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ARTICLE INFO ABSTRACT

Keywords: Ethnopharmacological relevance: Ethnopharmacological studies for drug discovery from natural compounds play
Carob extract an important role for developing current therapeutical platforms. Plants are a group of natural sources which
Azoospermia

have been served as the basis in the treatment of many diseases for centuries. In this regard, Ceratonia siliqua
(carob) is one of the herbal medicine which is traditionally used for male infertility treatments. But so far the
main mechanisms for effects of carob are unknown. Here, we intend to investigate the ability of carob extract to
induce spermatogenesis in an azoospermia mouse model and determine the mechanisms that underlie its
function.

Aim of the study: This is a pre-clinical animal model study to evaluate the effect of carob extract in spermato-
genesis recovery.

Methods: We established an infertile mouse model with the intent to examine the ability of carob extract as a
potential herbal medicine for restoration of male fertility. Sperm parameters, as well as gene expression dy-
namics and levels of spermatogenesis hormones, were evaluated 35 days after carob administration.

Results: Significant enhanced sperm parameters (P < 0.05) showed that the carob extract could induce sper-
matogenesis in the infertile mouse model. Our data suggested an anti-apototic and inducer role in the expressions
of cell cycle regulating genes. Carob extract improved the spermatogenesis niche by considerable affecting Sertoli
and Leydig cells (P < 0.05). The carob-treated mice were fertile and contributed to healthy offspring that
matured. Our data confirmed that this extract triggered the hormonal system, the spermatogenesis-related gene
expression network, and signaling pathways to induce and promote sperm production with notable level (P <
0.05). We found that the aqueous extract consisted of a polar and mainly well water-soluble substance. Carob
extract might upregulate spermatogenesis hormones via its amino acid components, which were detected in the
extract by liquid chromatography-mass spectrometry (LC-MS).

Conclusion: Our results strongly suggest that carob extract might be a promising future treatment option for male
infertility. This finding could pave the way for clinical trials in infertile men. This is the first study that has
provided reliable, strong pre-clinical evidence for carob extract as an effective candidate for fertility recovery in
cancer-related azoospermia.

Spermatogenesis recovery
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1. Introduction

Male infertility has various causes, including disruptions to the
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2. Materials and methods

2.1. Plant material

List of abbreviations
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TGF-B:  Transforming growth factor f

Tnpl Transition protein 1

Tnp2 Transition protein 2

Utf-1 Undifferentiated embryonic cell transcription factor 1

UHPLC-MS Ultra-high performance liquid chromatography mass
spectrometry
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spermatogenesis process (Babakhanzadeh et al., 2020). Azoospermia is
the most severe type of male infertility, and it affects 10%-20% of pa-
tients (Baker and Sabanegh Jr, 2013; Kumar, 2013). Current therapies
for azoospermia include surgery techniques for sperm retrieval from the
testis combined with intracytoplasmic sperm injection (ICSI) (Esteves
et al.,, 2013). However, these techniques cannot successfully retrieve
sperm in 50% of patients. Notably, the female partners of patients suc-
cessfully treated by surgical means must receive hormonal therapy to
become pregnant following ICSI.

Drug and hormonal therapies for azoospermia have serious adverse
effects, including erectile dysfunction and mild loss of libido (Hu et al.,
2018). Cardiovascular events and acceleration of prostate cancer growth
(if cancer is already present) during the treatment period are adverse
effects of anti-estrogen drugs such as clomifene citrate and tamoxifen,
which are prescribed for azoospermic patients (Isidori et al., 2017).
Therefore, it is of utmost importance to develop medications that lack
adverse effects and can induce spermatogenesis in azoospermic patients
and needless to use ICSI.

In this regard, Ethnopharmacology studies provides a platform for
drug discovery from natural sources including plants (Sharma, 2017;
Stintar, 2019). Herbal components appear to be promising alternatives
to pharmaceuticals because these phytotherapeutic agents have fewer
adverse effects compared to synthetic drugs. Although carob is tradi-
tionally used for male infertility (Faramarzi et al., 2019; Sharma, 2017),
there is no adequate scientific basis to justify its use in the clinic. The
mechanisms that underlies its function are unknown. Here, we intend to
investigate the ability of carob extract to induce spermatogenesis in an
azoospermic mouse model and determine the mechanisms that underlie
its function. We also performed metabolite profiling of the carob extract
that induced spermatogenesis in this azoospermia mouse model.

Carob has distinguishing characteristics that are not confused with
other species. Carob pods are quite special from the genus Ceratonia.
Even other species of this genus do not have carob-like pods (Ceratonia
siliqgua). We bought these pods from a reputable herbal store. The pods of
dried carob (Ceratonia siliqua), which is a well-known medicinal plant
(GRUNER, 1930; MH, 1844; Stansbury, 2019), were purchased from a
reputable herbal store and identified by Dr. Ayyari, Department of
Horticultural Science, Faculty of Agriculture, Tarbiat Modares Univer-
sity in Tehran, Iran. The dried pods were subsequently ground into a
powder prior to extraction.

2.2. Extraction

The carob extract was prepared according to traditional recipe
(advised by herbal stores in Iran which is the same instruction used by
infertile patients) and literature (Ata et al., 2018; Vafaei et al., 2018)
with some modification. In this study, 120 g of carob powder was added
in 1 L of boiling distilled water for 5 min, followed by filtration through
no. 1 Whatman filter. Then, this extract was concentrated at 45 °C in a
rotary evaporator and finally freeze dried into a powder.

Also, we prepared the hydroalcoholic carob extract as follows: 10 g
of carob pods was extracted with sonication for 30 min with 70%
ethanol/water (100 ml). The extract was filtered through a no. 1
Whatman paper, concentrated at 40 °C in a rotary evaporator, and
finally freeze dried to remove the water residue. The hydroalcoholic
carob extract powder was stored at —20 °C until analysis.

2.3. Chemicals

Formic acid (liquid chromatography-mass spectrometry [LC-MS]),
acetonitrile (LC-MS grade), and isocratic grade methanol (MeOH)
were obtained from Merck.
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2.4. High-resolution liquid chromatography-mass spectrometry (LC-MS)
analysis of the aqueous extract

The crude aqueous extract of the carob pods was dissolved in 5%
methanol (~63 mg rnl_l), centrifuged (16 000xg, 10 min), and sub-
jected to UHPLC-MS analysis. The compounds of the extract were
determined by using a Thermo Ultimate 3000RS chromatographic sys-
tem (Thermo Fisher Scientific, Waltham, MA, USA) equipped with a
diode array detector (DAD), a charged aerosol detector (CAD), and
coupled with a Bruker Impact I quadrupole time-of- flight (Q-TOF) mass
spectrometer (Bruker Daltonik GmbH, Bremen, Germany). The extract
was separated on a CORTECS T3 column (2.1 x 150 mm, 2.7 pm; Wa-
ters, Milford, MA, USA) and kept at 40 °C. The mobile phase A included
0.1% (v/v) formic acid in MilliQ water and mobile phase B consisted of
acetonitrile that contained 0.1% (v/v) formic acid. The injection volume
was 5 pL. Chromatographic elution was performed using a 20-min
concave-shaped gradient from 1% to 70% of phase B. The total time
of the chromatographic method was 25 min, and the flow rate was
0.500 ml min .

Mass analyses were carried out using an electrospray ion source in
the negative and positive ion modes. Negative ion analysis was accom-
panied by a CAD; the column effluent was diverted with a flow splitter in
a 1:3 proportion between the parallel connected MS and CAD detector
attached in. Positive ion measurements were combined with a diode
array detection (200-600 nm). The MS scanning ranged from 100 to
2000 m/z. Subsequently, the following MS settings were used: capillary
voltage 3 kV (negative ion mode) or 4 kV (positive ion mode), dry gas
flow of 6 L min~!, dry gas temperature of 200 °C, 0.7 Bar nebulizer
pressure, collision RF 750 Vpp, 100 ps transfer time, and 10 ps prepulse
storage. In each scan, two precursor ions with intensities that exceeded
2000 counts were fragmented. The collision energy was automatically
set and depended on the m/z value of a fragmented ion, which ranged
from 2.5 to 80 eV for the negative ion mode and from 1.25 to 50 eV for
the positive ion mode. The obtained data were calibrated internally with
a solution of sodium formate, which was introduced to the ion source via
a 20 pL loop at the beginning of each separation. Constituents of the
carob extract were tentatively identified on the basis of their MS, MS2,
and UV spectra and a literature search of the data.

2.5. Animals

Adult male Naval Medical Research Institute (NMRI) mice (age: 8-10
weeks; weight range: 25-39 g; Royan Institute, Tehran, Iran) were
housed in the Royan Institute Animal Laboratory under standard con-
ditions of 23 + 2 °C and a 12-h light-dark cycle with free access to water
and food.

2.6. Infertile mouse model

In order to optimize our animal model with a defined dose of drug
capable of creating an azoospermia model with the least lethal effect on
mice, we investigated three different doses of busulfan (40,45 and 50
mg/kg, #B2635, Sigma-Aldrich, Germany) that were injected as single
intraperitoneal (IP) injection (n = 4) to create azoospermia model (the
infertile mice model) (Chen et al., 2021; Ghasemi et al., 2009; Jung
et al., 2015; Bucci and Meistrich, 1987).

After 30 days, these male mice were allowed to mate naturally with
mature female mice for five days in order to remove any possible
abnormal sperm produced after the busulfan injections. Then, the testes
and tails of the epididymides were collected after 35 days (duration of
spermatogenesis) for sperm count and histological assessment in each
group. The optimum dose of busulfan was selected based on survival of
the mice, sperm concentration, and testicular histological analysis that
was used as the infertile model in the experimental groups.
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2.7. Experimental groups

The animals were classified into four groups: intact (normal mice),
vehicle (negative control; mice that have been injected with busulfan
but did not did not receive carob extract. This group is infertile model
without any treatment with carob extract), Clomiphene citrate (positive
control), and carob extract. The intact group comprised normal mice
that did not receive an injection or treatment. The infertile mouse model
(vehicle) was injected with busulfan, (45 mg/kg) and they received
either carob extract or no treatment. The positive control group received
clomiphene citrate to stimulate spermatogenesis (clomifene, 25 mg/kg)
after an IP injection of busulfan. We examined three doses of carob
extract, which were selected according to a previous study which was
conducted in rats; in this study, rats received 150, 300, and 600 mg/kg
of carob hydroalcoholic extract (Mokhtari et al., 2012). Then we used a
dose calculation table (Nair and Jacob, 2016) (Supplementary table 1)
that allows for the conversion of a drug dose administered to rats into
the related dose for being used in mice. Based on this table we should
divide the carob doses (used for treating rat animals) by two to calculate
the related doses in mice. Therefore, the related doses in mice would be
75, 150 and 300 mg/kg. Moreover, we evaluated 600 mg/kg dose
because we observed a dose-depend effect for carob in our study. Mice
were gavaged with carob extract every day for 35 days (since the
duration of mouse spermatogenesis is 35 days (Cordeiro et al., 2021).).

According to the results of a study, 10 cc of carob (150 g of carob
beans boiled in 500 ml of tap water) was given to New Zealand white
male rabbits, as the treatment group. In this group, there were no
toxicological effects observed in the livers or kidneys of the rabbits
which can be used for human consumption. Therefore, we did not
anticipate any toxicities for these doses of carob extract.

2.8. Epididymal sperm collection

Tails of the epididymides were dissected and placed in Eppendorf
tubes that contained 1 ml pre-warmed T6 culture medium plus 10%
bovine serum albumin (BSA) in order to release the spermatozoa into the
medium. The samples were incubated at 37 °C for 30 min, and then
sperm concentration and motility were assessed by computer-assisted
sperm analysis (CASA) with Sperm Class Analyzer® software (SCA,
version 6, Microptic Co., Spain) and a phase-contrast microscope
(Eclipse E—200; Nikon Co., Tokyo, Japan). A video camera (Basler
Vision, A312FC at 50 fps; Technology Co., Ahrensburg, Germany) was
attached to the microscope to capture images visualized under 100x
magnification.

2.9. Sperm viability test

We used eosin Y staining to analyze sperm cell viability. First, 10 pl of
sperm were mixed with 5 pl of eosin Y (0.5% w/v; Merck Chemical Co.,
Darmstadt, Germany). After 1 min, the sperm cells were stained and we
counted at least 200 cells with a phase contrast microscopy at 100 x
magnification (Olympus CX21, Tokyo, Japan). The spermatozoa that
stained pink were considered to be nonviable and the unstained sper-
matozoa were presumed to be viable (Molaie et al., 2019).

2.10. Sperm morphology

Sperm morphology was assessed with a SpermBlue® Kit (Microptic,
Spain), which includes two steps: sperm cell fixation on a simple slide
and cell staining.

First, sperm cell smears were prepared on a slide (15 pl). After dry-
ing, the slides were placed in a fixation solution for 15 min and then
placed in the staining solution for 20 min. Subsequently, the slides were
washed five times with distilled water. At least 200 cells were counted
under a phase contrast microscope at 100 x magnification (Olympus
CX21, Tokyo, Japan). Sperm morphology was evaluated by previously
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reported criteria (Hosseinpour et al., 2014; Van der Horst and Maree,
2010).

2.11. Analysis of DNA fragmentation by the sperm halo test

We evaluated sperm head DNA fragmentation according to the new
version of the SCD test or sperm halo with a Sperm DNA Fragmentation
Assay Kit (SDFA; ACECR, Tehran, Iran) based on the manufacturer’s
protocols (Artimani et al., 2018; Ziarati et al., 2019). According to the
literature, there are five patterns of SCD: 1. large halo around the head of
the sperm cell whose thickness is equal to or higher than the diameter of
the sperm head; 2. medium halo where the diameter is equal to the
minor diameter of the core; 3. very small halo with a thickness less than
one-third of the minor diameter of the head; 4. no halo; and 5. degraded
sperm cells with irregular staining around the head. Nuclei without DNA
fragmentation by releasing DNA loops, forms large halo. Therefore,
those with medium and large halos were considered to be normal sperm
with DNA integrity and no fragmentation. Abnormal sperm had either
small or no halos and were degraded with evidence of DNA fragmen-
tation (Fernandez et al., 2005). A minimum of 100 spermatozoa per
sample was evaluated by light microscopy at 100x magnification
(Olympus CX21, Tokyo, Japan).

2.12. Fluorescent measurement of intracellular reactive oxygen species
(ROS) levels in sperm cells

We used flow cytometry to determine the level of reactive oxygen
species (ROS), HoO and Os¢’, in the sperm samples. A sperm permeable
stain, 2/,7’-dichlorofluorescin diacetate (DCFH-DA; Sigma Chemical Co.,
Germany) was used to detect intracellular HyO,, which is a stable and
non-fluorescent probe. Dihydroethidium (DHE; Sigma Chemical Co.,
Germany) was used to detect intracellular Oz (Ghaleno et al., 2014).

2.13. Histological analysis

The testes were fixed in Bouin’s solution for 2 h, then fixed overnight
at 4 °C with 10% neutral buffered formalin. The testes tissues were
subsequently embedded in paraffin blocks, sectioned with a microtome
into 6-pum thick slices, and placed on histological slides. We obtained 10
slides for each group that were stained with hematoxylin and eosin
(H&E, Sigma-Aldrich) according to the standard protocols for light
microscopic evaluation. We counted 10-14 cross-sections in each group.

2.14. Quantitative histological grading system

Johnsen’s scoring was used to evaluate the level of sperm maturation
and the quality of the spermatogenesis process (Curtis and Amann,
1981). We analyzed 10 sections in 10 slides for each group. Each section
was counted and scored in five fields for the 20 seminiferous tubules.
The number of tubules in each score was calculated as the percentage for
each section. Mean data were obtained for each group. We scored the
seminiferous tubules from 1 to 10 level based on the Johnsen’s score,
which the spermatogenic level was classified as Sertoli cell-only (SCO),
spermatogonia arrest, spermatocyte arrest, spermatid maturation arrest,
hypospermatogenesis, and normal spermatogenesis. The grading stan-
dard (Zhu et al., 2015) which we used in our study is presented in
Fig. S7.

2.15. Gene expression analysis using quantitative real-time PCR

Total RNA was extracted from the whole testis using TRIzol reagent
(Takara, #9108, Tokyo, Japan). The isolated RNA was reverse tran-
scribed into cDNA using a PrimeScript 1st Strand cDNA Synthesis Kit
(Takara, #6130, Tokyo, Japan) based on the manufacturer’s in-
structions. Quantitative real-time PCR (qRT-PCR) was performed by
using SYBR® Green Premix Ex Taq™ II (Tli RNase H Plus, Takara,
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#RR820L, Tokyo, Japan) in an ABI StepOne Plus™ thermocycler
(Applied Biosystems, USA). The specificity of each primer pair was
confirmed by melting curve analysis and agarose gel electrophoresis.
The relative mRNA levels of the genes were evaluated by the 2744t
quantitative method and normalized to the housekeeping gene, glycer-
aldehyde 3-phosphate dehydrogenase (Gapdh). The experimental
groups were analyzed in triplicate, and the results are presented as mean
+ SEM. Supplementary Table 5 lists the primers and sequences.

2.16. Hormonal analysis

Serum samples were obtained from the hearts of the mice for hor-
monal analysis. The serum was isolated at 2500 rpm by centrifugation
for 15 min. Then, the serum levels of testosterone and estradiol were
measured by a kit (Bioassay Technology Laboratory, Shanghai, China;
product code: E0260Mo and E0072Mo) and read with an ELISA reader.

2.17. Statistical analysis

GraphPad Prism 6 software was used to analyze all of the data. The
results are expressed as mean + SD. Statistical significance was done by
one-way ANOVA and the post-hoc Fisher’s LSD test, which was used to
compare multiple significant differences between the groups. P-values
<0.05 indicated statistical significance.

3. Results
3.1. Carob extract profile

A final brownish powder from the carob pod aqueous extract was
obtained after freeze drying, and the yield of the aqueous extract was
9.37%. As expected, the aqueous extract consisted of a polar and mainly
well water-soluble substance. The peaks were mostly composed of car-
bohydrates and some organic acids. These compounds, as well as diverse
ester derivatives of disaccharides, were present in the extract. The first
three chromatographic peaks consisted of a dihexose(s), a hexose(s),
trisaccharides, organic acids, and other highly polar compounds and
comprised about 74% of the total CAD peak area (Table 1, Fig. 1). Carob
pods have a high source of sucrose and significant amounts of glucose
and fructose. Thus, the detected di- and monosaccharides were most
probably these three compounds (Deans et al., 2018). Interestingly, the
extract also contained a significant number of dihexose derivatives,
acylated with short-chain aliphatic acids (Table 1). Among these, com-
pounds with the molecular formula C;6H2g012 were dominant. These
compounds were probably dihexose isobutyrates since carob pods are
known to have a high content of isobutyric acid (Berna et al., 1997).

Phenolic compounds consisted of diverse gallotannins, ellagic acid,
and flavonoids (Table 1). The gallotannins were mainly different mono-,
di-, and trigalloyl hexose isomers, and a tetragalloyl hexose was the
dominant compound of this group. We also observed small amounts of
gallic acid, dihexosides and siliquapyranone (or its isomer). The latter
compound is a derivative of 2,3-digalloylglucose and (4R,6R)-4-hy-
droxy-6-methyl-tetrahydropyran-2-one, which was previously isolated
from carob leaves (Deans et al., 2018). Flavonoids mostly included
quercetin, myricetin, isorhamnetin and kaempferol/luteolin mono-
glycosides, though an apigenin C-hexoside-C-pentoside was also pre-
sent. Quercetin 3-O-deoxyhexoside was the dominant flavonoid of the
carob extract. This extract also contained an abundance of high polar
constituents with sugar, amino acids, and simple organic acid
derivatives.

3.2. Establishment of the infertile mouse model by busulfan injection, as
an alkylating agent

Busulfan decreased the sperm count in a dose-dependent manner,
with the most effective response at 50 mg/kg (Fig. S1A). However, there
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Table 1
UHPLC-CAD-MS/MS analysis of the water extract of carob (Ceratonia siliqua) pods, the negative ion mode and reverse phase chromatography. The relative peak area is
expressed as a percentage of the total area of all Charged Aerosol Detector (CAD) peaks.

No. RT peak area A max parent ion fragment ions (m/z) formula error mSigma tentative identification Ref.
[min] fraction (nm) (m/2) (ppm)
(%)
1 0.91 18.78 179.0561 CeH1206 0.2 9.8 hexose (1-3)
195.0510 177.0417 (3), 159.0276 (2), CeH1207 0.1 5.9 unidentified
129.0181 (7)
209.0302 191.0195 (74), 173.0088 (8), CeH100s 0.2 5.0 unidentified

165.0401 (2), 147.0297 (15),
133.0145 (27), 129.0196 (13)
2 0.97 47.08 341.1092 179.0558 (100), 161.0454 (38), C12H22011 -0.8 6.5 dihexose (sucrose ?) (1-3)
149.0455 (17), 143.0341 (11),
131.0337 (9), 119.0345 (53)
133.0128 115.0025 (68) C4HgOs5 10.9 2.3 malic acid/isomer
3 1.25 8.13 549.1670* 503.1625 (100), 341.1092 (72), C18H32016 0.5 4.5 trihexose
323.0986 (39), 221.0662 (18),
179.0559 (46), 161.0447 (10)
519.1563* 473.1508 (100), 341.1087 (81), Cy7H30015 0.7 5.0 dihexose-pentoside
323.0976 (11), 179.0563 (8),
161.0453 (24), 149.0443 (12)

191.0197 173.0092 (11), 147.0265 (3), CeHgO7 -0.1 2.7 (iso)citric acid/isomer
129.0180 (7), 111.0072 (36)
235.0464 217.0351 (80), 199.0244 (100), CgH1,0g -1.9 5.2 unidentified
155.0346 (31)
278.1244 235.0251 (31), 188.0926 (100), C11H1NO7 0.6 5.3 valine-hexose/isomer
158.0824 (10), 116.0709 (86)
290.0883 200.0568 (100), 128.0359 (37) C11H17NOg -0.7 3.9 unidentified hexoside
4 1.90 0.45 410.1665 188.0942 (25), 116.0709 (100) C16H20NO11 0.8 3.1 valine derivative
180.0669 163.0395 (33), 119.0471 (5) CoH;1NO3 -1.4 2.6 tyrosine
5 1.98 1.41 270 331.0677 271.0471 (8), 211.0249 (45), C13H16010 -1.9 14.8 gallic acid-hexose (€]
169.0135 (26)
342.1197 180.0666 (100) C15H21NOg -0.6 11.9 tyrosine-hexose
422.1306 254.0668 (14), 230.0687 (12), C16H2sNO12/ -0.6/ 6.0/8.2 unidentified
200.0564 (100), 170.0449 (10), C17H21N50g 2.6
154.0494 (6), 128.0339 (37)
260.0236 216.0326 (30), 144.0111 (12), unidentified
112.0405 (7)
159.0294 115.0388 (100) CeHgOs 3.2 7.0 unidentified acid
6 2.41 0.86 429.1254* 383.1201 (43), 341.1096 (100), C14H24012 -0.9 8.4 dihexose acetate
323.0993 (30), 179.0559 (18)
292.1401 202.1104 (18), 172.0982 (9), Cy2H3NO7 0.1 9.2 (iso)leucine-hexose/
130.0861 (100) isomer
7 2.51 1.43 270 169.0142 125.0239 (44) C;HgOs 0.4 6.1 gallic acid
302.0885 212.0567 (100), 140.0345 (68) C12H;7NOg -1.3 6.7 unidentified hexoside
8 2.75 0.24 429.1256* 383.1200 (46), 341.1093 (100), C14H24012 -1.5 5.0 dihexose acetate

323.0986 (32), 221.0678 (4),
179.0569 (9), 161.0454 (7)

9 2.85 0.06 282.0843 150.0418 (50) C10H13N50s 0.4 10.6 guanosine
270 331.0673 271.0458 (100), 211.0248 (26), C13H16010 ~0.5 0.6 gallic acid-hexose €}
169.0144 (10)
10 311 0.36 304.1040 214.0723 (100), 184.0642 (14), C12H1oNOg -0.8 9.1 unidentified
142.0495(45)
275 483.0786 331.0669 (100), 313.0570 (82), Ca0H20014 ~1.3 4.2 digalloylhexose Qa,
169.0139 (88), 125.0229 (13) 4-6)
11 3.31 1.01 457.1564* 411.1512 (12), 342.1093 (100), C16H25012 -0.3 6.6 (iso)butyryl dihexose €})
323.0983 (65), 179.0568 (12)
424.1828 202.1086 (24), 130.0856 (100) C17H3,NOy; -0.9 10.9 unidentified
436.1463 244.0826 (10), 226.0726 (7), C17H27NO15 —0.6 18.0 unidentified

214.0722 (100), 184.0618 (11),
142.0495 (31)

12 3.47 0.06 326.1243 164.0717 (100) Cy5H21NO, 0.8 11.1 phenylalanine-hexose

13 3.57 0.17 275 493.1203 331.0671 (11), 313.0566 (100), C1oH26015 -0.7 3.4 gallic acid dihexoside 1,5)
283.0458 (43), 169.0138 (11)

14 3.69 0.27 457.1562* 411.1501 (13), 341.1089 (100), C16H2g012 0.1 7.8 (iso)butyryl dihexose )
323.0984 (69), 179.0561 (11)

275 493.1202 331.0672 (23), 313.0565 (80), C19H26015 —0.6 4.7 gallic acid dihexoside 1,5)

271.0460 (100), 169.0138 (12)

15 3.78 0.26 429.1614* 383.1565 (45), 293.0875 (2), C15H2011 -0.0 7.5 unidentified

251.1136 (100), 233.0667 (4),
161.0442 (3)

16 3.91 0.44 427.1462* 381.1406 (10), 293.0891 (25), C15H26011 -1.0 4.6 (iso)butyryl-hexose-
275.0770 (24), 249.0983 (22), pentose
191.0563 (100), 149.0445 (77)

17 3.98 0.38 275 483.0781 331.0668 (100), 313.0562 (68), CaoH20014 -0.2 1.3 digalloylhexose a,
169.0141 (70) 4-6)

(continued on next page)



Z. Ghorbaninejad et al. Journal of Ethnopharmacology 301 (2023) 115760

Table 1 (continued)

No. RT peak area A max parent ion fragment ions (m/z) formula error mSigma  tentative identification Ref.
[min] fraction (nm) (m/2) (ppm)
(%)
305.0665 261.0758 (26), 219.9665 (20), C15H1407 0.5 3.0 (epi)gallocatechin 6)
179.0354 (25), 165.0201 (17)
18 4.30 0.69 457.1562* 411.1508 (14), 341.1090 (100), Ci16H28012 0.2 7.3 (iso)butyryl dihexose (€))
323.0985 (88), 179.0563 (10)
427.1460* 293.0906 (14), 275.0788 (12), C15H26011 -0.7 10.3 (iso)butyryl-hexose- 1)
191.0554 (100), 149.0446 (83) pentose
19 4.43 0.43 763.2876** 293.0887 (100), 275.0780 (38), C15H26011 0.1 8.8 (iso)butyryl-hexose- (€]
221.0673 (18), 191.0547 (29), pentose
149.0447 (36), 131.0338 (35)
461.1306 329.0879 (8), 167.0346 (100) C19H26013 -1.1 17.4 vanillic acid-hexose-
pentose
20 4.57 0.62 427.1452* 381.1394 (3), 293.0876 (100), Cy5H26011 0.9 1.7 (iso)butyryl-hexose- (€))]
233.0665 (22), 191.0559 (27), pentose
149.0451 (13), 131.0337 (6)
21 4.67 1.48 809.2925%** 427.1456 (32), 381.1401 (65), Cy5H26011 0.9 14.2 (iso)butyryl-hexose- (€D)]
293.0878 (100) pentose
158.0816 116.0706 (82) C7H;3NO3 4.5 17.8 5-acetamidopentanoic
acid/isomer
22 4.80 0.88 411.1509 341.1082 (100), 323.0976 (27), Ci6H28012 -0.2 14.4 (iso)butyryl dihexose 1
179.0573 (22)161.0453 (18)
23 4.91 2.29 457.1555* 411.1506 (100), 341.1089 (34), C16H25012 1.7 4.3 (iso)butyryl dihexose 1)

323.0982 (73), 189.0770 (17),
179.0559 (6)

232.0827 214.0728 (36), 196.0615 (100) CoH15NOg -0.3 16.0 unidentified
24 5.01 2.25 457.1561* 411.1507 (85), 341.1092 (44), Cy6H28012 0.3 4.3 (iso)butyryl dihexose (€D)]
323.0985 (100), 179.0560 (29)
212.0930 194.0809 (18), 168.1021 (33) C10H15NO4 -0.6 17.2 unidentified
175.0610 157.0500 (6), 131.0696 (3), C7H;,05 0.9 5.7 unidentified carboxylic
115.0384 (11) acid
25 5.23 0.45 244.0280 200.0385 (40), 156.0481 (35), unidentified
128.0160 (9)
457.1562* 411.1511 (4), 323.0981 (100). Cy6H25012 0.2 4.8 (iso)butyryl dihexose 1
203.0561 (5), 179.0561 (2)
26 5.30 0.13 242.0667 198.0767 (60), 154.0861 (11) C10H13NOg 1.3 2.0 unidentified
483.0774 423.0581 (16), 331.0671 (18), CooH20014 1.2 8.3 digalloylhexose 1,5,
313.0563 (100), 271.0449 (73), 6)
211.0239 (21), 169.0137 (56)
27 5.48 0.36 443.1920 237.1498 (2) Cy1H32010 0.6 7.0 unidentified
270 305.0779 261.0871 (90), 189.0667 (100) C14H14N206 0.1 7.8 unidentified
28 5.57 0.74 275 483.0779 331.0666 (22), 313.0561 (46), Ca0H20014 0.2 7.8 digalloylhexose a,
271.0455 (100), 241.0347 (6), 4-6)
211.0243 (9), 169.0136 (15)
289.0712 245.0813 (70) C15H1406 1.9 1.7 (epi)catechin
29 5.84 0.51 270 635.0881 483.0754 (2), 465.0670 (22), Co7H24018 1.3 8.3 trigalloylhexose a,
313.0562 (100), 169.0134 (27) 4-6)
441.1611* 395.1568 (8), 293.0883 (100), C16H28011 0.7 11.1 acylated hexose-pentose

233.0648 (46), 191.0566 (40),
149.0460 (16)
30 5.97 0.21 305.0775 261.0875 (100), 219.0772 (51), C14H14N206 1.3 4.9 unidentified
201.0667 (55), 132.0442 (18),
116.0329 (34)
291.0142 247.0246 (100) Cy3HgOg 1.6 3.3 unidentified
31 6.03 0.47 305.0774 261.0872 (100), 219.0775 (72), C14H14N20¢ 1.5 15.4 unidentified
201.0661 (68), 132.0435 (20),
116.0346 (17)
32 6.20 0.10 461.1292* 415.1245 (9), 293.0882 (23), C18H24011 1.9 1.9 acylated hexose-pentose
191.0560 (16), 121.0285 (100)
33 6.24 0.22 275 595.1298 483.0777 (7), 443.1185 (100), CoHag016 1.1 10.0 siliquapyranone/isomer 1,5,
331.0665 (25), 313.0561 (14), 7)
211.0253 (5), 169.0134 (65)
275 635.0889 483.0782 (34), 465.0675 (97), Cy7H24018 0.1 9.8 trigalloylhexose a1,
423.0557 (44), 313.0558 (100), 4-6)
295.0453 (34), 169.0138 (42)
34 6.44 0.47 461.1288* 415.1206 (8), 293.0877 (16), C18H24011 2.7 11.5 acylated hexose-pentose
233.0678 (7), 191.0552 (15),
121.0286 (100)
471.1717* 425.1653 (88), 341.1083(57), C17H30012 0.4 6.2 acylated dihexose
323.0979 (100), 179.0550 (36),
161.0434 (16)

35 6.59 0.15 485.1864* 341.1083 (100), 323.0987 (6), C18H32012 2.5 6.4 (iso)capronyl dihexose
179.0560 (10), 161.0456 (3)
491.1404* 445.1346 (49), 323.0967 (99), Cy9H26012 0.5 7.4 acylated dihexose
223.0600 (34), 121.0280 (100)
36 6.74 0.40 275 635.0873 Co7H24018 2.7 2.3 trigalloylhexose

(continued on next page)
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No. RT peak area A max parent ion fragment ions (m/z) formula error mSigma  tentative identification Ref.
[min] fraction (nm) (m/2) (ppm)
(%)
465.0664 (100), 313.0557 (75), a,
169.0131 (14) 4-6)
431.1914* 385.1848 (100), 223.1347 (44), unidentified
205.1226 (75), 153.0903 (92)
37 6.90 0.24 275 317.0399% 465.0660 (14), 241.0351 (100), Ca7H24018 3.1 42.7 trigalloylhexose a,
169.0132 (31) 4-6)
172.0973 130.0854 (100) CgH;15NO3 3.6 2.8 N-acetyl (izo)leucine
595.1304 483.0768 (71), 443.1198 (62), Ca6Hog016 0.0 27.1 siliquapyranone/isomer a,s,
389.1593 (61), 331.0678 (40), 7)
313.0549 (67), 271.0447 (77),
169.0126 (33)
38 7.06 0.11 275 635.0871 483.0766 (69), 465.0667 (75), Ca7H24018 2.2 5.1 trigalloylhexose a,
313.0555 (51), 271.0451 (32), 4-6)
221.0453 (22), 169.0135 (29)
39 7.34 0.06 275 635.0885 483.0777 (8), 465.0670 (100), Ca7H24018 0.7 19.0 trigalloylhexose a,
313.0568 (44), 169.0129 (13) 4-6)
40 7.43 0.10 230.1029 212.0934 (13), 186.1133 (75), Cy0H17NOs 2.2 4.3 unidentified
168.1002 (9), 114.0922 (11)
527.1980 463.1834 (1), 383.1186 (6), C21H36015 0.2 12.6 acylated dihexose
341.1086 (100), 323.0975 (12),
179.0557 (11)
41 7.63 0.23 ~270, 563.1397 473.1077 (47), 443.0970 (67), Ca6H25014 1.7 17.7 apigenin C-hexoside-C- 1,5)
330 383.0763 (59), 353.0658 (73) pentoside
42 7.69 0.09 ~260, 479.0823 316.0223 (100) Cz1H20013 1.7 7.4 myricetin hexoside a,
350 4-6)
186.1131 142.1224 (2), 116.0704 (3) CoH17NO3 2.3 0.6 unidentified
43 8.11 1.21 280 787.0989 635.0884 (4), 465.0666 (100), C34H28022 1.3 6.8 tetragalloylhexose a,
313.0559 (48), 295.0453 (16), 4-6)
169.0136 (17)
485.1873* 439.1813 (21), 341.1082 (100), C18H32012 0.6 5.5 acylated dihexose
323.0977 (35), 217.1076 (10),
179.0559 (12)
44 835 0.56 255, 300.9987 C14HeOg 1.1 2.5 ellagic acid
355
463.0873 316.0218 (100) Cz1H20012 1.9 2.3 myricetin a,
deoxyhexoside 4-6)
45 8.53 0.18 485.1871* 439.1819 (22), 341.1086 (100), C18H32012 1.1 3.4 acylated dihexose
323.0976 (38), 179.0559 (22)
46 8.61 0.09 255, 463.0874 300.0269 (100) Cz1H20012 1.8 10.1 quercetin-3-O-hexoside a,
350 4-6)
47 8.89 0.05 433.0769 300.0271 (100) Cz0H15011 1.6 6.0 quercetin-3-O-pentoside (1, 4,
6)
48 9.04 0.06 433.0772 300.0267 (100) Ca0H18011 1.1 5.0 quercetin-3-O-pentoside 1,4,
6)
49 9.44 1.07 255, 447.0929 300.0273 (100) C21H20011 0.8 5.3 quercetin-3-O- a,
350 deoxyhexoside 4-6)
549.2546* 503.2506 (22), 371.2074 (100), Co4H40011 1.3 7.9 disaccharide derivative
233.0651 (3), 161.0447 (5)
187.0975 169.0856 12), 125.0958 (15) CoH1604 0.2 2.9 unidentified
50  9.98 0.08' 527.1976* 481.1923 (53), 411.1414 (55), Ca0H34013 1.0 13.4 di(iso)butyryl dihexose
393.1394 (100), 341.1081 (16),
323.0960 (59), 249.0983 (28),
189.0765 (64)
200.1289 156.1395 (3), 130.0872 (9), Cy0H18NO3 1.7 11.5 unidentified
122.8727 (1)
51 10.04 0.10 527.1979* n.f. Cp0H34013 0.4 4.3 di(iso)butyryl dihexose
511.2029* 465.1980 (20), 341.1095 (100), C20H34012 0.7 25.8 acylated dihexose
323.0991 (46), 285.0400 (20),
179.0534 (24)
52 10.20 0.07 447.0926 314.0428 (100) C21H20011 1.5 16.8 isorhamnetin pentoside
53 10.33 0.06 431.0978 284.0322 (100) Cz1H20010 1.3 12.6 kaempferol/luteolin
deoxyhexoside
54 1052  0.05 461.1087 314.0426 (100) CooH2,011 0.5 6.7 isorhamnetin
deoxyhexoside
511.2030* 465.1935 (11), 341.1083 (100), Cz0H34012 0.5 24.1 acylated dihexose
179.0549 (14)
55 11.51 0.10 301.0356 C15H1007 -0.7 19.4 quercetin 1,4)
285.0403 C15H1006 0.6 14.8 kaempferol/luteolin a, 4,
6)
513.2184* 467.2126 (9), 341.1089 (100), Ca0H36012 0.9 8.0 acylated dihexose
323.0979 (30), 185.1189 (19),
179.0565 (18), 143.1065 (30)
56 11.89 0.08 557.2457* 383.1194 (7), 341.1087 (100), Co2Hs0013 -1.0 12.9 acylated dihexose

323.0990)13), 179.0561 (11)

(continued on next page)
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No. RT peak area A max parent ion fragment ions (m/z) formula error mSigma  tentative identification Ref.
[min] fraction (nm) (m/2) (ppm)
(%)

57 13.35 0.12 327.2175 309.2076 (5), 291.1966 (5), Ci18H3205 0.2 8.8 unidentified fatty acid @
229.1444 (20), 211.1339 (17)

58 14.14 0.27 329.2334 311.2230 (2), 293.2109 (1), Ci18H3405s -0.3 4.5 unidentified fatty acid
229.1443 (16), 211.1336 (17),
171.1025 (4)

59 14.23 0.06 329.2332 311.2219 (3), 293.2120 (2), Ci18H3405 0.6 11.1 Unidentified1 fatty acid
229.1447 (17), 211.1343 (16),
171.1031 (4)

* formic acid (FA) adduct; ** [2M-H]; *** [2M + FA-H]; $ [M-2H]%; n.f. — not fragmented.

mSigma is a measure of a fit between the theoretical isotopic pattern for a proposed formula and the measurement results. The lower mSigma value, the better fit.

Intens.

[mAU]

UV Chromatogram, 255 n

2 4 6 8

12 14 16 18

Fig. 1. RP-UHPLC chromatograms of carob pod water extract acquired by: (A) charged aerosol detector (CAD) and (B) diode array detector (DAD; A = 255 nm).
Structures of several identified compounds are shown. From left to right: gallic acid, a tetragalloylhexose (one of the possible structures), ellagic acid, and a quercetin

3-O-deoxyhexoside.

was a significant decrease in survival rate for 50 mg/kg compared to
both the intact and lower doses of busulfan (Fig. S1B). Despite the more
significant decrease of sperm count at 50 mg/kg, we omitted this dose
from the study.

For further confirmation, we performed histological analysis of tis-
sue from the mice that received the 40 and 45 mg/kg doses of busulfan.
The results showed no significant changes in spermatogenesis in semi-
niferous tubules of mice injected with the 40 mg/kg of busulfan in
comparison with the intact group, and the majority of tubules showed
spermatogenesis. The 45 mg/kg dose impaired spermatogenesis, as
shown by empty tubules with no spermatozoa or spermatogonia
(Fig. S1C). In addition, the Johnsen score results showed that at 45 mg/
kg of busulfan, 79% of seminiferous tubules had a score of 3, which
indicated the presence of spermatogonia in tubules without spermatozoa
or late spermatids. None of the seminiferous tubules had a score of 10,
which indicated tubules with full spermatogenesis in the mice treated
with busulfan (45 mg/kg). In the intact group, 79.3% of tubules had a
Johnsen score of 10 (complete spermatogenesis). At the 40 mg/kg dose,
42.6% of tubules had a score of 3, and 10% of the tubules appeared to
have complete spermatogenesis (Fig. S1D and Supplementary Table 2).
Therefore, we selected the 45 mg/kg dose as the optimum dose of
busulfan to use to produce the infertile mice model.

3.3. Carob administration induced spermatogenesis in the infertile mice
model in a dose-dependent manner

In the vehicle group, there was a significant decrease in testicular
weight (P < 0.001). Neither clomifene, nor administration of various
doses of carob could increase testicular weight (Fig. S2).

CASA analysis results showed a notable, dose-dependent increase in
sperm count following carob administration. The largest increase was
observed with the 600 mg/kg dose (P < 0.001). Notably, the sperm
counts in the group that received 600 mg/kg dose approximated those of
the intact mice (Fig. 2A). Administration of 600 mg/kg of carob signif-
icantly increased total motility (P < 0.01) and progressive motility (P <
0.05) compared to the vehicle group (Fig. 2B and C). Also, mice treated
with 300 and 600 mg of carob showed significant increase in terms of
sperm count and total motility (P < 0.05) compared to positive control
group (clomifene) (Fig. 2A and B).

Next, we investigated the additional insight into the effect of carob
on sperm quality that SDFA results showed a considerable increase in
DNA integrity in mice that received clomifene and all of the carob doses
compared to the vehicle group (Fig. 2D). Consistently, DNA fragmen-
tation significantly decreased in the same groups that had an increase in
DNA integrity compared to the vehicle group (Fig. 2E).

Sperm viability analysis showed significant enhancement following
treatment with 600 mg/kg of carob compared to the vehicle (Fig. 2F).
Mice treated with 600 mg/kg of carob had increased sperm viability
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Fig. 2. Carob administration induced spermatogenesis in the infertile mouse model in a dose-dependent manner. (A) We assessed carob function in terms of sperm
production. Sperm counts considerably increased in a dose-dependent manner after administration of carob. The most effective enhancement was seen at the 600
mg/kg dose. The 600 mg/kg and 300 mg/kg (P < 0.001) doses of carob increased sperm counts compared to the vehicle. There was a notable increase in the
concentration of sperm after administration of 600 mg/kg of carob compared to 300 mg/kg of the extract (P < 0.001). (B-C) There were no significant increases in
total and progressive motility in the carob-treated mice compared to the vehicle group, with the exception of the 600 mg/kg carob dose, which significantly increased
total motility (P < 0.01) and progressive motility (P < 0.05) in comparison with the vehicle. (D) The DNA quality of the sperm showed that DNA integrity increased
considerably in the mice in the carob groups and in the clomifene groups compared to the vehicle group (P < 0.001). (E) There was a significant decrease in DNA
fragmentation in both carob groups and in the clomifene groups compared to the vehicle (P < 0.05). (F) There was significantly enhanced sperm viability compared
to the vehicle after treatment with the 600 mg/kg dose of carob (P < 0.01). (G) The percentage of sperm with normal morphology at the 600 mg/kg dose of carob
significantly increased in comparison with the vehicle (P < 0.001). There was a significantly increased percentage of sperm with normal morphology in the clomifene
group compared to the vehicle group (P < 0.05).

compared to the group that received 300 mg/kg of the extract (Fig. 2F). H205 and Oy as the most important intracellular ROS following carob
The percentages of sperm with normal morphology at the 600 mg/kg administration in comparison with the vehicle group (P < 0.05) (Fig. 3A

carob dose significantly increased compared to the vehicle group and and B and Fig. S6).
300 mg/kg extract (Fig. 2G). Supplementary Fig. 4A shows criteria for To assess the spermatogenesis recovery following carob consump-
recognizing sperms with normal morphology as well as abnormal tion, we evaluated the estradiol hormone. Our results showed a signif-
morphology. icant increase at 600 mg/kg of the carob extract in comparison with the
Our flow cytometry results showed significant decreases in both vehicle group (P < 0.05). The level of estradiol in this group was notably
B intact Fig. 3. Effect of carob administration on reactive
I veicle oxygen species (ROS) and induction of hormonal axis

Clomifene

in the infertile mouse model in a dose-dependent
manner. (A-B) Reactive oxygen species (ROS) levels

| 300] mgl/kg of
in sperm after carob treatment indicated that HyO»

I 500 | Carob extract

A B C D was significantly decreased after carob administra-
DCF-DA (H,0,) S DCF-DHE (0,") * tion compared to the vehicle group (P < 0.001) and

F40 1; 50 180 - * 25 - _— there was a notable change in O; levels following
E = — E *%x  carob administration compared to the vehicle group
‘2 30 é 40 - = E) 20 4 (P < 0.05). (C-D) Hormonal analyses showed that
.“é T 30 T o, ?=,,120 1 ® 15 estradiol hormone significantly increased after
E’ 56 .E = 90 | -|- § * administration of the 600 mg/kg dose of carob in
S 220 '-% 60 | £ 10 4 T comparison with the vehicle group (P < 0.05). There
§ 10 § - g % 5 was a remarkable increase in testosterone hormone
5 3 w 30 4 2 secretion at the 600 mg/kg dose of carob in com-
|.T=. 0 g 0 0 - 0 - parison with the vehicle group (P < 0.001). Data are

shown for two to five independent experiments. Bars
indicate mean + SD. Based on assessment of the data

distribution, statistical significance was tested by one-
way ANOVA with post-hoc Fisher’s LSD test. *P < 0.05, **P < 0.01, ***P < 0.001.
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higher than the intact group (P < 0.05) (Fig. 3C). In addition, the serum
level of testosterone following carob administration significantly
increased in the 600 mg/kg carob group in comparison with the vehicle
group (P < 0.001). Serum testosterone levels in the clomifene group
were remarkably increased in comparison with the vehicle group (P <
0.05) (Fig. 3D).

3.4. Aqueous extract is the efficient method for extract preparation

We examined whether the method of extraction preparation could
affect the ability of carob to induce spermatogenesis. We compared
hydroalcoholic with the aqueous extract of carob at the 600 mg/kg
concentration, which was the most efficient concentration for inducing
spermatogenesis. The aqueous extract significantly increased sperm
parameters in comparison with the vehicle group (P < 0.05)
(Figs. S3A-C). However, the hydroalcoholic extract did not increase
sperm parameters compared to the vehicle group (Figs. S3D-F). Since
hydroalcoholic extract failed to induce spermatogenesis, therefore, we
excluded this extract from the study and performed the rest of experi-
ments on the aqueous extract.

3.5. Histological analysis revealed induced spermatogenesis following
carob administration

Histological analysis of the seminiferous tubules showed that 300
mg/kg and, especially, 600 mg/kg of carob induced spermatogenesis in

>
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Number of @
tubules (%)

Percentage of seminiferous
tubules (%)
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the infertile mice model, which was revealed by the presence of sper-
matogonia and sperm in the majority of tubules that were morpholog-
ically similar to the intact mice. Although we observed full
spermatogenesis in a few tubules at the 75 and 150 mg/kg doses of
carob, the majority of tubules were empty. Most tubules were empty in
the vehicle group. There was a significant increase in the number of
tubules with full spermatogenesis in the group that was gavaged with
600 mg/kg of carob in comparison with the vehicle (Fig. 4A).

We also performed quantitative histological evaluations for the 300
mg/kg and 600 mg/kg concentrations of carob because these two con-
centrations could effectively induce spermatogenesis. There was a
notable increase in the number of tubules that had partial and full
spermatogenesis, specially most of the tubules had completed the
spermatogenesis process at the 600 mg/kg dose in comparison with the
vehicle group (P < 0.05) (Fig. 4B, Supplementary Table 3), while in the
vehicle group almost all tubes were empty with no spermatogenesis. In
fact, this quantitative evaluation showed that nearly 80% of the vehicle
group’s tubules were empty spermatogenesis, and in this group, less
than 5% of tubules contain full spermatogenesis. Instead, in the highest
dose of the extract, i.e., 600 mg/kg, more than 60% of the tubules
contain full spermatogenesis. In addition, histological grading based on
Johnsen’s score index (Fig. S7) revealed that at the 600 mg/kg carob
dose, spermatogenesis was consistent with many elongated spermatids
and an appropriate number of spermatozoa (scores 9 and 10) (P < 0.01)
compared to the vehicle group that had spermatogonia with a small
number of primary spermatocytes and no sperm (scores 3-4) (P <

Fig. 4. Hematoxylin and eosin (H&E) evaluation of
spermatogenesis following carob administration in
the infertile mouse model. (A) Histological analysis
showed that the 300 mg/kg dose induced spermato-
genesis in the infertile mouse model as revealed by
the presence of spermatogonia and sperm in the ma-
jority of tubules. Morphology of the seminiferous tu-
bules after administration of 600 mg/kg carob was
similar to intact mice (hematoxylin and eosin [H&E]
staining). Red arrows show spermatogenesis in sem-
iniferous tubules of the testes. Full spermatogenesis
was observed after administration of carob extract,
clomifene, and the intact groups. The majority of tu-
bules were empty of spermatogonia and spermatozoa
in the vehicle group. (B) There was a considerable
increase (P < 0.05) in tubules that had partial and full
spermatogenesis and a notable decrease in empty
tubules after administration of 600 mg/kg carob in
comparison with the vehicle group. Yellow stars show
significant comparisons between the clomifene, 300
mg/kg carob, 600 mg/kg carob, and vehicle groups.
(C) Johnsen’s scores of 9 and 10 were noted at the
600 mg/kg carob dose. At this dose, we observed
numerous elongated spermatids and an appropriate
number of spermatozoa compared to the vehicle
group, which had spermatogonia with a small num-
ber of primary spermatocytes (score 3-4) (P < 0.001).
Data for three independent experiments. Bars indicate
mean + SD. Based on assessment of data distribution,
statistical significance was tested by one-way ANOVA
with post-hoc Fisher’s LSD test. *P < 0.05, **P <
0.01, ***P < 0.001. (For interpretation of the refer-
ences to colour in this figure legend, the reader is
referred to the Web version of this article.)
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0.001). At the 600 mg/kg carob dose, 61.33% of seminiferous tubules
had a score of 10, or full spermatogenesis, compared to 89.66% in the
intact group. We observed tubules full of spermatogonia and sperm in
only 1% of the vehicle group. At the 300 mg/kg dose, 25.33% of the
tubules had a score of 3, and 5% of tubules appeared to have complete
spermatogenesis (Fig. 4C and Supplementary Table 4).

3.6. Gene expression pattern underlying carob treatment in mouse testes

We sought to determine the expression patterns of candidate genes
that might activate upon carob administration. Both the 300 and 600
mg/kg extracts were included in the gene expression analysis to deter-
mine the mechanism by which 600 mg/kg of carob improved some of
the sperm parameters compared to the 300 mg/kg extract.

As expected, our results indicated that 600 mg/kg of carob consid-
erably elevated the levels of spermatogonial stem cell (SSC) self-renewal
genes (Plzf, Gfr-al, Bcl-6b, and Utf-1), along with SSC differentiation
genes including: Dazl, c-Kit, Ngn3, Stra8, and Smc1b in comparison with
the vehicle group (P < 0.05). Expressions of Utf-1, Dazl, Ngn3, and
Smc1b significantly increased with the 600 mg/kg extract compared to
the 300 mg/kg extract of carob (P < 0.05). c-Kit showed a reverse
pattern (P < 0.01) (Fig. 5A and B). Lhx-1, as an SSC marker for self-
renewal expressed in undifferentiated spermatogonia cells, signifi-
cantly decreased in both the 300 and 600 mg/kg carob extract groups in
comparison with the vehicle group (P < 0.05) (Fig. 5A).

We also evaluated Prm1, Tnp1, and Tnp2 expressions following carob
administration. There was a significant increase in Prm1 expression with
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600 mg/kg of carob (P < 0.01) and reduced expression of this gene with
300 mg/kg of carob (P < 0.05) in comparison with the vehicle group.
Prm1 expression remarkably increased in the 600 mg/kg group
compared to the 300 mg/kg group (P < 0.001). Both Tnp1 (P < 0.01)
and Tnp2 (P < 0.05) expressions significantly decreased in the 300 mg/
kg carob group in comparison with the vehicle group, while their ex-
pressions increased significantly at the 600 mg/kg dose in comparison
with both the vehicle and 300 mg/kg dose of the extract (P < 0.005)
(Fig. 5Q).

We also assessed the changes in expression of Vimentin and SRY-box
transcription factor 9 (Sox9) (Sertoli cell-related genes) and Nestin
(Leydig cell marker). Our results showed that the 600 mg/kg carob
extract notably increased Vimentin, Sox9, and Nestin levels (P < 0.05). In
comparison, the 300 mg/kg extract remarkably increased Sertoli cell-
related gene expressions (P < 0.05), but not the Leydig cell marker
compared to the vehicle. Vimentin expression significantly increased in
the 300 mg/kg group in comparison with the 600 mg/kg group (P <
0.01), while Nestin showed an inverse expression pattern (P < 0.05)
(Fig. 5D).

Ki67, as a marker for cell proliferation, was significantly increased in
the 600 mg/kg group in comparison with the vehicle group (P < 0.05),
but not in the 300 mg/kg group (Fig. 5E).

We analyzed the expression levels of BMP4 pathway components
Smad1l/5, BMP4,1d1-1, Id1-2, and Id2 (Fig. 6A). Our results revealed that
Smadl, Smad5, BMP4, Id1-1, and Id2 expressions were significantly
enhanced in both the 300 (P < 0.05) and 600 mg/kg (P < 0.01) con-
centrations of the carob extract in comparison with the vehicle group.

B intact Fig. 5. Gene expression analysis following carob
I vehicte administration. (A-B) Gene expression analysis in
Clomifene :
mouse testes gavaged with the 600 mg/kg dose of
I 300 mg/kg of & 8 8/<8

]

carob showed elevated expressions of Plzf, Gfr-al,
Bcl-6b, and Utf-1 as well as the spermatogonial stem
cell (SSC) differentiation genes including: Dazl, c-Kit,
Ngn3, Stra8, and Smclb in comparison with the
vehicle group (P < 0.05). Lhx1, a self-renewal SSCs
marker, had significantly decreased expression in the
groups that were treated with 300 mg/kg and 600
mg/kg carob in comparison with the vehicle group (P
< 0.05). (C) Analyses of Prml, Tnpl, and Tnp2
revealed that Prm1 expression significantly increased
in the 600 mg/kg carob group (P < 0.01) and

decreased in the 300 mg/kg carob group (P < 0.01)
compared to the vehicle group. Tnpl and Tnp2 ex-
pressions significantly increased at the 600 mg/kg
dose in comparison with the vehicle group and 300
mg/kg dose (P < 0.005). (D) Also, 600 mg/kg of
carob significantly increased expressions of Vimentin,
Sox9, and Nestin (Sertoli cell-related and Leydig cell
genes) (P < 0.05) in comparison with the vehicle
group. (E) Ki67, an important gene in cell prolifera-
tion, significantly increased with the 600 mg/kg dose
of carob in comparison with the vehicle group (P <
0.05). Data for three independent experiments. Bars
indicate mean + SD. Based on assessment of data
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distribution, statistical significance was tested by one-
way ANOVA with post-hoc Fisher’s LSD test, *P <
0.05, **P < 0.01, ***P < 0.001.
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B ntact Fig. 6. Gene expression analysis of signaling pathway

[ venicle following carob administration. (A) Quantitative real-
Slomiions time PCR (qRT-PCR) analysis of genes associated with

I 300 mg/kg of .

= eoo] Carob extract  the major component of the BMP4 pathway revealed

significant increases in Smadl, Smad5, Bmp4, Id1-1,
and Id2 expressions for both 300 mg/kg and 600 mg/
kg (P < 0.05) groups of carob in comparison with the
vehicle group. (B) GDNF target genes are involved in
spermatogonial stem cell (SSC) self-renewal. Etv-5
and Bcl-6b significantly increased with the 600 mg/kg
carob group in comparison with the vehicle group (P
< 0.05). (C) The downstream effectors of the trans-
forming growth factor p (TGF-p) pathway showed
that Smad2, Smad3, and Smad7 levels significantly
increased in the 600 mg/kg carob group in compari-
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Id2 had significantly increased expression in the 600 mg/kg group in
comparison with the 300 mg/kg group (P < 0.01). Id1-2 showed no
notable differences in the different experimental groups (Fig. 6A). The
GDNF target genes were also upregulated in the carob-treated testes; Etv-
5 remarkably increased in both the 300 and 600 mg/kg carob extracts in
comparison with the vehicle group (P < 0.01), and Bcl-6b increased
significantly in the 600 mg/kg group, but not the 300 mg/kg group
compared to the vehicle group (P < 0.05) (Fig. 6B).

No direct gene that targets spermatogenesis has been identified for
the TGF-p signaling pathway. Therefore, we assessed the downstream
effectors of these pathways (Smad2, Smad3, and Smad7). Both Smad2

GDNF signaling

son with the vehicle group (P < 0.01). Data for three
independent experiments. Bars indicate mean + SD.
Based on assessment of data distribution, statistical
significance was tested by one-way ANOVA with post-
hoc Fisher’s LSD test, *P < 0.05, **P < 0.01, ***P <
0.001.

and Smad3 levels significantly increased in the 300 (P < 0.01) and 600
mg/kg (P < 0.005) carob groups in comparison with the vehicle,
whereas Smad7 had a remarkable increase only in the 600 mg/kg carob
group compared to both the vehicle and 300 mg/kg groups (P < 0.01)
(Fig. 6C).

Our results showed that Cdk4, Cdké6, and Ccnd1 expressions, as ac-
tivators of the cell cycle, significantly increased in the 600 mg/kg group
in comparison with the vehicle group (P < 0.05). Cdk4, Cdc25a, Ccnd1,
and c-Myc expressions, as cell cycle activators, were remarkably
decreased in the 600 mg/kg group compared to the 300 mg/kg carob
group (P < 0.05). Cdk4, Cdk6, Ccndl, and c-Myc had considerably

I intact Fig. 7. Cell cycle-related genes expression analysis in
B vehicle testes of carob-treated mice. (A) Cell cycle related

Clomifens genes are essential factors for germ cell proliferation.
= 233} cﬁr::)gb”fxﬁ;ct Expression of Cdk4, Cdké, and Ccnd1, as activators of

the cell cycle, significantly increased with the 600
mg/kg dose in comparison with the vehicle group (P
< 0.01). Cdk2 expression showed no significant
changes in the treated groups. (B) P21, P57, and Pcna
expressions, as inhibitors of cell cycle genes, signifi-
cantly decreased at the 600 mg/kg dose in compari-
son with the vehicle group (P < 0.05). However, P15,
an inhibitor of the cell cycle, significantly increased at
the 600 mg/kg dose in comparison with the vehicle
group (P < 0.05). Data for three independent exper-
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increased expressions after administration of 300 mg/kg of carob in
comparison with the vehicle group (P < 0.01). Cdk2 showed no signif-
icant changes in the treated groups (Fig. 7A). Inhibitors of the cell cycle
genes, including P21, P57, and Pcna significantly decreased with 600
mg/kg of the extract in comparison with the vehicle group (P < 0.05).
P15, a cell cycle inhibitor, was notably increased in the 600 mg/kg
group in comparison with the vehicle group (P < 0.05). P15, P21, P57,
and Pcna expression levels significantly decreased in the 600 mg/kg
group in comparison with the 300 mg/kg group (P < 0.01), and the
levels of P15 and P57 significantly increased in the 300 mg/kg group in
comparison with the vehicle group (P < 0.001) (Fig. 7B).

Considering that busulfan can induce apoptosis, reproductive
toxicity, and DNA damage, we sought to determine if the carob extract
could improve the adverse effects of busulfan on the apoptosis process.
Our results indicated that expressions of the pro-apoptotic components
Bax, Casp3, and P53 remarkably increased in the vehicle group in
comparison with the intact group (P < 0.05). The anti-apoptotic gene,
Bcl-2 was considerably elevated in the 300 mg/kg and 600 mg/kg
groups compared to the vehicle group (P < 0.01). Bcl-2 expression was
notably reduced in the 600 mg/kg group in comparison with the 300
mg/kg group (P < 0.05) (Fig. 8). As expected, the pro-apoptotic gene,
Bax, was significantly decreased in both the 300 and 600 mg/kg groups
in comparison with the vehicle group (P < 0.05), and there was a
considerable decrease at the 600 mg/kg dose in comparison with 300
mg/kg of carob (P < 0.05). Casp3 had significantly decreased expres-
sions in the 300 mg/kg and 600 mg/kg doses of carob in comparison
with the vehicle group (P < 0.001) (Fig. 8). There were no significant
changes in p53 expression in the treated groups in comparison with the
vehicle.

3.7. Carob-treated mice were fertile and contributed to healthy, fertile
offspring

Two out of four mice treated with 600 mg/kg carob, two mice were
conceived (Fig. S4B and Supplementary Table 6). The male and female
offspring from the carob-treated mice developed normally and grew into
fertile adults, while in the vehicle group, only one out of 3 mice got
pregnant. However, offspring derived from vehicle were infertile
(Fig. S4C).

4. Discussion

The medicinal use of herbs has captivated the attention of experts for
the treatment of reproductive disorder (Sharma et al., 2016) because of
their decreased adverse effects compared to chemical drugs and their
compatibility with human physiology (Hossen et al., 2016; Sharma
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et al., 2016).

Our findings of the carob ingredients including phenolics were
consistent with the literature (Farag et al., 2019; Owis and El-Naggar,
2016; Papagiannopoulos et al., 2004). Additional phenolic compounds
observed in the previously mentioned research could be attributed to
extraction with some organic solvents, whereas in the current study we
simulated the extraction based on a traditional remedy by decoction
with water. A rich source of carbohydrates, some organic acids and
amino acids, as well as diverse ester derivatives of disaccharides do not
appear to be responsible for its bioactivity. In contrast, we observed
small amounts of phenolic compounds that were mainly represented by
gallotannins and simple flavonol glycosides. Although these phenolic
compounds (especially flavonoids) often occur at significant levels in
many different plants, they are not commonly found in plants that have
fertility-stimulating properties. Thus, carob phenolics do not appear to
be responsible for the activity of the extract. There were low detectable
levels of nitrogen containing compounds, but most were tentatively
identified as amino acids and amino acid glycosides. A number of
compounds remained unidentified, and these might be potential can-
didates for active constituents of the extract (Table 1). However, it is
possible that the active compounds belong to the most polar components
of the carob pods and remain undetected due to ionization suppression
effects caused by the presence of co-eluting organic acids and large
amounts of carbohydrates. In addition, a type of synergism could be the
main reason for this bioactivity and while a portion of the carbohy-
drates, amino acids, and phenolics could be responsible for the effect.
Activity-guided isolation of active ingredients should be performed as
the next step in future research on spermatogenesis-inducing com-
pounds from carob pods.

Although Mokhtari et al. mentioned that precursor of prostaglandins
including gamma-linolenic acids and alpha-linolenic acid and subse-
quently arachinonic acid, are responsible for inducing the secretion of
sex hormones, but in our aqueous extract of carob which induces sper-
matogenesis, a trace amount of fatty acids were identified (Mokhtari
et al., 2012). Our LC-MS data confirmed these various fatty acids and
amino acids in carob extract.

We found that carob could serve as an effective factor to induce
spermatogenesis in male infertility, as shown by the increase in sperm
counts in an infertile mice model to its level in intact mice. Sperm
motility, viability, and normal morphology significantly increased
following carob administration. These parameters are crucial for suc-
cessful fertilization (Henkel et al., 2005; Kovac et al., 2017; Zheng et al.,
2016). Further, our study showed the strong positive effects of carob on
active and complete spermatogenesis that is associated with mature
spermatozoa as evidenced by Johnsen’s score (Curtis and Amann, 1981).
We observed complete spermatogenesis with spermatids and mature

Fig. 8. Carob extract could improve the adverse ef-
fects of busulfan. Following the adverse effect of
busulfan, Bcl-2 (anti-apoptotic gene) had consider-
ably elevated expression at the 300 mg/kg and 600
mg/kg doses of extract compared to the vehicle group
(P <0.01). As expected, the pro-apoptotic gene BCL2-
associated X (Bax) significantly decreased with the
300 mg/kg and 600 mg/kg doses of carob in com-
parison with the vehicle group (P < 0.05). Casp3, a
critical marker in the executive phase of apoptosis,
significantly decreased in the 300 mg/kg and 600
mg/kg doses of carob in comparison with the vehicle
group (P < 0.0002). Data for three independent ex-
periments. Bars indicate mean + SD. Based on
assessment of data distribution, statistical signifi-
cance was tested by one-way ANOVA with post-hoc
Fisher’s LSD test. *P < 0.05, **P < 0.01, ***P <
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spermatozoa. Our results supported the findings reported by Vafaei et al.
where various sperm parameters considerably increased following carob
administration in a busulfan treated infertile mouse model (Vafaei et al.,
2018) and improved fertility in the experimental animal. However, the
data they presented for sperm parameters was not strong, and they did
not evaluate spermatogenesis related genes. Moreover, our results
showed that carob helps to maintain DNA integrity as well as had
antioxidant activity by decreased levels of HyO, and O2e—.

In the present study, we found that both estradiol and testosterone
levels significantly increased following carob administration. In male
mice, deactivation of estrogen receptors or estrogen depletion reduces
spermatogenesis and sperm production (Hauser et al., 2002). Simulta-
neous increase in both hormones following carob treatment may be a
compensative response to decreased levels of these hormones after
busulfan injection as it is in vehicle group. A limitation of our study is
lack of hormone assessments at longer time after carob treatment to see
whether hormonal levels will reach the normal level as it is in intact
group.

Our study supplies the first insight into the gene expression patterns
that underlie carob function.

The results of our study showed increased levels of the self-renewal
and differentiation genes, as the key determinants in the spermatogen-
esis progress (Chen and Liu, 2015) in carob administrated testes. In line
with our findings, it has been proven that Sertoli cells induce
self-renewal in SSCs by secreting GDNF, which acts by binding to its
receptor, Gfr-al (Chen and Liu, 2015). In one study’s result showed the
importance of Bcl-6b for maintenance of SSCs self-renewal (Oatley et al.,
2006). Also, Utf-1 is a conserved molecule in undifferentiated sper-
matogonia that plays an important role in SSCs self-renewal, and in fetal
and neonatal testicular gonocytes (Jung et al., 2014a). Thus, it seems
that carob extract could promote self-renewal in these cells by inducing
expressions of the GDNF pathway components (Gfr-al and Bcl6-b) and
SSC self-renewal gene (Plzf and Utf-1) expressions (Chen and Liu, 2015).

Our result showed significant increases in the genes involved in SSC
differentiation (Dazl, c-Kit, Ngn3, Stra8, and Smc1b) following carob
administration. According to previous studies, Dazl is expressed in
differentiated spermatogonia and spermatocytes in the pachytene stage
(Jung et al., 2014b). c-Kit expressed Ngn3, and it seems that c-Kit is
involved in spermatogonia differentiation ergo, is a marker of differ-
entiated spermatogonia type A; g and plays a critical role in survival and
proliferation (Qin et al., 2017). Overexpression of Ngn3 induced sper-
matogonia cell differentiation and indirectly promoted Stra8 and c-Kit
expressions, which led to accelerated spermatogenesis and meiotic di-
visions (Tang et al., 2014). Stra8 is expressed at the onset of meiosis in
germ cells (Ma et al., 2018). Smc1b is expressed in spermatocytes during
the prophase I stage of meiosis and it supports telomeres (Kleppe et al.,
2017). Thus, it seems that carob extract promotes differentiation in
these cells by activating the expressions of genes that play a role in
spermatogonia cell differentiation. As a result, spermatogonia cells
convert to their own differentiated lineage and advance to the sperma-
tozoa stage. Notably, we observed that the highest dose of the carob
extract induced spermatogonia proliferation and differentiation into
spermatocytes followed by spermatocyte differentiation into spermatids
and spermatozoa. Dazl expression increased in the 600 mg/kg dose in
comparison with the 300 mg/kg dose, which showed a dose-dependent
relationship in differentiating spermatogonia cells into spermatocytes
and differentiation to spermatogonia lines. This finding was consistent
with the increased Dazl expression pattern in cells that had reduced c-Kit
expression (Zhang et al., 2011).

Chromatin compaction is a vital step during sperm maturation and
fertilization ability (Manochantr et al., 2012). It plays a critical role in
sperm head shape (Hammadeh et al., 2000) and is expected to impact
sperm function. Protamine, Tnpl and Tnp2 are involved in sperm
chromatin compaction; histone substitution by Prm1 in testis tissue
plays a vital role in the compaction of chromatin, which is required to
maintain the quality of potent spermatozoa (Kempisty et al., 2007).
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Prm1 as the most vital gene in spermatogenesis, is expressed in testis
tissue, post-meiotic spermatids, and during the early stages of sper-
matogenesis that is along with Tnpl and Tnp2, are involved in sperm
production (Akmal et al., 2016). We could conclude that carob extract,
by activating Prm1, Tnpl, and Tnp2 gene expressions, promotes sper-
matozoa maturation during spermiogenesis and maintains their chro-
matin density. The results of our study show significant increases in the
genes related to the spermatogenesis signaling pathways (GDNF, TGF-f,
and BMP4) after carob extract administration. GDNF signaling pathway
is involved in SSC self-renewal and differentiation (He et al., 2009).
Ety-5 and Bcl-6b, are two important components, which, is involved in
SSCs self-renewal, and is required for their differentiation (He et al.,
2009; Oatley et al., 2006). In our study, for the first time, we hypothe-
sized that carob might promote self-renewal activity of SSCs via acti-
vation of the GDNF signaling pathway.

Our result confirmed that carob might promote the differentiation
process in spermatogonia via activation of the TGF-f pathway (Fig. 9).
The BMP4 pathway serves a crucial role in promoting germ cell devel-
opment, spermatogenesis, and induction of differentiation in SSCs (Li
et al., 2014). Likewise, BMP4 promotes DNA synthesis and proliferation
of Sertoli cells via Smad 1/5 expression. BMP4 regulates the synthesis of
critical proteins for spermatogenesis by activating Smad 1/5 (Hai et al.,
2015; Li et al., 2014; Ni et al., 2019). We observed significant increases
in the BMP4 signaling target genes: Smadl, Smad5, BMP4, Id1-1, and Id2
following administration of the carob extract. For the first time, our
study has concluded that carob promotes SSC self-renewal to maintain
their pool via activation of the GDNF pathway and induces differentia-
tion during the spermatogenesis process by activation of TGF-p and
BMP4 (Fig. 9). This conclusion supported our results on the spermato-
genesis genes, which confirmed upregulation of genes involved in both
SSC self-renewal and differentiation. However, loss of function experi-
ments should be conducted to further clarify the function of these
pathways following carob administration.

Increased Sertoli cell-related genes following carob administration is
consistent with increased spermatogenesis. Because Sertoli cell support
spermatogonia development into spermatids (Fig. S5). Davidoff et al.
have reported that Nestin gene expression increased during testis tissue
growth and (Davidoff et al., 2004). Importantly, increased Nestin
expression can differentiate the stem cell state of Leydig cells to mature
steroid-secreting cells that can synthesize testosterone (Stanley et al.,
2012). Thus, consistent with previous studies, the results of the present
study demonstrated that the carob extract stimulated Leydig cell
maturation via upregulation of Nestin in these cells and consequently
increased testosterone levels. Carob extract also protects spermatogonial
cells during spermatogenesis by maintaining the integrity of Sertoli cells
(Fig. S5).

Our results suggest that carob promotes proliferation in the whole
testis. Cell cycle-related genes are essential for germ cell growth and
proliferation during all stages of spermatogenesis (Roy Choudhury et al.,
2010). Expressions of Cdk4, Cdk6, Ccndl, Cdc25a, and c-Myc genes, as
activators of the cell cycle, significantly increased after administration
of the carob extract. Moreover, we have observed significant decreases
in the cell cycle inhibitor genes P21, P57, and Pcna after administration
of carob. In addition, Ki67 expression, as an important gene in cell
proliferation, underwent a significant dose-dependent increase
following carob consumption (Xu et al., 2016). As a result, the prolif-
eration of spermatogonia increased in testicular tissue, which enabled
the azoospermia mice to undergo additional spermatogenesis and pro-
duce more spermatozoa.

Our study suggests an anti-apoptotic role for the carob extract as
revealed by increased level of anti-apoptotic gene (Bcl-2) in carob
treated groups (Fig. 9).

5. Conclusion

Based on the findings of this study, carob extract induces
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Fig. 9. Schematic presentation of carob extract effects on the expressions of target genes involved in spermatogenesis, including glial cell-derived neurotrophic factor
(GDNF), transforming growth factor § (TGF-p), and bone morphogenetic protein 4 (BMP4) signaling pathways.

spermatogenesis in an infertile mouse model by affecting genes involved
in spermatogenesis, activating the GDNF, TGF-p, and BMP4 signaling
pathways and targeting the hormonal system. Our study revealed an
anti-apoptotic role for carob extract in testes and activation of cell cycle
regulating gene expressions. The efficacy of this herb in the infertile
human testis has yet to be determined; thus, clinical trials should be
conducted to evaluate the efficacy of carob administration for treating
infertile azoospermia men.
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