2012)
12 548 817.4893 [M+ 611,465,303 Quercetin-O-Sinapoyl-O-rhamneside
HT*
13 (Pasini et al. 2012) 979.5961 [M+  817,611,465,303 Quercetin-O-rhammnosyl-hexoside-O-
5.55 HT* sinapoyl-hexoside
14 5.59 611.4440 [M+ 465,303 Rutin
HT*
15 5.69 463.2641[M-H] 317 Myrecetin-O-rhamnoside
16 5.86 408.4941[M-H]" 328,259,195 Glucotropaeolin Rochfort et al. (2008)
17 6.18 4472711 4472711, 315 Isorhamnetin-O-pentoside
[M-HJ
18 6.19 449.2255 [M+ 287 Kaempferol-O-hexoside (Jin et al. 2009)
HJ*
19 6.20 4472711 271 Naringenin-O-glucuronide
[M-HT
20 6.33 479.2237 [M+ 317 Isorhamentin-O-hexoside Jin et al. (2009)
H]*
21 6.60 833.5497 [M+ 815,707,289 Proanthocyanidintrimer
HT*
22 6.92 343.9477 M+  303,179,161,135  Caffeoyl-hexoside Bennett et al. (2006)
H]"
23 6.95 867.4695 [M+ 309,289,275 Pocyanidin-trimer Tao et al. (2008)
HI*
24 7.21 359.0452 [M+ Desulphated-glucoraphanin Bennett et al. (2002),
HI* Pasini et al. (2012), Rochfort
et al. (2008)
25 8.30 353.4993(-) 191, 173 Caffeoyl quinic acid (Chlorogenic Bennett et al. (2006)
[M-H] acid)
26 8.32 285.1703 Kaempferol Weckerle et al. (2001)
[M-HJ
27 8.75 327.3518 Oxo-dihydroxyoctadecenoic acid
[M-HJ
28 9.34 329.3802 Trihydroxyoctadecenoic acid
[M-H]
29 11.71 274.3674 [M+ Octadecapentaenoic acid
HI*
30 15.35 277.2927 [M+ Octadecatetraenoic acid
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Table 2 (continued)

Compound R; (min) Mol.ion (+/-) MS? (+/-) Identification Rf.
no. (m/z) Fragmentations
31 15.81 317.3259 [M+ Isorhamnetin Bennett et al. (2006)
H +
32 15.94 280.]9142 [M+ Desulphated-sinidrin
H +
33 16.33 522.]5403 [M+ Desulphated-(glucosyl- Alam et al. (2007)
H* disulfonyl)-butyl glucosinolate
34 18.05 279.3026 Linoleic acid Alam et al. (2007), Flanders
and Abdulkarim 1985
35 20.21 313.3795 Arachidic acid
36 22.20 339.2051 Erucic acid
37 22.70 255.3566 Oleic acid Alam et al. (2007), Flanders
and Abdulkarim (1985)
38 23.60 327.3459 Trihydroxyocatadeca dienoic
39 24.02 414.3915 [3-sitosterol
sinapoyl-rhamnose —hexose), so peak no. 12 is or bound to cell wall structures; they are characterized by
assigned for quercetin-O-sinapoyl-O-rhamneside. their high polarity and thus eluted at an early retention
Peak no. 13 with molecular ion peak at 979.5961 time. In LC/MS analysis revealed the identification of
and fragment ions at 817, 611, 465, and 303 corre- caffeoyl-O-hexoside with molecular ion peak 343.9477
sponds to [M+H —hexose —sinapoyl-rhamnose - and main fragments 343 and 181 and caffeoyl quinic acid
hexose], so peak no. 13 is quercetin-O- (chlorogenic acid) 353.4993 (peaks 22, 25); peak 4 corre-
rhammnosyl-hexoside-O-sinapoyl-hexoside. Peak sponds to sinapic acid at 225.2157, 162.
no. 14 with molecular ion peak at 611.4440 and 4. In the second half of the chromatographic run (18—
fragment ions at 465 and 303 corresponds to (M+ 28min), spectra show several unsaturated, hydroxylated
H —hexose —thamnose), so peak no. 14 is assigned fatty acids in addition to one sterol. Fatty acids; starting
for quercetin-O-rhamnosyl-hexoside. with 327.3518 oxo-dihydroxy-octadecenoic acid
2.3 Kaempferol derivatives: Peak no. 18 with molecular Ci3H3,05, 329.3802 tri-hydroxy-octadecenoic acid
ion peak at 449.2255 and fragment peak at 287cor- C,sH340s5, 274.3674. octadecatetracnoic acid, 277.2927
responds to aglycone-kaempferol (M+H-hexose), so octadecatetraenoic acid C;gH3¢0,, 279.3026 linoleic
peak no. 18 is kaempferol-O-hexoside. Peak no. 26 Ci13H3,0,, 313.3795, arachidic acid, 339 erucic acid
with molecular ion peak at 285.1703 corresponds to (docosenoic acid C,,H4,0,), 255.3566 oleicC;gH340,,
kaempferol-aglycone. 327.3459 trihydroxy octadecadienoic acid, and
2.4 Myricetin derivatives: Peak 15 with molecular ion 414.3915 (3 -sitosterol.
m/z463.2641 and the base peak of aglycone appears
at m/z 317, due to the loss of rhamnoside unit
[M-146-H], and it corresponds to myricetin-O-
rhamnoside. Effect of ESS on relative weights and sperm
2.5 Naringenin: Peak 19 showed a molecular ion peak at ~ parameters
m/z 447.2711, [M-HJ, the base peak of aglycone at
m/z 271 due to the loss of glucuronide [M-H -1767], Though induced acrylamide toxicity using 10 mg/kg ACR for
so peak 19 is assigned for naringenin-O- 60 days significantly diminished the relative epididymides
glucuronide. weight, the decrease in relative testes weight was not signifi-
2.6 Proanthocyanidin and Procyanidin: Peaks 21 and  cant. The concurrent administrations of ESS hydroethanolic
23showed a molecular ion peak at m/z  extracts 200 mg/kg b.wt significantly prevented the later toxic
833.5497[M-H] and 869.4695 M-H] and fragment  effect (Fig. 2A). Sperm parameters including motility, viabil-
ions at 815, 707, 289 and 309, 289, 275. ity, normal spermatozoa percentage, and sperm count showed
3. Phenolic acids readily ionize in negative ESI mode and  significant reduction in ACR group compared to normal con-

are mainly found as conjugates with sugars, organic acids,

trol and non-intoxicated ESS-treated groups. Interestingly, no
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Fig. 1 A representative base peak chromatogram (BPC) for crude extracts of Eruca sativa by LC/Mass XEVO TQD on (A) positive mode and (B)

negative mode

differences were found between the control rats and ESS-
treated intoxicated groups rats indicating a significant protec-
tive effect of ESS against ACR toxicity (Fig. 2B, D), where in
ESS 200 mg/kg group, the viability and normal sperms per-
centage were induced insignificantly different than normal,
ACR +ESS (100 mg/kg) and ACR + ESS (200 mg/kg) groups
unlike the motility. The percentage of abnormal sperms was
increased by ACR toxicity (10 mg/kg b.wt for 60 days). The
consumption of ESS extracts (100, 200 mg/kg b.wt for 60
days) generically improved of sperm morphology and reduced
percentage of abnormal sperms (Fig. 2C). ESS 200 mg/kg
significantly restored sperm counts to almost normal level
(Fig. 2D).

Effect of ESS on the level of testosterone hormones

Induced acrylamide toxicity in rats (10 mg/kg b.wt for 60
days) decreased testosterone concentrations significantly (p
< 0.05) compared with normal control group. Moreover, con-
current treatment with ESS extracts, ACR-intoxicated male
rats restored testosterone concentrations as shown in Fig. 3.

@ Springer

Effect of ESS on testicular oxidative stress markers

Testicular SOD and reduced GSH antioxidant activities were
significantly (p < 0.05) decreased in ACR group compared to
normal control and ESS-treated groups. However, elevated
lipid peroxidation activities exhibited by increased significant
MDA (p < 0.05) were reported in ACR group indicated com-
pared to normal and ESS-treated groups (Fig. 4). The regula-
tion of ACR toxicity was in dose-dependent manner where the
dose of 200 mg/kg induced better improvement than 100
mg/kg. Although the differences between both doses’ antiox-
idant effects were significant only for MDA, 200 mg/kg al-
most normalized the levels of SOD, GSH, and MDA. ESS
administration in ACR non-treated groups showed insignifi-
cant increased antioxidant activity than normal.

Effect of ESS on histopathology of the testis and
testicular lesion scoring

Figure 6 A summarized the effects of both ACR and ESS
on the testicular lesion scoring in the different
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Fig. 3 Effect of ESS extract at doses of 100 and 200 mg/kg b.wt on
testosterone concentration (ng/mL) in male rats with and without
acrylamide-induced toxicity (ACR). (Mean + SD, n=7), a, b, c, d
superscripts indicate statistical significance compared to ACR group at
p<0.05

testicular lesions with in complete spermatogenic series
(Fig. 5F, G), whilst ACR + ESS (200 mg/kg) revealed
marked enhancement in the testicular and epididymal le-
sions that was characterized by re-establishment of the
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Fig. 4 Testicular antioxidant 20 -
activity of ESS extract at doses of

100 and 200 mg/kg b.wt in male a a
rats with and without acrylamide-
induced toxicity (ACR) 10 mg/kg
for 60 days. (A) SOD, (B)
reduced GSH, and (C) MDA.
(Mean + SD, n=7), a, b, ¢, d
superscripts indicate statistical
significance compared to ACR
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normal spermatogenic series, Sertoli, and Leydig cells
(Fig. 5H, I).

Effect of ESS on immune-histochemistry of PCNA and
caspase-3

Both spermatogonial cells and primary spermatocytes showed
intense PCNA expression, while secondary spermatocytes and
spermatid showed less immunopositive reaction. The normal,
ESS (100 mg/kg), and ESS (200 mg/kg) treated groups showed
strong immunoreactivity against PCNA (Fig. 7A, B, C) and very
weak immunopositive reaction against caspase-3 marker (Fig.
8A, B, C), whilst ACR group showed a significant reduction of
the PCNA expression (Fig. 7D, E) and a significant elevation in
caspase-3 expression in spermatogenic and Leydig cells (Fig.
8D) when compared with normal control group. The groups
treated with ACR + ESS (100 mg/kg) and ACR + ESS (200
mg/kg) showed a significant elevation of PCNA (Fig. 7F, G, H,
I) and a significant reduction in caspase-3 expression in both
spermatogenic series and Leydig cells compared to ACR group
(Fig. 8E, F). No significant difference was detected between the
control, ACR + ESS (100 mg/kg), and ACR + ESS (200 mg/kg)
groups in PCNA and caspase-3 protein expressions (Figs. 6B,
6C, 7, 8).
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Effect of ESS on gene expression

To investigate the molecular mechanism underlying
acrylamide-induced testicular damage, the transcriptional ex-
pression of some apoptosis-related genes was analysed. RT-
gPCR analysis demonstrated that the mRNA expression of
Bcl-2, an anti-apoptotic factor, was markedly reduced in the
testis of ACR-intoxicated group, while the transcriptional lev-
el of Bax, a pro-apoptotic protein, was enhanced significantly
compared to the normal control (Fig. 9). Administration of
ESS 100 and ESS 200 along with ACR caused significant
reductions in testicular Bax mRNA expression compared to
ACR group, whereas no significant difference was observed
in comparison with the control group. In the same context,
Bcl-2 expression level in testes homogenates of rats treated
with ESS 200 + ACR was restored near the normal control
level and was significantly up-regulated as compared to ACR-
intoxicated group (Fig. 9)

Discussion
Testicular toxicity induced by ACR has been reported in

different rodents’ models. Many previous studies reported
major changes in gonadal and pituitary hormones as well
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Fig. 5 Histopathological pictures of the testes in different experimental
groups (H&E X200). (A) Normal control group, (B) ESS (100 mg/kg),
and (C) ESS (200 mg/kg) treated groups; showing normal histological
architecture of mature active seminiferous tubules. (D) ACR-treated
group showing testicular degeneration with reduction of spermatogenic
series and appearance of spermatid giant cell (arrow). (E) ACR-treated

as changes in testicular histopathological and gene expres-
sion (Yang et al. 2005; Wang et al. 2010; Ma et al. 2011).
That could be contributed to ACR’s highly water solubil-
ity molecule which facilitates its absorption and distribu-
tion (Mannaa et al. 2006). Also, ACR could interact with
nucleophilic groups (-SH, -NH2 or —OH) forming GSH S-
conjugates and initiating biotransformation of electro-
philes into mercapturic acids (Awad et al. 1998) and its
metabolite glycidamide proved to induce DNA adducts in
different tissues (Kucukler et al. 2020). Interestingly, the
current investigation reveals that ESS (200 mg/kg) in-
duced a high protective role against ACR toxic effects
on the testicular cells through up-regulating Bcl-2 and
Bax proteins, anti-apoptotic effect, and antioxidant capac-
ity. Also, The ESS-treated groups alone showed features
less or more similar to the normal control group, even the
slight elevations in the relative testis weight and sperm
count, which may reflect the possible enhancing proper-
ties of ESS on the male fertility and performance (Abd El-
Aziz et al. 2016; Hussein 2013). Moreover, our results
reported, for the first time, the protective effect of ESS
hydroalcoholic extracts against acrylamide-induced injuri-
ous effects on male reproductive indices in rats.
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group showing complete absence of spermatogenic series in some
seminiferous tubules (arrows). (F-G) ACR + ESS (100 mg/kg) treated
group showing normal seminiferous tubules. (H-I) ACR + ESS (200
mg/kg) treated group showing normal seminiferous tubules with
hyperplasia of Leydig cells (arrows)

Tentative identification of the chemical constituents of the
total ethanol extract of Eruca sativa (L.) seed by LC/MS anal-
ysis revealed the presence of different bioactive compounds
that belongs to various classes as sulphur-containing com-
pounds including glucoerucin, glucoalyssin, desulphated-glu-
coraphanin, desulphated-sinidrin, and desulphated-(glucosyl-
disulfonyl)-butyl glucosinolate and flavonoids that belongs to
O-glycosides and their aglycones as derivatives of the follow-
ing: isorhamnetin, quercetin, kaempferol, myricetin,
naringenin, proanthocyanidin-proanthocyanin, and
procyanidin, in addition to phenols as caffeoyl-O-hexoside
and chlorogenic acid and fatty acids as oxo-dihydroxy-
octadecenoic, tri-hydroxy-octadecenoic, octadecatetraenoic,
linoleic, arachidic, and erucic acids. The sulphated and
desulphated compounds detected were previously reported
in the plant (Kim and Ishii 2006). Flavonoids have been fre-
quently reported in family Brassicaceae to which Eruca sativa
belongs (Bell et al. 2015). The former constituents are proba-
bly correlated to ESS antioxidant and anti-apoptotic effects.

In the present study, the ESS-treated groups alone showed
features less or more similar to the normal control group, even
the slight elevations in the relative testis weight and sperm
count, which may reflect the possible enhancing properties
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of ESS on the male fertility and performance (Abd El-Aziz
et al. 2016; Hussein 2013). However, our results reported, for
the first time, the protective effect of ESS hydroalcoholic ex-
tracts against acrylamide-induced injurious effects on male
reproductive indices in rats.

In the present study, daily acrylamide dosing of 10 mg/kg
b.wt for 60 days induced significant reduction in relative ep-
ididymis weight, sperm cell count, sperm motility, viability,
and normal sperm percentages. Similar results were previous-
ly reported in many studies using doses as low as 6.5 mg/kg
b.wt for 21 days (Christina and Daniel 2015; Kalaivani et al.
2018; Ma et al. 2011; Pourentezari et al. 2014; Song et al.
2008; Wang et al. 2010; Yang et al. 2005). Tail and head
deformities (Fig. 1 C) were the most reported morphological
abnormalities with ACR-induced toxicity in rodents
(Dobrzyn'ska and Gajewski 2000). The toxic effect of ACR
on sperm motility, viability, and morphology was explained as
ACR or its metabolite glycinamide induce mutation in germ
and somatic cells through binding to dopamine receptors and
spermatid protamines, thus inhibiting kinesin and dynein ac-
tivity, resulting in interference of intracellular transport
(Ghanayem et al. 2005; Pourentezari et al. 2014). The
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previously mentioned toxic effects of ACR on the sperm in-
dices were inhibited by concurrent administration of ESS
hydroethanolic extract (100 and 200 mg/kg) with ACR in
dose-dependent manner. The improving activity of ES on
sperm concentrations, morphology, viability, and motility
was previously reported in healthy rodent by Hussein (2013)
and Salma et al. (2018) and hydrogen peroxide intoxicated
rats (Nowfel and Al-Okaily 2017). The protective effect of
ESS against ACR toxicity can thus be explained by its anti-
oxidant activity.

Our results indicated reduced superoxide dismutase
(SOD) activities and glutathione (GSH) and significant
elevation of lipid peroxidase (malondialdehyde) concen-
tration in ACR-treated group, and these results come in
harmony with Abdel-Daim et al. (2014), Alturfan et al.
(2012), He et al. (2017), Lebda et al. (2014), and
Yousef et al. (2007). ACR was proved to interact with
GSH forming glutathione S-conjugates and initiating in-
tracellular electrophiles metabolism (Awad et al. 1998).
The two main antioxidants of semen are superoxide dis-
mutase (SOD) and glutathione (GSH) (Zhang et al. 2010).
However, depletion of GSH and SOD to certain critical
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Fig.7 PCNA expression in testes of different experimental groups (H&E
%200). (A) Control group, (B) ESS (100 mg/kg), and (C) ESS (200
mg/kg) treated groups; showing strong immunoreactivity in
spermatogenic cells (arrow). (D—E) ACR-treated group showing

levels may enhance lipid peroxidation (Aneja et al. 2004)
causing high testicular concentrations of reactive oxygen
species ROS which can damage proteins, lipids, and DNA
of testicular cells inducing deleterious effects on quality
of germ cell development and increase its apoptosis (Aziz
et al. 2004; Sanocka and Kurpisz 2004). On the other
hand, significant increase was observed in testicular anti-
oxidant power in ESS extracts treated rats (100 and 200
mg/kg b.wt) with and without ACR toxicity. The in-
creased SOD and GSH activities after oral administration
of ESS extracts were supported by previous studies on
testes of abamectin intoxicated male rats (Meligi and
Hassan 2017) and on the kidney of mercuric chloride
intoxicated rats. Lipid peroxidase (malondialdehyde) con-
centration increased significantly in ACR group supported
by Alturfan et al. (2012) and Lebda et al. (2014). The
reduction in MDA activities by ESS extract is supported
by Algasoumi et al. (2009) in hepatic tissue. The antiox-
idant property of Eruca sativa is attributed to its high
content of carotenoids, fibres, minerals, glucosinolates,
isothiocyanates, and flavonoids such as kaempferol, quer-
cetin, and isorhamnetin, flavanols, and phenolic com-
pounds (Garg and Sharma 2014; Nowfel and Al-Okaily
2017). Hence, ESS extracts decreased oxidative damage

absence of immune-positive reaction in some seminiferous tubules
(arrows). (F—-G) ACR + ESS (100 mg/kg) and (H-I) ACR + ESS
(200mg/kg) treated groups showing intense immunoreactivity in
spermatogenic series (arrow) and interstitial cells

of acrylamide on testicular tissue that certainly contribut-
ed to the increased sperm count and quality.

Testosterone hormone concentrations significantly de-
creased in ACR group compared to control and ESS-treated
groups (100, 200 mg/kg b.wt) supported by that obtained in
rats using 15 and 30 mg/kg/day for 90 days (Yassa et al.
2014), 5-30 mg/kg/day ACR in weaning male rats (Ma
et al. 2011), and 0.05% (w/v) ACR in drinking water for 21
days in rats (Lebda et al. 2014) and in mice using 5-60 mg/kg/
day for 5 days ACR (Yang et al. 2005). ESS improving activ-
ity on testosterone concentrations was consistent with previ-
ously reported results in cadmium exposed rats (Al-okaily and
Al-shammari 2016), nicotine intoxicated rats (Abd El-Aziz
etal. 2016), and healthy rats (Al-Qudah 2017). The prolonged
ACR administration results in increase of reactive oxygen
species ROS reduce serum testosterone and impairment of
sperm production function. This impairment may result from
irregular hormonal synthesis and incomplete
spermatogenesis.

The primary functions of testes and the male reproductive
endocrine system are regulation of sex steroid hormones
which are essential for normal reproductive function
(O'Donnell et al. 2017). LH hormone and other steroidogenic
stimuli create steroid hormones biosynthesis that initiated with
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Fig. 8 Caspase-3 expression in testes of different experimental groups
(H&E %200). (A) Control group, (B) ESS (100 mg/kg), and (C) ESS (200
mg/kg) treated groups showing weak immunoreactivity in spermatogenic
and Leydig cells. (D) ACR-treated group showing strong

cholesterol to form the first steroid, pregnenolone, in all ste-
roidogenic tissues (Miller and Bose 2011). ACR may induce
death of Leydig cells as further supported by our
histopathological and immunohistochemical findings, and
these results were agreed with Pourentezari et al. (2014) and
Yang et al. (2005). Death of Leydig cells resulted in marked
reduction of testosterone in serum and, subsequently, de-
creased the spermatogenesis in the testis. Many previous stud-
ies reported major changes in gonadal and pituitary hormones
as a result of changes in testicular histopathological and gene
expression (Camachoa et al. 2012).

In the testis, the dynamics of germ cells is precisely con-
trolled by a balance between cell proliferation and apoptotic

@ Springer

T SRy o

o s “’:’",", e
‘_“{;‘{ iz

A8 N SO -
R
7 ,ﬁ"—g' ¢
immunoreactivity in Leydig cells (arrows). (E) ACR + ESS (100
mg/kg) treated group showing weak immunoreactivity in Leydig cells
(arrow). (F) ACR + ESS (200 mg/kg) treated groups showing weak

immunoreactivity in spermatogenic (arrow) and Leydig cells

cell death Therefore, dysregulation of this fine-tuned balance
results in reproductive impairment and infertility in male
(Jeyaraj et al. 2003). In the current investigation, we
unravelled the effects of ESS on the oxidant and antioxidant
markers (lipid peroxidation, SOD, GSH) and apoptotic and
anti-apoptotic markers (Bax, caspase-3, Bcl-2), along with
testicular proliferation marker (PCNA) in ACR-intoxicated
rats.

As it has been evidenced that ACR exposure is greatly
associated with reproductive toxicity due to oxidative stress
and apoptosis (Kagar et al. 2018; Radad et al. 2020), the find-
ings of the present study showed that ACR significantly in-
creased the Bax mRNA expression in rats’ testis. Furthermore,
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Fig. 9 Effect of Eruca sativa seed (ESS) on (A) relative Bel-2 and (B)
Bax transcriptional expression in the testes of rats intoxicated with
acrylamide (ACR). B-actin was used for normalization; mRNA levels

ACR group showed a marked up-regulation of caspase-3 pro-
tein, which is required for both the intrinsic and extrinsic ap-
optotic pathways in the testis (Moreno et al. 2006).
Cooperatively, activation of these proteins induces the testic-
ular cells to undergo apoptosis rather than proliferation and
survival. ACR exposure also significantly decreased the
mRNA levels of the anti-apoptotic protein Bcl-2. These re-
sults indicated an accelerated rate of apoptosis in ACR-
intoxicated testis, which might contribute to the observed de-
creased sperm mobility and viability. In accordance, previous
studies reported activation of caspase-3 and Bax/Bcl-2 dys-
regulation in the germ cells upon acrylamide exposure both
in vivo (Kagar et al. 2018; Yilmaz et al. 2017) and in vitro (Liu
et al. 2015; Yilmaz et al. 2017). Together, the data presented
also support the previous suggestions that the mitochondrial
dysfunction and redox-dependent apoptotic responses are
greatly involved as critical events during ACR-induced testic-
ular toxicity (Liu et al. 2015; Yildizbayrak and Erkan 2018).

Notably, administration of ESS to ACR-intoxicated
rats effectively counteracted the ACR-induced testicular
apoptosis as evident from down-regulation of Bax and
caspase-3 expression in the testis compared to ACR
group. Moreover, ESS potentially recovered Bcl-2 expres-
sion which clearly demonstrated that ESS could regulate
testicular apoptosis. Our results are in line with other ev-
idence showing the anti-apoptotic properties of ESS
which may be linked to its bioactive constituents such
as phenolic compounds and flavonoids with remarkable
antioxidant capacity (Grami et al. 2020).

Conclusion

To sum up, Eruca sativa hydroethanolic extract especially
at the dose of 200 mg/kg b.wt. induced a high protective
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are expressed as fold changes relative to the normal control. All data
are represented as mean + SD, n = 7 rats/group. a, b, ¢, d superscripts
indicate significant variation compared to ACR, respectively at p < 0.05

role against the toxic effects ensued by acrylamide on the
testicular cells through up-regulating Bcl-2 and Bax pro-
teins, anti-apoptotic effect, and via the enhancement of
the antioxidant capacity which may correlate to its iden-
tified bioactive constituents such as phenolic compounds
and flavonoids.
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