MEDIC.
SCIEN (R

ANIMAL STUDY

. e-ISSN 1643-3750

© Med Sci Monit, 2019; 25: 5453-5464
MON TOR DOI: 10.12659/MSM.917491

e o0y 0 Reduced Glycolysis Contributed to Inhibition of
publihes zowons Testis Spermatogenesis in Rats After Chronic
Methamphetamine Exposure

Authors’ Contribution: eF 1 Li Yang 1 Department of Urology, The First Affiliated Hospital of Kunming Medical
Study Design A AG 1 Jihong Shen University, Kunming, Yunnan, P.R. China
Data Collection B N 2 Kunming Institute of Zoology, Chinese Academy of Sciences, Kunming, Yunnan,
Statistical Analysis C BC 1 Jlanheng Chen P.R. China
Data Interpretation D co 2 Wenhui Li
Manuscript Preparation E BF 1 Xiaofeng Xie

Literature Search F
Funds Collection G

Corresponding Author: Jihong Shen, e-mail: huofenghuang972@hotmail.com
Source of support: This work was supported by Project of Yunnan Public Security Bureau (Yunnan Finance Law [2016] 199) and Yunnan Science and
Technology Innovation Talent Program (2018HC005)

Background: Previous reports suggested that methamphetamine (METH) exposure could lead to inhibition of rat testis sper-
matogenesis. Glycolysis and glucose metabolism as well as oxidative stress have been implicated in testis sper-
matogenesis. Here we explored the underlying mechanism of local metabolism and glycolysis of testis after
METH exposure.

Material/Methods: METH was intraperitoneally injected into rats with different doses and duration of METH exposure to establish
short-term and chronic exposure models. The serum 8-hydroxy-2 deoxyguanosine (8-OHdG) level of rats was
detected by enzyme-linked immunosorbent assay. Untargeted gas chromatography-mass spectrometry analy-
sis was applied to identify differential metabolites and metabolic signature. The mRNA expression of hypoxia
inducible factor 1o (HIF1), glucose transporter 1 (GLUT1), hexokinase 1 (HK1) and lactate dehydrogenase C
(LDHQ) in rat testes were detected by polymerase chain reaction. Further, we determined the 4 proteins with
western blotting and immunohistochemistry.

Results: Decreased testes index and sperm counts were showed in the chronic METH group. The metabolome revealed
that the main differential metabolites impacted were associated with glycolysis and glucose metabolism.
The mRNA and protein expression of GLUT1, HK1, and LDHC were reduced in the chronic METH group but el-
evated in the short-term METH group, whereas HIF1o was upregulated in the short-term METH group but re-
mained at baseline in the chronic METH group.

Conclusions: Overall, glucose metabolism was regulated by HIF1o after short-term METH exposure. Reduced glycolysis in
the testis led to impaired spermatogenesis after chronic METH exposure.
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Material and Methods

Addictive psychostimulant drugs, including methamphetamine
(METH), can be an important cause of male factor infertility [1].
Additionally, as previously reported in studies mainly focused
on apoptosis or hormone alteration, METH exposure can lead
to the inhibition of rat testis spermatogenesis [2,3]. Disorders
of hypothalamic-pituitary-adrenal and hypothalamic-pituitary-
testicular axes were associated with the adverse effect of testis
spermatogenesis [4,5]. However, we consider that the altera-
tion of endocrine axes indirectly affected testis spermatogen-
esis after METH exposure. In fact, no reports have explored
the local metabolism of testis. Glycolysis can provide lactate
or ATP production for acrosome reaction or sperm motility in
the process of sperm maturation [6]. Thus, we hypothesized
that the inhibition of testis spermatogenesis after METH ex-
posure might be related to changes in local glucose metabo-
lism, which is the main energy source of organs and tissues.

After METH exposure, oxidative stress induced abnormal sperm
morphology and low sperm concentration by increasing apop-
tosis in the testis [3], and hypoxia inducible factor 1ot (HIF1or)
is an important regulatory molecule associated with oxida-
tive stress [7]. A previous study suggested that the activation
of HIF1a could mediate metabolic reprogramming and induce
glycolysis in tissues [8]. Thus, this might be explained as HIF1a
regulating local glycolysis of testis to inhibit spermatogenesis
after METH exposure. As the metabolome is a sensitive mea-
sure of local metabolism and a dynamic indicator of genetic
changes [9], we detected differential metabolites by an untar-
geted metabolomics approach and further determined the ex-
pression of glycolysis-related proteins.

Although previous studies shown that 14 or 15 days and max-
imum dose 6 mg/kg (4 times per day) of METH exposure could
inhibit spermatogenesis [2,3], longer duration and larger dose
per time of METH exposure for spermatogenesis and these
underlying mechanisms were still unclear. But on the other
hand, spontaneous ejaculation has been reported to occur af-
ter METH exposure [10], which might be associated with alter-
ation of endocrine hormones related to testis spermatogenesis.
Therefore, we need to elucidate whether the inhibition of tes-
tis spermatogenesis emerges after early METH administration.
Furthermore, further investigation is required to determine
the impacts on testis spermatogenesis of METH exposure at
different doses and duration. Our study of METH exposure
in rats were divided 2 stages, including short term (15-days)
METH exposure and chronic (28-days) METH exposure, to in-
vestigate the effects on testis spermatogenesis, which could
provide a novel prospective for understanding the adverse ef-
fects of METH abuse.

Animals and METH exposure model establishment

Eight-week-old male (220 to 250 g weight) Sprague-Dawley
rats, 40 rats in total, were obtained from the Hunan Slack Jingda
Experimental Animal Co., Ltd. and bred in Animal Experiment
Center of Kunming Institute of Zoology. All rats were housed
with an environment with controlled temperature (24°C) and
humidity (55%) and a 12-hour light/dark cycle. Animals were
randomly divided into 4 groups: 1) short-term METH expo-
sure group (15-days of METH exposure, called “short-term
METH group” or “ST METH group” in brief); 2) short-term con-
trol group (15-days control group, called “ST Control group”
in brief); 3) chronic METH exposure group (C METH group);
4) chronic control group (C Control group).

Purified powder of METH, which was soluble in physiologi-
cal saline, was obtained from Yunnan Anti-Drug Committee.
The METH solution, whose concentration was 1 mg/mL, was in-
traperitoneally injected into the cavity of rats in the METH ex-
posure groups. Equal volume of saline was injected in the same
way in the corresponding control groups. The short-term METH
and chronic METH groups consisted of different doses and du-
ration of exposure listed in Table 1, which based on previous
reports [11,12]. In the short-term exposure group, the treat-
ment doses were with 5 mg/kg at 6-hour intervals again on the
first day, but treated as 2 mg/kg at 6-hour intervals again on
the second day, and increased 2 mg/kg/per time gradually to
10 mg/kg/per time for 2 times per day, and the duration of ex-
posure was 15 days. In the C METH group, the treatment doses
were with 10 mg/kg only 1 time on the first day and treated
with 2 mg/kg per day on the second day and increased 2 mg/kg
gradually to 10 mg/kg, then the duration of exposure was 28
days. This study was conducted in accordance with the Helsinki
declaration and the guidelines for Care and Use of Laboratory
Animals promulgated by the National Institutes of Health.

Determination for serum 8-hydroxy-2 deoxyguanosine
(8-OHdG) levels in rats

We quantified the level of 8-hydroxy-2 deoxyguanosine
(8-OHdG) by competitive enzyme-linked immunosorbent assay
(ELISA) with rat ELISA kits (ab201734, Abcam, Cambridge, UK).
After establishing the METH exposure model, orbital sinus
blood was sampled with mild suction from rats under isoflu-
rane anesthesia and 5 mL of blood was collected from each
rat. The microtiter plates were coated with capture 8-OHdG
diluted in coating buffer (1: 250) at 4°C overnight. The absor-
bance at 450 nm was measured in each well by a plate reader.
The antibody concentrations were calculated according to stan-
dard curve obtained from the OD values and all samples were
assayed in triplicate.
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Table 1. The doses and duration of exposure in the ST METH and the C METH group, and the volume of saline treated in corresponding

control groups.

Short-term groups

ST Control group (16: 00) (saline, mL)

Chronic groups

C METH group (10: 00) (METH, mg/kg) 10 2

C Control group (10: 00) (saline, mL) 2.5 0.5

Day Day
10-12 13-15

Weighing, sperm counts, and preparation of tissue
samples

Before blood sampling, the body weight of rats was measured
and after being sacrificed with injecting air into blood vessel,
the testes of rats were weighted. The testis index was calcu-
lated as: TI=testes weight/body weight. Then, the left epidid-
ymis of each rat was placed in 0.5 mL phosphate-buffered sa-
line (PBS) and homogenized for 30 seconds. Each sample was
diluted in 10 pL aliquots, and sperm counts were determined
by a hemocytometer [13].

Sodium pentobarbital (3%, 45 mg/kg) was used to euthanize
the rats after blood sampling. Parts of left testicular tissues
were analyzed by untargeted gas chromatography-mass spec-
trometry (GC-MS), and the remaining tissues were used in real-
time polymerase chain reaction (PCR) and western blot. Right
testicular tissues were prepared for immunohistochemistry.

Untargeted GC-MS analysis of acute METH exposure and
control groups

Untargeted GC-MS analysis was employed to examine the com-
prehensive metabolic signatures and differential metabolites in
the testes of rats in the short-term METH group and the short-
term control group. The extractions from testis samples were
derivatized and performed on an Agilent 7890A gas chromatog-
raphy system coupled to an Agilent 5975C inert MSD system
(Agilent Technologies Inc., CA, USA). The data were exported
as a peak table file and normalized to total peak abundances
before performing statistics.

For multivariate statistical analysis, the normalized data were
imported to SIMCA software (version 14.1, Umetrics, Umea,
Sweden), where the data were preprocessed by unit variance
(UV) scaling and mean centering before performing principal

component analysis (PCA-X), partial least squares discriminant
analysis (PLS-DA), and orthogonal partial least squares discrim-
inant analysis (OPLS-DA). For univariate statistical analysis, the
normalized data were analyzed in R platform (version 3.3.0).

The structural identification of differential metabolites was per-
formed by AMDIS software. Deconvolute mass spectra from raw
GC-MS data were analyzed and the purified mass spectra were
automatically matched with an in-house standard library that
included RT, mass spectra, KEGG Metabolome Database and
Agilent Fiehn GC/MS Metabolomics RTL Library [14]. According
to differential metabolites, the following proteins were selected
for further verification: HIF1a, glucose transporter 1 (GLUT1),
hexokinase 1 (HK1), and lactate dehydrogenase C (LDHC).

Quantitative real-time PCR and western blotting

Specific primers were designed to amplify the target genes
and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as internal control to normalize gene expression (Table 2).
Total RNA was isolated from samples using a RNeasy Kit with
TRIzol (Invitrogen), and reverse-transcribed into ¢cDNA using
a reverse transcription kit with M-MLV polymerase (Promega).
Then, the target mRNA was amplified, and the samples were
conducted in triplicate.

The proteins of testis samples were transferred to polyvinyl-
idene fluoride membranes, blocked with blocking buffer, and
then incubated with the primary antibodies (HIF1c, 1: 500,
Abcam; GLUT1, 1: 800, Abcam; HK1, 1: 1000, Proteintech; LDHC,
1: 500, Proteintech) overnight at 4°C. Afterwards, the mem-
branes were incubated with the secondary antibody goat anti-
rabbit IgG (sc-2004, 1: 1000, Santa Cruz Biotechnologies).
The membranes were reprobed with B-actin (1: 2000; Abcam,
Cambridge, UK) antibodies and each blot was then exposed to
the Pierce Fast Western Blot Kit ECL Substrate (Cat No. 35055,
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Table 2. Characteristics of the designed primers and the cycling for gene amplification with g-PCR.

Gene Primer sequence (5’-3’)

F: ACCCTAACTAGCCGAGGAAGA
FIREE e e

R: GCACCAAGCAGGTCATAGGT

F: CTGGCATCAACGCTGTCTTC
TR R

R: AACAGCGACACGACAGTGAA

F: TAAAGCGAGCGGAGTGGAAG
FRGE e

R: ACAGTGCTGGTCGTCATAGC

F: CCTGAGCCTTCCATGTATCCTC
BHE e

R: TCTGGATGTCCCACAGGGTAT

F: ACATCAAGAAGGTGGTGAAGCA
GARDHIEE e e

R: TGGAAGAATGGGAGTTGCTGTT

Product size (bp) Annealing temperature (°C)

58.76

—————————— 176 e e
60.89
59.62

—————————— 193 e e
59.39
60.18

—————————— 188 e e
60.32
59.96

—————————— 184 e
59.90
60.16

—————————— 111 e
60.16

HIF1lo — hypoxia-inducible factor 1o; GLUT1 — glucose transporter 1; HK1 — hexokinase 1; LDHC — lactate dehydrogenase C;
GAPDH - glyceraldehyde-3-phosphate dehydrogenase; F — forward primer; R — reverse primer.

Thermo, USA). Densitometric analyses of the images were per-
formed using Image Quant 5.0 software.

Immunohistochemistry

Fixed tissue sections were deparaffinized in xylene, rehydrated
with graded concentrations of alcohol, incubated with 3%
H,0,, and then blocked with 3% bovine serum albumin (BSA).
Subsequently, the HIF1a (1: 100), GLUT1 (1: 100), HK1 (1: 100),
and LDHC (1: 100) antibodies were separately added to the
sections and incubated at 4°C overnight. After exposure to bi-
otinylated goat anti-rabbit IgG (1: 200) (Boster, Wuhan, China),
the sections were incubated in the streptavidin-biotin complex
(SABC; Boster, Wuhan, China). Staining was terminated by dis-
tilled water in case of visible brown staining and nuclear coun-
terstaining was conducted with hematoxylin. Finally, the sec-
tions were visualized with an imaging system (DM1000, Leica,
Germany) and analyzed with Image-Pro Plus 6.0 software.

Statistical analysis

All the data are expressed as the mean + standard deviation
(SD) and analyzed using SPSS 22.0(IBM, Armonk, NY, USA).
Statistical charts were generated by GraphPad Prism version
5.0. One-way analysis of variance (ANOVA) was performed to
compare multiple groups of quantitative data. For all analyses,
the significance level o was set to 0.05 (2-tail), and P<0.05 (*)
or P<0.01 (**) or P<0.001 (¥) was required to claim statistical
significance.

Results

Reduction in the Tl and sperm counts of the C METH group

We found that the body weights of rats in the short-term
METH group and C METH group were lower than those of rats
in control groups (Figure 1A). The Tl and sperm counts were
not significantly different in the short-term METH group and
short-term control group (Figure 1C, 1D), but these measure-
ments were reduced in the C METH group compared with the
C Control group (Figure 1D).

Increased serum 8-OHdG levels in METH exposure groups

The serum 8-OHdG level was significantly higher in the
short-term METH group than in the short-term control group
(P=0.024) and was significantly higher in the C METH group
than in the C Control group (Figure 1E).

Metabolism profiling of the short-term METH and short-
term control groups

The model quality was described by the R2X (model cumula-
tive interpretation rate) of PCA-X score plot, which indicated
that the current model was suitable for characterizing differ-
ences between the 2 groups (R2X »0.5). The 2 groups were
located on the left and right sides of the score map of PLS-DA
statistical analysis, which highlighted significant metabolic dif-
ferences (R2Y and Q2 values were closer to 1). The OPLS-DA
score plot indicates that the samples from the 2 groups can
be effectively distinguished. The permutation test indicated
that the current model was reliable (Figure 2A).
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Figure 1. Weighing, testis index, sperm counts and serum 8-OHdG levels in each group. (A-D) Comparison of rat body weights, testes
weights, Tl and sperm counts in each group. (E) The level of serum 8-OHdG in each group rats; n=10; ns — not significant;
* P<0.05, # P<0.001 compared with the control groups. 8-OHdG — 8-hydroxy-2 deoxyguanosine.

We screened and characterized 46 different substances.
To show the correlation between the different metabolite
concentrations, we conducted Pearson correlation analysis and
heat map analysis on the R platform to obtain a correlation
matrix of differential metabolites (Figure 2B, 2C). According
to the correlation matrix diagram and the heat map analysis,
glucose metabolism and glycolysis were mainly significant dif-
ferences metabolic patterns between the two groups. We sum-
marized some of the highly significant differential metabolites
or metabolic pathways, including glucose-6-phosphate (G-6-P),
the galactose metabolic pathway, the fructose and mannose
metabolic pathways and the glycolytic pathway (Figure 3).

Expression of the 4 genes and proteins in testis

HIF1a is closely related to oxidative stress [15] and regulates
the glycolysis involved in testicular spermatogenesis [16].
GLUT1 is a transmembrane protein involved in the regulation
of cellular glucose metabolism in the testis, which is also reg-
ulated by HIF1a [17]. Therefore, we evaluated the mRNA and
protein expression of HK1, LDHC, HIF1a, and GLUT1. As indi-
cated in Figure 4, the mRNA and protein expression levels of
HK1, LDHC, HIF1a, and GLUT1 in rat testes were increased in
the short-term METH group compared with the short-term con-
trol group. However, the expression levels of HK1, LDHC, and
GLUT1 were decreased in the C METH group compared with the
C Control group. The transcript levels and protein expression
of HIF1a were not significantly different between the C METH
group and the C Control group, and they were upregulated in

the short-term METH group but were maintained at the base-
line level in the chronic METH group.

Immunohistochemistry of 4 selected proteins

HIF1o protein was increased in the short-term METH group
compared with the short-term control, C Control and C METH
groups, which displayed no marked differences in staining in-
tensity (Figure 5). GLUT1 was increased in the short-term METH
group compared with the short-term control group, but sig-
nificantly reduced in the C METH group compared with the
C Control group (Figure 4). Concerning HK1 and LDHC, both
were mainly located in the sperm flagellum and spermatogo-
nia layer (Figure 5). Our results illustrated that HK1 and LDHC
staining was increased in the short-term METH group com-
pared with the short-term control group but decreased in the
C METH group compared with the C Control group (Figure 5).

Discussion

In our work, we confirmed that chronic METH exposure could
affect spermatogenesis by reducing glycolysis in rat testes.
Our results also indicated that the glucose metabolite G-6-P
increased after short term METH exposure but decreased in
response to chronic METH exposure. Moreover, the T, sperm
counts, and testicular cell apoptosis were not significantly dif-
ferent between the short-term METH and short-term control
groups but were decreased in the C METH group compared
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with the C Control group. This phenomenon might be explained
by alterations in glucose metabolism and energy exhaustion
in testes, which contributed to impediment of spermatogen-
esis after METH exposure.

Oxidative stress, an important biochemical mechanism, can me-
diate the physiological function of the central nervous system
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and peripheral tissues after METH exposure [18]. Our results
mean that oxidative stress increases with raising doses and
prolonged time after METH exposure. Although the use of
METH by humans was reported promote feelings of energy,
euphoria, impulsivity, and spontaneous locomotor activity [19],
and depression and fatigue can occur after repetitive actions
as a result of excessive energy consumption [20]. HIF1a can
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Figure 2. Metabolism profiling of the short-term METH and short-term control groups. (A) Evaluation of metabolic characteristics
in rat testes between the short-term control group and the short-term METH group (n=10): PCA-X scores plot (R2X=0.58
>0.5); PLS-DA scores plot (R2X=0.511, R2Y=0.977, Q2=0.813); OPLS-DA scores plot (R2X=0.609, R2Y=0.999, Q2=0.855);
permutation test. (B) The correlation matrix of differential metabolites between the short-term control group and the short-
term METH group. Each row and column represent a differential metabolite. The correlation coefficient metric is shown
on the right side of the figure. The size and color depth of the circles are related to the correlation between the different
metabolites. (C) Color map representation of 46 metabolites found between the 2 groups (class 1: C group; class 2: M group).
Each row represents a differential metabolite, and each column represents a sample number. The tree structure on the left
represents the clustering of similarity for different metabolites between the 2 groups. C group — the short-term control
group; M group — the short-term METH group; t[1] — the first principal component; t[2] — the second principal component;
METH — methamphetamine.
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act as a key player, activating a broad range of genes that reg-
ulate oxidative stress response and protect against oxidative
stress [15]. Thus, according to our results, we consider the
possibility that HIF1a was upregulated due to oxidative stress
at the early stage of METH exposure, but gradually declined
to a low level of transcriptional activity as stress adaptation.

The testis, as a relatively closed local environment compared
with blood or urine, is where spermatogenesis occurs. Thus,
we chose testis tissues as samples and used metabolomics ap-
proaches to explore local metabolism after METH exposure.
Our results demonstrated that the significantly impacted me-
tabolites were associated with glucose metabolism and glycol-
ysis. In fact, METH-induced alterations in glucose metabolism
tended to accompany oxidative stress [21]. Hypoxia-inducible
factors are master regulators of glycolytic metabolism, and the
upregulation of HIF levels can lead to an augmentation of lac-
tate production, glucose uptake and LDH activity [17]. In ad-
dition, HK is often a target molecule regulated by HIF1lo for
maintenance of high metabolic demands [22]. Thus, we con-
sider that HIF1a can upregulate the expression of HK1 in rat
testes after short term METH exposure but had no impact on
HK1 due to low transcriptional activity after chronic METH ex-
posure. Our results confirmed that glycolytic activity was sup-
pressed after chronic METH exposure. A recent study demon-
strated that the level of glucose was reduced in people who
use METH and other researchers have also observed that blood
glucose levels initially increase following METH exposure but
ultimately decrease below normal levels [23,24]. In accordance
with the above studies, the changes of GLUT1 and the metab-
olite G-6-P in our study suggest that the source for glycolysis
was reduced after chronic METH exposure.

Enhanced glycolytic activity in rat testes after short-term METH
administration seemed to induce testicular spermatogenesis.
Conversely, consecutive intraperitoneal injection of METH for
14 days led to the adverse effects on testes structure and sper-
matogenesis indices in rat testes tissues [25], which might be
associated with continuous treatment and moderate or high
doses of drug. However, previous studies had reported that
acute METH exposure (5, 10, and 15 mg/kg) did not affect the
motility and morphology of sperms [26], and until 35 days,
METH exposure could cause significant changes in sperm mor-
phology, sperm chromatin abnormalities, DNA integrity impair-
ment [27]. Similar to these situations, the sperm motility and
counts were not significantly increased after short-term METH
exposure in the light of our results. In this regard, we specu-
lated that body and testes weight declined due to the effect of
METH exposure and enhanced glycolytic activity, which were
in response to the regulation of HIF1a with increased oxida-
tive stress. Even if oxidative stress was continuously increased,
chronic METH exposure caused the downregulation of glucose
metabolism and GLUT1, and the glycolytic activity in rat tes-
tes was weakened and the inhibition of testicular spermato-
genesis was indicated by the reduction in the Tl and sperm
counts. To some extent, the exhaustion of energy and glu-
cose metabolism might account for the aforementioned re-
sults. A recent study also showed that after METH exposure,
the compensatory upregulation of gamma-aminobutyric acid
(GABA), GABA-A receptors and GABA transporter 1 (GAT1)
in rats testes tissues appeared [28], which might represent
a homeostatic response to the adverse effects of METH expo-
sure by inhibiting local mechanism and reducing energy con-
sumption. Moreover, enzymes related to glycolysis, including
HK1 and LDHC, might be broken down because of the reduc-
tion of GLUT1 and G-6-P according to the theoretical basis of
enzyme catalysis [29]. Therefore, the alteration of testicular
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Figure 4. Relative mRNA and protein expression levels of HIF1a, GLUT1, HK1, and LDHC in each group (n=6). (A) The relative mRNA
expression levels (fold) of HIF1a, GLUT1, HK1, and LDHC. (B) The protein expression levels of HIF1o, GLUT1, HK1 and LDHC;
ns — not significant; * P<0.05, ** P<0.01, * P<0.001. HIF1a. — hypoxia-inducible factor 1o; GLUT1 — glucose transporter 1;
HK1 - hexokinase 1; LDHC - lactate dehydrogenase C.
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Figure 5. Immunobhistological staining of HIF1o, GLUT1, HK1, and LDHC and comparison of the mean integrated optical density (I0D)
of the positive staining in each group (n=6). Positive staining in brown and cell nuclei staining in blue are shown. The bars
represent 100 pm in HIF1o and GLUT1, and 12.5 pm in HK1 and LDHC; ns, not significant; * P<0.05, ** P<0.01, # P<0.001
compared with the control groups. HIF1o — hypoxia-inducible factor 1a; GLUT1 — glucose transporter 1; HK1 — hexokinase 1;
LDHC — lactate dehydrogenase C.

spermatogenesis affected by METH might be a process that ~ The limitations of this study are the followings: firstly, untar-

was mediated by energy consumption in testes, from exces- geted GC-MS analysis was not performed in the chronic METH
sive energy consumption at short term stage to low energy exposure group and the chronic control group. We only used
supply at chronic stage. metabolomics analysis to discover main different metabo-

lites and metabolic pathways for the further investigation.
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In addition, the 4 selected proteins related to glycolysis were
not evaluated at different times of the 2 stages so as to lack
of exploring for dynamic changes in glycolytic activity of the
testes. Furthermore, the low level of HIF1a transcription in the
C METH group was not explained, and the cause of this obser-
vation might be related to weakened hormonal stimuli [30].
Finally, our results might not be directly applied to human
population because of numerous metabolic factors and incon-
sistent purity of drugs. Future research might address these
limitations by thorough detection and investigation with a lon-
gitudinal design.

However, our experiment revealed that glucose metabolism
and glycolysis in rat testes changed after METH exposure.
We provided some valuable evidence on inhibition of testis
spermatogenesis after chronic METH exposure but no signifi-
cant alteration after short-term METH exposure. Importantly,
our results indicated underlying mechanism differs from pre-
vious research perspectives and help to lay a foundation for
further study.
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Conclusions

Overall, our study confirmed that glucose metabolism varied
with oxidative stress, was regulated by HIF1o after short-term
METH exposure, and reduced glycolysis in the testis might lead
to impaired spermatogenesis after chronic METH exposure.
Understanding the mechanism of glucose metabolism disor-
der and glycolysis unbalance will help to obtain deep recog-
nition on effect from METH abuse.

Acknowledgements

We gratefully thank the experimental technical help of the
Kunming Institute of Zoology and Shanghai ProfLeader Biotech
Co., Ltd. for GC-MS analysis.

Conflict of interest

None.

15. Miyata T, Takizawa S, van Ypersele de Strihou C: Hypoxia. 1. Intracellular
sensors for oxygen and oxidative stress: Novel therapeutic targets. Am )
Physiol Cell Physiol, 2011; 300(2): C226-31

16. Takahashi N, Davy PM, Gardner LH et al: Hypoxia inducible factor 1 alpha is
expressed in germ cells throughout the murine life cycle. PLoS One, 2016;
11(5): e0154309

17. Galardo MN, Gorga A, Merlo JP et al: Participation of HIFs in the regulation
of Sertoli cell lactate production. Biochimie, 2017; 132: 9-18

18. McDonnell-Dowling K, Kelly JP: The role of oxidative stress in metham-
phetamine-induced toxicity and sources of variation in the design of ani-
mal studies. Curr Neuropharmacol, 2017; 15(2): 300-14

19. Zakharova E, Leoni G, Kichko I, Izenwasser S: Differential effects of meth-
amphetamine and cocaine on conditioned place preference and locomotor
activity in adult and adolescent male rats. Behav Brain Res, 2009; 198(1):
45-50

20. Prakash MD, Tangalakis K, Antonipillai J et al: Methamphetamine: Effects
on the brain, gut and immune system. Pharmacol Res, 2017; 120: 60-67

21. Song BJ, Moon KH, Upreti VV et al: Mechanisms of MDMA (ecstasy)-induced
oxidative stress, mitochondrial dysfunction, and organ damage. Curr Pharm
Biotechnol, 2010; 11(5): 434-43

22. Ghosh S, Gupta P, Sen E: TNFa: driven HIF-1a-hexokinase Il axis regulates
MHC-I cluster stability through actin cytoskeleton. Exp Cell Res, 2016;
340(1): 116-24

23. Zhang Y, Shu G, Bai Y et al: Effect of methamphetamine on the fasting
blood glucose in methamphetamine abusers. Metab Brain Dis, 2018; 33(5):
1585-97

24. Bowyer JF, Tranter KM, Sarkar S et al: Corticosterone and exogenous glu-
cose alter blood glucose levels, neurotoxicity, and vascular toxicity pro-
duced by methamphetamine. ) Neurochem, 2017; 143(2): 198-213

25. Saberi A, Sepehri G, Safi Z et al: Effects of methamphetamine on testes his-
topathology and spermatogenesis indices of adult male rats. Addict Health,
2017; 9(4): 199-205

26. Taghavi MM, Alavi SS, Moallem SA, Varasteh AR: [Determining of meth-
amphetamine effects on sperm parameters of mature rat.] J Kerman Univ
Med Sci, 2008; 15(1): 61-69 [in Persian]

27. Sabour M, Khoradmehr A, Kalantar SM et al: Administration of high dose
of methamphetamine has detrimental effects on sperm parameters and
DNA integrity in mice. Int J Reprod Biomed (Yazd), 2017; 15(3): 161-68

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




Yang L et al.:
AN I MAL STU DY Reduced glycolysis inhibits spermatogenesis after chronic METH exposure
© Med Sci Monit, 2019; 25: 5453-5464

28. Kaewman P, Nudmamud-Thanoi S, Thanoi S: GABAergic alterations in the 30. Gorga A, Rindone G, Regueira M et al: HIF involvement in the regulation of
rat testis after methamphetamine exposure. Int J Med Sci, 2018; 15(12): rat Sertoli cell proliferation by FSH. Biochem Biophys Res Commun, 2018;
1349-54 502(4): 508-14

29. Luk LY, Loveridge EJ, Allemann RK: Protein motions and dynamic effects in
enzyme catalysis. Phys Chem Chem Phys, 2015; 17(46): 30817-27

Indexed in:  [Current Contents/Clinical Medicine] [SCI Expanded] [ISI Alerting System]
[ISI Journals Master List] [Index Medicus/MEDLINE] [EMBASE/Excerpta Medica]
[Chemical Abstracts/CAS]

This work is licensed under Creative Common Attribution-
NonCommercial-NoDerivatives 4.0 International (CC BY-NC-ND 4.0)




