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Abstract Persian sturgeon (Acipenser persicus) is an
endangered species and genetic resource banking such
as gametes and embryo preservation could be one of the
most pursued conservation approaches. In this study,
deleterious effects of the traditional cryopreservation
technique and the effect of different doses of 2-
hydroxypropyl-beta-cyclodextrin (HBCD) on thawed
spermatozoa quality (motility duration and percentage)
of Persian sturgeon (Acipenser persicus) were investi-
gated from metabolic aspects of view. For cryopreserv-
ing, semen was diluted with Tris—HCl (100 mM) ex-
tenders containing 0, 5, 10, and 15 mM of HBCD in a
ratio of 1:1 (semen/extenders). Semen-extenders were
filled into 0.5-mL straws and were frozen with the vapor
of liquid nitrogen, and then immersed into liquid nitro-
gen. Cryopreserved spermatozoa were thawed in water
baths in 15 s. Two treatments with the highest and the
lowest motility percentages (0 and 10 mM of HBCD)
were chosen to reveal the extremes of the metabolites
change range and were objected to "H NMR spectros-
copy. Univariate (ANOVA) and multivariate (PCA)
analysis of the obtained metabolic profiles showed sig-
nificant changes (P < 0.05) in metabolites. The use of
10 mM of HRCD was completely successful in the
preservation of creatinine, glucose, guanidoacetate, O-
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phosphocholine, and N, N-dimethylglycine and proba-
bly their corresponding biochemical pathways, but it
failed to preserve lactate, carnitine, betain, (3-alanin,
and trimethylamine N-oxide. It was also partially suc-
cessful in preserving acetate, creatine, creatine phos-
phate, and glycine, all suggesting how HB3CD can be
effective as a cryoprotectant.

Keywords Cryopreservation - NMR spectroscopy -
Persian sturgeon - Spermatozoa - Hydroxypropyl-beta-
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Introduction

Persian sturgeon (Acipenser persicus) of the Caspian
Sea is a commercially valuable and critically endan-
gered species that was listed on CITES Appendix II in
1998 (Abed-Elmdoust et al. 2017). Sturgeons are pro-
ducers of caviar which is considered a luxurious source
of protein for human consumption (Niksirat et al. 2017).
They also play important roles in the maintenance of
ecological balance in the aquatic ecosystems (Pikitch
et al. 2005).

Spawning populations of the wild Persian sturgeon
are dramatically decreasing because of many disruptions
in their ecological cycle caused by human activities.
Due to the limited success in the artificial reproduction
and habitat protection approaches, genetic resource
banking such as gametes and embryo cryopreservation
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can be considered as the final choice for conservation
(Sarvi et al. 2006).

Few reports are available aiming to improve Persian
sturgeon semen cryopreservation (Aramli and Nazari
2014). Cryoprotectants including dimethyl sulfoxide
(DMSO0), methanol (MeOH), glycerol, ethylene glycol,
propane-diol, and dimethyl acetamide are used in dif-
ferent studies and according to the reports, DMSO and
MeOH are the most efficient ones for fish semen cryo-
preservation (Glogowski et al. 2002). On the other hand,
DMSO is toxic to the cell and Aramli and Nazarib
(2014) demonstrated that the increase in the concentra-
tion of DMSO from 8 to 15% reduces the percentage of
motile cells and motility duration. Therefore, applying
new approaches and efficient cryoprotectants are neces-
sary to obtain more motile spermatozoa after thawing.

Freeze-thawing process induces damages that dra-
matically reduce cryopreserved spermatozoa viability
and fertility (Jun et al. 2006). During freezing periods,
phase separation and ice crystallization occur, and these
phenomena cause an increase in the concentration of the
solutes (Bhatnagar et al. 2007). Moreover, it is well
known that chilling and freezing process change sper-
matozoa membrane fluidity (Canvin and Buhr 1989).

Hydroxypropyl-beta-cyclodextrin (HBCD) is a
member of cyclodextrins (CDs) which are cyclic oligo-
saccharides, and it is the most common substance used
in protein freeze-drying process in protein engineering
(Serno etal. 2011), and there are some promising reports
about its cryoprotection abilities in cryopreservation
approaches. Zeng and Terada (2001) reported the pro-
tective effects of HBCD on the boar cryopreserved
spermatozoa. In another study, H3CD in combination
with cholesterol inhibits tyrosine phosphorylation in-
crease in spermatozoa pigs that were under thermal
shock (Galantino-Homer et al. 2006).

Investigation of changes in spermatozoa at molecular
level such as comparative profiling of the quantified
metabolites can reveal some of the cell functions and
dysfunctions during cryopreservation (Nicholson et al.
1999; Lin et al. 2009). Many metabolites can be mea-
sured simultaneously using NMR (nuclear magnetic
resonance) spectroscopy by either quantitative, or
chemometrics approaches. In a study, *'P '"H NMR
spectroscopy revealed how changes in high-energy
phosphate compounds are effective in turbot (Psetta
maxima) spermatozoa motility (Dreanno et al. 1999).

Metabolites can be quantified by comparing the
NMR spectra of each metabolite to its pure compound
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spectra reference database in targeted profiling and in
this way, spectral data is reduced to single concentra-
tions for each compound while chemometrics approach
is directly based on extensive spectral data. Compared to
traditional spectral binning (chemometric analysis),
targeted metabolite profiling is more stable in PCA-
based pattern recognition and is more insensitive to
water suppression, different relaxation times, and scal-
ing factors (Smith et al. 1997; Wang et al. 1997;
Sieczynski et al. 2015).

Although monitoring the changes in metabolite pro-
file of the semen during cryopreservation can be very
useful in designing a conservative strategy, there have
been few reports on the literature. There has been a
report of reduction in semen quality and increase in
sperm DNA damage in relation to urinary metabolites
of pyrethroid insecticides (Meeker et al. 2008). Profiling
of the semen of Persian sturgeon also shows that fish
antifreeze protein can be a good cryoprotectant in sperm
cryopreservation (Abed-Elmdoust et al. 2017). The
present study was conducted to profile the compounds
related to energetics and some other compounds using
"H NMR spectroscopy in Persian sturgeon cryopre-
served semen, and HBCD was used as a cryoprotectant
to enhance the cryopreservation efficiency.

Materials and methods
Semen collection

Semen collection was done in Dr. Shahid Beheshti
Artificial Sturgeon Propagation and Rearing Center
(BASPRC), Rasht, Iran, during spawning season.
Broodstock (100-155 cm total length and 15-22 kg
weight) were caught from the Sefidrood River (Southern
Caspian Sea) and transported to concrete tanks of at
BASPRC where they spent a 28-day period for matura-
tion before propagation. Water temperature wasl2—
16 °C and dissolved oxygen was 8.4 ppm during this
period. Sturgeon pituitary homogenized extract (SPE)
was injected intramuscularly into the fish at doses of 50—
70 mg per fish and 24 h after the injection the semen was
collected. Restocking programs on wild Persian stur-
geon is monopole, done by the governmental BASPRC
institution and all ARRIVE, and National Institutes of
Health Guide for the care and use of laboratory animals
(NIH Publications No. 8023, revised 1978) guidelines
were followed in our experiments.
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High-quality semen (motility percentage higher than
70) was selected from seven males and stored on ice.
Five microliters of the semen was diluted with 195 pL.
of activation solution (3.5 mM NaCl, 12 mM Tris—HCl
and pH=_8.5), and spermatozoa quality assessment
(spermatozoa motility percentage and motility duration)
was performed visually using light microscopy under x
400 magnification in room temperature condition (16—
21 °C) in replicate of three.

Cryopreservation approach

In advance of the cryopreservation, the semen from
seven males was individually diluted with extender
containing Tris—HCI (100 mM), pH =8 (Billard et al.
2004) at 1:1 ratio and split into three aliquots. Each
aliquot further divided into five samples. Four samples
received cryopreservation treatment containing 0, 5, 10,
and 15 mM of HRCD respectively and one sample did
not receive any cryopreservation treatment and cryopro-
tectant as a control group (called fresh semen). H3CD
concentrations were chosen according to Zeng and
Terada (2001). For freezing, semen was filled into
0.5 mL straws, and then the straws were frozen with
the vapor of liquid nitrogen at 4 cm above the surface of
liquid nitrogen. After 3 min, straws were immersed into
the liquid nitrogen, and stored for 2 and 8 weeks. After
storage, 40 °C water baths for 15 s was used as a
thawing protocol (Glogowski et al. 2002).

Metabolite extraction

After thawing and semen quality evaluations, frozen cell
suspensions were quickly crushed in a porcelain mortar
with 3 M perchloric acid (HCIO4) and centrifuged at
10,000xg for 15 min at 4 °C. The supernatant was
adjusted to pH = 7.6 by the addition of 3 M KOH and
centrifuged at 10,000xg for 15 min at 4 °C (Scott et al.
1988). Labconco lyophilizer set at a pressure of
10 mTorr, shelf temperature — 35 °C, condenser temper-
ature — 110 °C, and drying time of 48 h lyophilized the
resulting supernatant. Then, the samples were stored at
—80 °C until NMR measurements. The same proce-
dures were done on extender-fresh semen aliquot.

Sample preparation and NMR measurements

Prior to NMR spectroscopy, 50 mg of the lyophi-
lized supernatant (from each replicate) was

suspended in 500 pl D20 (deuterium oxide) con-
taining 1.5 mM of 2,2-dimethyl-2-silapentane-5-sul-
fonate (DSS) (Sigma-Aldrich Co) as an internal
reference and transferred to a 5S-mm NMR tube for
subsequent high-resolution NMR analysis (Weljie
et al. 2006). One-dimensional (1-D) '"H NMR spec-
tra were obtained using a 400 MHz NMR spectrom-
eter (BrukerBiospin, Inc., Billerica, MA) equipped
with a 5-mm probe and 11.0 us (90) pulse,
8002.710 Hz spectral width and 1.5 s relaxation
delay with pre-saturation of the residual water reso-
nance. One hundred forty transients collected into
30 k data points require a 2-min acquisition time.
All "H NMR spectra were manually phased, base-
line-corrected, and calibrated (DSS at 0.0 ppm)
using Chenomx processor, and profiler tools from
Chenomx NMR Suite software (version 7.6;
ChenomxInc., Edmonton, Canada) were used for
identification and quantification of metabolites
(Wang et al. 1997).

Statistical analysis
Statistical analysis of spermatozoa motility parameters

For statistical analysis of motility percentage and
motility duration of spermatozoa, IBM SPSS 21
software (IBM, Armonk, NY, USA) was used.
Kolmogorov—Smirnov test was used to assess the
normality of distributions. All percentage data were
subjected to arcsine transformation before statistical
analysis. Parameters were compared using one-way
analysis of variance (ANOVA) and Tukey’s
multiple-range test.

Statistical analysis of metabolite profiling

Before statistical analysis, obtained metabolite con-
centrations from cryopreserved treatments with the
best and the worst spermatozoa motility results and
fresh semen were normalized by median (for row-
wise normalization) and range scaling (mean-cen-
tered and divided by the range of each variable for
column-wise normalization) (Craig et al. 2006). Data
normalization and univariate (ANOVA) and unsuper-
vised multivariate pattern recognition (PCA) statisti-
cal analyses were performed using MetaboAnalyst,
which is a web-based tool for processing, analyzing,
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and interpreting metabolomic data (Wyss and
Kaddurah-Daouk 2000).

Results
Results from semen quality assessments

Motility duration and the percentage of the spermatozoa
have been considered as quality indexes. On day 14, all
treatments had significant differences with the control
group (fresh spermatozoa) except 10 mM treatment
(P<0.05). The results also showed that motility of
spermatozoa in all treatments was significantly lower
than the control group (P < 0.05), but spermatozoa mo-
tility percentage at 10 mM of H3CD was significantly
higher compared with other cryopreserved treatments
(P<0.05).

The results for the spermatozoa motility indices after
storage for 14 and 56 days have been shown in Tables 1
and 2. Motility duration of thawed spermatozoa in day
56 was significantly lower than the fresh spermatozoa
(P<0.05) in all treatments, but there was not any sig-
nificant difference in cryopreserved treatments
(P>0.05). Besides, spermatozoa motility percentage
of all cryopreserved treatments was significantly lower
than fresh spermatozoa (P < 0.05).

In general, the best results for the motility percentage
and duration of the spermatozoa were in treatment with
10 mM and the worst results were in the treatment with
0 mM of HRCD; therefore, these two treatments were
chosen and objected to '"H NMR spectroscopy to

Table 1 Thawed spermatozoa motility percentage and spermato-
zoa motility duration 14 days after cryopreservation and fresh
spermatozoa of Persian sturgeon

Additive HBCD Motility Percentage of
concentration  duration(s) motility
(mmol)
HBCD 0 166.28+32.22c  8.04 + 2.01c
5 174.1+£21.24bc  11.02 + 3.24¢
10 24898 +26.48ab 18.14 + 4.98b
15 14456 +41.24bc 10.42 + 2.94¢
Fresh - 254.61 +£32.84"  72.12 + 1.23"
spermato-
zoa

Values (means + SD) within columns marked with different low-
ercase letters indicate significant differences (P < 0.05)
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Table 2 Thawed spermatozoa motility percentage and spermato-
zoa motility duration 56 days after cryopreservation and fresh
spermatozoa of Persian sturgeon

Additive HBCD Motility Percentage of
concentration duration(s) motility
(mmol)

HBCD 134.82 + 16.23b 10.68 + 4.26bc

138.41 + 18.01b

9.15 £ 3.38¢

181.56 + 38.56b 17.12 + 3.81b

142.67 £ 22.67b 9.21 + 3.21bc

Fresh 254.61 £32.84a 72.12 +1.23a
spermatozoa

Values (means = SD) within columns marked with different low-
ercase letters indicate significant differences (P < 0.05)

evaluate the maximum metabolite changing range dur-
ing the cryopreservation process.

Results from NMR spectroscopy and metabolite
profiling

Identified and quantified metabolites obtained from one-
dimensional 'H NMR spectroscopy from Persian stur-
geon cryopreserved and the fresh semen (Fig. 1). Me-
tabolites are divided into three categories (compounds
related to spermatozoa energetics, lipid metabolism, and
other detected metabolites), and significant differences
among groups (p < 0.05) from ANOVA test are shown
by different superscripts above the means = SD column
for each metabolite (Table 3).

Figure 2a shows the score plot of the first two prin-
cipal components (PCs) with well-separated clear clus-
ters corresponding to two different cryopreservation
treatments and fresh semen showing the great impact
of the cryopreservation process and HBCD as the cryo-
protectant on metabolite concentrations. The loading
plot in Fig. 2b shows the responsible metabolites in
cluster derivation for three groups. Although two cryo-
preserved treatments with different HRCD concentra-
tions are completely separated from each other, and the
fresh sperm cluster, the treatment with 10 mM H3CD
and the fresh semen cluster are much closer to each
other (in PCI axis), showing the importance of the role
of HBCD in preservation of semen metabolome from
alteration during cryopreservation and thawing process.

Results obtained from ANOVA tests revealed almost
all identified and quantified metabolites had significant
(P<0.05) changes during cryopreservation process.
The use of 10 mM of HBCD was completely successful
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Fig. 1 1-D 400 MHz spectrum of Persian sturgeon semen. Cryo- (8) lactate, (9) O-phosphocholine, (10) carnitine, (11) betaine, (12)
preserved semen with 0 mM of HbCD (a), 10 mM of HBCD (b), N, N-dimethylglycine, (13) Glycine, (14) b-alanine, and (15)

and fresh semen (c¢). Keys: (1) DSS, (2) acetate, (3) creatine, (4) trimethylamine N-oxide

creatine phosphate, (5) creatinine, (6) glucose, (7) guanidoacetate,
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Table 3 Identified and quantified metabolites related to spermatozoa energetics, lipid metabolism, and some other compounds from fresh
semen and cryopreserved semen of Persian sturgeon with 0 and 10 mM of hydroxypropyl-beta-cyclodextrin using 1D 'H NMR

Metabolites Chemical shifts of clusters (ppm) Treatments Concentrations (M)

Compounds related to spermatozoa energetics

Acetate 1.91 (s) FS 250 £ 21a
0 HRCD 10 + 8b
10 HRCD 70 + 8¢
Creatine 3.02 (s) FS 350 + 22a
39269 0 HBCD 150 + 34b
10 HRCD 250 + 25¢
Creatine Phosphate 3.04 (s) FS 678.13 £91.01a
3.94(s) 0 HBCD 1.85 £ 0.77b
10 HRCD 186.22 + 17.02¢
Creatinine 3.02 (s) FS 36.80 £ 6.17a
4.05 () 0 HBCD 11.96 + 6b
10 HBCD 81.01 £+ 11.46¢
Glucose 3.24 (1), 3.4 (b), 3.5 (b), 3.7 (b), 3.8 (b), FS 220 + 45a
3.9 (@), 4.6 (d),3.9 (b), 5.2 (d) 0 HBCD 120 + 21b
10 HRCD 195 + 6a
Guanidoacetate 3.78 (s) FS 459 + 13.3a
0HBCD 615.7 £ 112.9b
10 HRCD 452 £ 12.1a
Lactate 1.32 (d) FS 2841 + 89.8a
411 (@ 0 HBCD 5441 + 142.2b
10 HRCD 878.4 = 150.4b
Compounds related to lipid metabolism
O- phosphocholine 3.2 (s),3.6 (1),4.1 (b) FS 1.55 £ 0.5a
0 HBCD 10.54 + 1.43b
10 HBCD 1.42 + 0.49a
Carnitine 2.4 (d), 3.2 (s), 3.4 (q), 4.6 (b) FS 1.18 £ 0.59a
0 HBCD 7.95 + 3.48b
10 HRCD 7.96 +3.51b
Other compounds
Betaine 327 (s) FS 3542 + l4a
387(s) 0 HBCD 1.142b
10 HRCD 2.1 +3b
N.N-dimethylglycine 291 (s) FS 7.68 + 4.45a
3716 0 HBCD 128.94 + 22.48b
10 HRCD 3.94 = 1.77a
Glycine 3.55(s) FS 20 = 3.1a
0 HRCD 350 + 35b
10 HBRCD 10 = 2.1c
{3-alanine 2.55() FS 1258.24 + 155a
3170 0 HBCD 125.14 + 14.49
10 HRCD 143.69 + 19.6b
Trimethylamine N-oxide 2.89 (s) FS 51.95 £ 13.18a
0 HBRCD 5.6 £1.57b
10 HBCD 527 £1.12b

Peaks observed as a singlet (s), doublet (d), triplet (t), quartet (q), or broad (b). FS, 0 HBCD, and 10 HBCD represent fresh semen, treatments
with 0 and 10 mMol hydroxypropyl-beta-cyclodextrin respectively. Different lowercase letters within means + SD column for each
metabolite indicate significant differences among groups (p < 0.05). The unit for metabolites is mM per 50 mg of lyophilized supernatant
from each sample (sample volumes were the same)
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Fig. 2 Principal component analysis (PCA) of the metabolite profile.
a The PCA score plot distinguishes the metabolic profiles of droplet
vitrified (DV), straw cryopreserved (SC), and fresh semen (FS) from

in the preservation of creatinine, glucose,
guanidoacetate, O-phosphocholine, and N, N-
dimethylglycine and probably their corresponding bio-
chemical pathways, but it failed to preserve lactate,
carnitine, betain, (3-alanin, and trimethylamine N-oxide.
It can also be concluded that the use of 10 mM of H3CD
was partially successful in preserving acetate, creatine,
creatine phosphate, and glycine. Based on the results
obtained from PCA loading plot, carnitine,
guanidoacetate, glycine, O-phosphocholine, and N, N-
dimethylglycine were the responsible metabolites in
cluster derivation of the treatment with 0 mM HRCD
and glucose, creatine, creatine phosphate, and creatinine
were the responsible metabolites in 10 mM H{3CD
cluster derivation. The responsible metabolites for fresh
sperm cluster derivation were acetate, lactate, betaine,
[3-alanin, and trimethylamine N-oxide.

Discussion

There have been many unsuccessful efforts in cryopres-
ervation of the reproductive materials of the sturgeon
species (Chao and Chiu Liao 2001; Williot et al. 2009).
Investigations on possible metabolome alterations dur-
ing cryopreservation and thawing process in
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seven males. Semen from each individual in treatments was subjected
to NMR spectroscopy with replicate of three. b Loadings plot,
important metabolites in the separation of the three groups

cryopreserved gametes may give a good prospect of
the pitfalls in the present techniques. Here, NMR spec-
troscopy was used to evaluate the effects of the cryo-
preservation and HBCD on metabolite profile of the
endangered wild Persian sturgeon.

Based on quality assessments of the spermatozoa,
motility duration of thawed spermatozoa using 10 mM
HBCD at days 14 and 56 were longer than other cryo-
preserved groups, but it significantly reduced from day
14 to day 56. Motility percentage in all cryopreserved
treatments were significantly lower than the fresh sper-
matozoa but the treatment with 10 mM HPBCD had
significantly higher motility percentage than the other
cryopreserved treatments, and it remained unchanged
from days 14 to 56 (Tables 1 and 2). It is believed that
damages to the cell happen during the freezing and
thawing processes, and storage duration is not effective
in spermatozoa quality. Due to the reduction of the
motility duration in 10 mM HBCD treatment from day
14 to day 56, this idea can be rejected but it is worth to
note that the motility percentage was not affected by the
storage period in this treatment. This suggests that the
quality changes during the storage period in this treat-
ment were not structural, and the compounds related to
spermatozoa energetics faced partial disruption. Metab-
olite investigations that will be referred below support
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our idea and suggest the use of 10 mM of HBCD can be
partially effective in metabolite cryopreservation.

In the present study, univariate results and patterns
obtained from PCA analysis correspond to each other. In
PCA score plot, a clear separation in different treatments
shows severe effects of cryopreservation process on the
metabolite profile of the semen. The treatments with
10 mM HPCD and the fresh spermatozoa are geomet-
rically closer to each other (however, they are still
completely apart) comparing to treatment without
HBCD suggesting that the use of H3CD was effective
in the prevention of the metabolite changes of the se-
men. All identified and quantified metabolites are divid-
ed into three categories (compounds related to sperma-
tozoa energetics, lipid metabolism, and other detected
metabolites) and discussed below.

Compounds related to spermatozoa energetics

Motility is the most significant ATP demanding process
in the fish spermatozoa (Cosson et al. 2008). Creatine
kinase action is one of the major ATPs providing reac-
tions in the cell. Creatine kinase catalyzes the high-
energy creatine phosphate to compensate the reduction
in intracellular ATP concentration and/or to restore the
ATP levels close to the physiological values (Saudrais
et al. 1998). It is reported that with spermatozoa activa-
tion, creatine phosphate sharply decreases suggesting
the importance of creatine phosphate as an energy re-
source for the spermatozoa (Dreanno et al. 1999). In the
present study, significant decreases of creatine and cre-
atine phosphate in both cryopreserved treatments show
the destructive effects of the cryopreservation process
on these two compounds. On the other hand, signifi-
cantly higher concentrations of these two compounds in
the treatment with 10 mM comparing to 0 mM of
HBCD indicate that H3CD can successfully preserve
these two important metabolites and probably creatine
kinase structure and activity during the
cryopreservation-thawing process.

Creatinine is formed by non-enzymatic dehydration
of creatine, and this process is reversible in vitro de-
pending on both pH and temperature. However, some
studies using 15 N isotope labeling have disapproved
the reversibility of this process in the body (Wyss and
Kaddurah-Daouk 2000). High concentration of creati-
nine in cryopreserved treatment without HRCD sug-
gests that the temperature changes during
cryopreservation-thawing process enhance creatine
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dehydration and supports our findings for significant
reduction of creatine in this treatment that is required
in creatine phosphate synthesis (Huszar et al. 1988). The
significantly higher concentration of creatinine in cryo-
preserved treatment with 10 mM HPCD suggests
HRCD can be efficient in inhibiting this event.

Guanidinoacetate is a transitional compound in crea-
tine synthesis. Amidinotransferase (AGAT) catalyzes
the transfer of an amidino group from arginine to gly-
cine and produces guanidinoacetate. In the next step,
guanidinoacetate N-methyltransferase (GAMT) uses S-
adenosylmethionine as a methyl group donator to
guanidinoacetate to produce creatine (Wyss and
Kaddurah-Daouk 2000; Persky and Brazeau 2001).
Lower amounts of guanidinoacetate along with higher
amounts of creatine in the fresh semen indicate that
AGAT and GAMT are active while a higher concentra-
tion of guanidoacetate in the cryopreserved treatment
without HBCD suggests cryopreservation—thawing pro-
cess might disturb the action of these two enzymes.
Lower amounts of guanidinoacetate in cryopreserved
treatment with 10 mM HBCD without any significant
difference compared to fresh semen suggest this cryo-
protectant can completely prevent this interruption prob-
ably by the preservation of the structures and actions of
AGAT and GAMT enzymes.

Monosaccharides, lactate, and pyruvate are used as
the energy source for motility in spermatozoa of some
species (Rodriguez-gil 2013). Glucose plays a role in
spermatozoa motility of some teleost species, and its
levels decrease after spermatozoa activation, but there
is not any report for Acipenseriformes. In non-
respiratory situations of the storage, the levels of lactate
increase in equine spermatozoa because most of the
glucose converts to lactate (Ponthier et al. 2014). This
lactate later can form pyruvate by the action of lactate
dehydrogenase (LDH). Positive effects of pyruvate on
spermatozoa motility are reported when it was added to
spermatozoa incubation medium. Therefore, lactate also
can have a positive effect on spermatozoa motility ele-
vation through pyruvate production (Lahnsteiner et al.
1993). In the present study, fresh semen had higher
concentrations of lactate compared to both cryopre-
served treatments suggesting its conversion in cryopres-
ervation storage condition. No difference in lactate con-
centrations in both cryopreserved treatments suggests
the failure of the HBCD to preserve this compound
and related pathways. On the other hand, glucose levels
in fresh spermatozoa and cryopreserved treatment with
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10 mM HBCD had no significant differences while they
were both significantly higher compared to cryopre-
served without HRCD which shows this cryoprotectant
was effective in glucose decomposition.

Acetate is a precursor in acetyl-CoA synthesis and is
used in the tricarboxylic acid (TCA) cycle in aerobic
respiration to produce energy and electron carriers
(Schwer et al. 2006). It is reported ram and bull sper-
matozoa oxidize acetate in preference to glucose
(Balmain et al. 1954); however; the ability of Persian
sturgeon spermatozoa to metabolize acetate is under
question. Concentrations of acetate in both cryopre-
served treatments were lower compared to fresh semen
suggesting that TCA cycle may suffer from some defi-
ciencies in cryopreserved spermatozoa, and the signifi-
cant difference between two cryopreserved treatments
shows positive effects of HBCD in cryopreservation.

Compounds related to lipid metabolism

O-phosphocholine is the precursor of choline in glycine,
serine, and threonine metabolism pathways (KEGG
map 00260). It also plays a role as a choline providing
compound to form cytidine-diphosphatidylcholine in
glycerophospholipid metabolism pathway (KEGG
map 000564). Glycerophospholipid is one of the most
important of biochemical constituents of seminal plasma
involved in metabolic activities of spermatozoa by its
choline derivatives. Phosphocholine synthesis is by
means of choline-CDP pathway and the action of cho-
line kinase enzyme. This molecule is also a part of
phosphatidylcholine, the only membrane phospholipid
that does not contain glycerol in its structure and is
involved in membrane signaling of the cell (Simons
and Ikonen 1997; Jackowski et al. 2000). Here, the
significant phosphocholine increases in treatment with-
out H3CD may be due to alteration of the early stages of
choline-CDP or the disruption of phosphatidylcholine in
which 10 mM HBCD can completely prevent them.
Carnitine is synthesized by lysine and methionine
metabolism, and it is responsible for fatty acid transfer
from cytosol to mitochondria in lipid metabolism to
provide energy to the cell. By transferring acyl groups
of long-chain fatty acids to the mitochondria and break-
ing to acetyl-coA by means of beta-oxidation, this mol-
ecule provides energy in TCA cycle. It is also consid-
ered as an antioxidant that inhibits phospholipid perox-
idation in the membrane and reduces oxidative stress
and apoptosis (Rauchova et al. 2002). In humans,

carnitine leads to higher spermatozoa concentrations
and fertility (Cavallini et al. 2004). It also supports
phospholipids and increases membrane sustainability
(Cavallini et al. 2012). In the present study, the signifi-
cantly higher levels of carnitine in both cryopreserved
treatments comparing to the fresh semen is detected.
The mechanism of such an increase due to freeze—
thawing process is unclear, and further investigations
are needed.

Other compounds

It has been reported that betaine has hypoxia
cytoprotective and redox balancing properties. In plants,
it has been demonstrated that betaine is also involved in
reducing lipid peroxidation (Cushman 2001). In testic-
ular tissues of the rat, betaine acts as an antioxidant and
neutralizes hydroxyl radicals and lipid peroxidation in
oxidative stress by increasing methylation reactions.
Since cryopreservation process causes severe oxidative
stress (Wang et al. 1997), lower betaine concentrations
in treated semen may be due to its consumption in
reactive oxidative species (ROS) caused by severe tem-
perature changes in the cryopreservation-thawing pro-
cess. Moreover, glycine is used in betaine structure
(Frackman et al. 1998), and at this study, changes in
glycine levels were vice versa compared to betaine
levels. Significant higher levels of glycine in cryopre-
served treatments also show decomposition of betaine
during ROS process. It is worth to note that glycine can
function as an organic intracellular osmolyte (Dawson
and Baltz 1997; Summers and Biggers 2003), and it is
also used as a cryoprotectant to cryopreserve spermato-
zoa in many species (He and Woods III 2004), so the
increase of the glycine concentration can enhance the
potential of cryoresistance of semen during
cryopreservation.

[3-alanine is used in coenzyme A precursors, and it is
operative in redox balancing and hypoxia-like betaine.
Trimethylamine N-oxide is a derivative of choline.
These osmolytes can inhibit disruptions of protein mol-
ecules during physiological stresses (Yancey and
Siebenaller 1999; Richards et al. 2010). A sharp de-
crease in {3-alanine and trimethylamine N-oxide con-
centrations in cryopreserved treatments compared to
fresh semen without any significant changes between
them shows disruption of these metabolites during the
cryopreservation—thawing process that may lead to
some loss of osmolyte balancing properties of the cell;

@ Springer



1038

Fish Physiol Biochem (2019) 45:1029-1040

it also indicates that HRCD fails to protect them in cold
temperatures.

N, N-dimethylglycine is an intermediate compound
of converting choline to glycine. This compound also
acts as an antioxidant in cells and prevents cell oxidation
(Dagmar etal. 2011). There was a significant decrease in
N, N-dimethylglycine concentrations in cryopreserva-
tion treatment without HBCD, but there was not any
significant difference between cryopreserved treatment
with 10 mM of HBCD and fresh spermatozoa. This
implies the effect of HRCD in preserving the antioxidant
effect of the N, N-dimethylglycine in cryopreserved
spermatozoa.

Conclusion

In general, we report that H3CD as a new cryopro-
tectant is effective in cryopreservation of Persian
persicus spermatozoa in a dose-dependent manner
and the best dosage for its usage is estimated to be
at 10 mM. Contrary to the general belief that the
greatest changes occur during freezing and thawing
processes, here, we also showed that the storage
time is effective in frozen sperm quality. HBCD
was completely successful in preserving some com-
pounds such as glucose, guanidinoacetate, N, N-
dimethylglycine, and O-phosphocholine; for some
others such as creatine, creatine phosphate, creati-
nine, and acetate, it was partially effective. All these
results may suggest how HBCD can be effective as a
cryoprotectant, and the relevant biochemical path-
ways interrupted in cryopreservation process were
discussed in here. We believe that the study of
physical damages using electronic microscope can
help us for further understanding of the deleterious
effects of cryopreservation techniques alongside the
results we obtained in the present study.
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