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ARTICLE INFO ABSTRACT
Keywords: Proton pump inhibitors (PPIs) were one of the most commonly used drugs in daily life. The
Proton pump inhibitors adverse effects of long-term use of PPIs have aroused widespread controversy. It was of great

Male infertility significance to explore the molecular mechanism of sperm abnormality caused by PPIs. The PPI

Aquaporins group was given omeprazole by gavage for 28 days. After the omeprazole intervention, the caudal
Cytochrome enzyme ‘3 . . . :
Fstrogen epididymis was dissected to obtain sperms, and the sperm was counted through the microscope,

as the acrosomal integrity was observed through PNA-FITC staining. The expression of aquaporins
were detected by immunofluorescence and western blot in the testis, epididymis and spermato-
zoa. The liver cytochrome enzyme was evaluated by immunohistochemistry and western blot. We
detected the serum estrogen level by ELISA, and the level of alanine transaminase (ALT) were
detected through microplate method. The sperm count in PPI group was less than control group
(p < 0.05), and the sperm acrosin integrity in PPI group was lower than control group (p < 0.05).
In the testis, the expression of aquaporin 3 and aquaporin 8 in PPI group was higher than control
group (p < 0.05), while the expression of aquaporin 7 was lower than control group (p < 0.05). In
the epididymal and sperm, the expression of aquaporin 3 and aquaporin 7 in PPI group was
higher than control group (p < 0.05), while the expression of aquaporin 8 in PPI group was lower
than control group (p < 0.05). Meanwhile, the liver cytochrome enzyme in PPI group were lower
than control group (p < 0.05), and estrogen and ALT in PPI group were higher than control group
(p < 0.05). PPI may lead to the up-regulation of estrogen by inhibiting the activity of cytochrome
enzyme, and then lead to the dysfunction of sperm parameters and acrosin integrity by affecting
aquaporins function.
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1. Introduction

The prevalence of infertility was about 9%, ranging from 3.5 to 16.7% in developed countries and 6.9-9.3% in developing countries
[1]. Among them, 20-30% of infertility were entirely caused by male sperm abnormality [2]. Male infertility was mainly related to
sperm defects caused by genetic, infectious, and environmental. Over the past 60 years, sperm count had declined by 50% [3].
Asthenozoospermia (AZS), one of the main causes of male infertility, referred to the decrease or lack of sperm motility [4]. Large doses
of Jinging granules (gastric ulcer drug) were associated with decreased sperm count in seminiferous tubules [5]. Cimetidine (1200
mg/d for 9 weeks) resulted in an average 43% reduction in sperm count [6]. Sperm abnormalities were common in patients with
chronic hepatitis C after antiviral therapy [7]. At present, there are few studies on the adverse effects of drugs on sperm count and
semen quality. With the social reproductive pressure getting prominent, it is necessary to further explore the adverse effects of
commonly used drugs on reproduction.

Proton pump inhibitors (PPIs) were one of the most commonly used stomach medicine in the world [8]. Short-term administration
of PPIs was generally safe, while the adverse effects of long-term administration of PPIs had attracted much attention [9]. The
long-term administration of PPIs may be associated with decreased sperm function and male infertility in humans. The nested
case-control studies had found that the administration of PPI that inhibit gastric acid was associated with a decrease in total sperm
motility and sperm concentration in male infertile patients [10]. The administration of PPIs between 6 and 12 months before semen
analysis resulted in a reduction in TMSC in male patients by 3 times [11]. Recent studies had found that esomeprazole significantly
reduced TMSC and forward motile sperm count by competitively inhibiting the activity of sperm choline acetyltransferase [12].
Similarly, in vitro studies have found that lansoprazole could also reduce the total motile sperm count and forward motile sperm count,
which may be related to the calcium chelation and/or the inhibition of Na®/K'-ATPase activity in sperm of lansoprazole [13].
However, in a large retrospective study showed PPIs didn’t seem to affect semen quality in male infertility patients [14]. Therefore, the
effect of PPIs on sperm motility is still controversial, and the possible molecular mechanism of PPIs on sperm count still unknown.

Based on clinical work, we also found that some PPI drug users had low sperm motility. In order to further clarify the effect of PPIs
on male sperm parameters, this study constructed the omeprazole intervention animal model to further explore correlation between
PPIs and male sperm parameters and its molecular mechanism. Sperm parameters was evaluated by sperm count and PNA-FITC
staining, and then aquaporin (AQP) expression levels in testis, epididymis and sperm were evaluated by Western blot (WB) immu-
nofluorescence (IF) and qRT-PCR to detect differences in AQP in the PPI intervention group. Estrogen expression levels in serum
samples were detected by ELISA. It was further proved that PPI affected the function of AQP in testis, epididymis and sperm through
the enteric-testis axis. Finally, by improving the liver function test, we further explained that long-term consumption of PPI would lead
to abnormal liver enzyme activity and liver function, and further speculated that the PPI affecting parameters of sperm through the
enteric-liver-testis axis.

2. Materials and methods
2.1. Animals and groups

Male SD rats weighing 180-220 g were obtained from Wu Animal Center (Fuzhou, China), and the animal certificate number was
SCXK (Zhe)2019-0002. The animals were kept in SPF environment of experimental animal center of Fujian Medical University. The
temperature was 20°C-25 °C and the humidity was 40%-70%. The animals were fed and watered freely. Omeprazole (Shanghai Maclin
Biochemical Technology Co., LTD., Cas:73590-58-6) was administered by gavage (20 mg/kg/day) once a day for 28 days in the PPI
intervention group, while the control group was treated by 0.9% normal saline (10 rats/group) [15]. The rats were sacrificed by gas
anesthesia, and epididymis was cut up. The sperm was placed in the sperm rinse medium at 37 °C for 10 min to allow the sperm cells to
fully escape and the sperm were collected for relevant detection. Testicular tissue was obtained at the same time. A part of the tissue
was soaked in 10% neutral formalin, and the other part of the testicular tissue was stored in —80 °C refrigerator. All animal studies
complied with the National Institutes of Health guidelines for the care and use of laboratory animals. The protocol was approved by the
ethics committee the Fujian Medical University.

2.2. Sperm counting

The left epididymis of each rat was collected immediately after sacrifice and transferred to a test tube containing 1 mL normal saline
(37 °C). 10 pL sperm suspension was transferred to a slide, fixed in formaldehyde, and sperm count was performed through a light lens.
We evaluated whether there were differences in sperm count between the two groups of animal models mainly through the area of
sperm cells in the visual field.

2.3. Quantitative-real-time-PCR

Tissues were isolated with the RNA isolate Total RNA Extraction Reagent (Vazyme Biotech Co., Ltd.). The concentration of total
RNA in the samples was determined by spectrophotometer (TGem Pro, Thermo). cDNA was synthesized from 1000 ng total RNA by the
SweScript RT I First Strand cDNA Synthesis Kit (Vazyme Biotech Co., Ltd). The cDNA was used for quantitative PCR (qQPCR) by the 2 x
SYBR Green qPCR Master Mix (Servicebio, China) and the threshold cycle (CT) was determined by the ABI QuantStudio 5 (Ther-
mofisher, the United States). Relative gene expression levels of f-Actin were calculated (Primer sequences: Supplementary material 1).
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This experiment was used to evaluate the mRNA expression of AQPs.

2.3.1. Western blot

Total proteins were separated by SDS-PAGE and transferred to PVDF membranes. Non-fat milk was used to block, and the PVDF
membranes were incubated with targeted primary antibodies and secondary antibodies. At last, the protein bands were visualized with
an ECL detection solution (Thermo). The following primary antibodies were used according to the manufacturer’s instructions: rabbit
anti-AQP 3 (1:1000, Yaji Biotechnology Co, LTD), rabbit anti-AQP 7 (1:1000, Yaji Biotechnology Co, LTD), rabbit anti-aquaporin 8
(1:1000, ABclonal), rabbit anti-aquaporin 11 (1:1000, affinity), rabbit anti-CYP3A4 (1:1000, ABclonal), rabbit anti-CYP2C11 (1:1000,
Bioss)and rabbit anti-GADPH (1:10000, ABclonal), HRP Goat Anti-Rabbit (1:5000, ABclonal). All blotted bands was analyzed by
ImageJ 1.48 software (Image Processing and Analysis in Java, Bethesda, MD, USA), and the intensity values were normalized to the
bands of GADPH. The purpose of this experiment was to evaluate the expression of aquaporins and CYP family proteins.

2.4. Sperm PNA-FITC satining

The sperm of control and the PPI intervention group were centrifuged at 1000xg, resuspended in PBS, layered on adhesive slides
(Servicebio, G6058-20), and fixed. Peanut PNA-FITC (GENMED SCIENTIFICS INC. U.S.A, GMS14015.1.1v.A) was incubated for 2 h at
room temperature, washed with cleaning solution. And then it was incubated for 10 min with DAPI at room temperature, dropped anti-
fluorescence quench and sealed with cover glass. Imaging was made using a positive immunofluorescence microscope (Olympus BX43,
Japan). The experiment was used to evaluate the integrity of acrosomal enzymes in sperm.

2.5. Immunofluorescence and immunohistochemistry

Tissues from were fixed by 10% formalin at room temperature and sectioned. The sections were dewaxed with xylene and gradient
ethanol, and antigen repair according to the instructions. Non-specific binding was blocked with goat serum. Primary monoclonal
antibodies were incubated with the samples overnight at 4 °C. FITC-labeled goat anti-Rabbit IgG were applied for 2 h at room tem-
perature, and the nucleus were stained with DAPI. Imaging was made using a positive immunofluorescence microscope (Olympus
BX43, Japan).

The previous steps refer to the immunofluorescence section, HRP-labeled goat anti-Rabbit IgG were applied at room temperature,
and the DAB staining and hematoxylin staining. Imaging was made using a positive light microscope (Olympus BX43, Japan). Primary
antibodies: aquaporin 3 (1:400, Yaji Biotechnology Co., LTD), aquaporin 7 (1:400, Yaji Biotechnology Co., LTD), aquaporin 8 (1:400,
ABclonal), aquaporin 11 (1:400, affinity), CYP3A4 (1:200, ABclonal), CYP2C11 (1:200, Bioss). This experiment was used to evaluate
the expression of aquaporins and liver enzyme CYP family proteins.

3. ELISA

Serum samples were performed according to the manufacturer’s protocol and the concentration of estrogrn was calculated using
the appropriate standard curve. Absorbance were detected at 450 nm using a Sunrise Enzyme Standard Instrument (Tecan, Austria).
Enzyme-linked immunoassay of human Estrogen protein (Jiangsu Enzyme industry Co., LTD, China, Lot:MM-055R1). The purpose of
this study was to evaluate the effect of PPI intervention on serum estrogen.

3.1. Microplate method

Serum were collected from postcava and the levels of ALT, Aspartate aminotransferase (AST) and y-Glutamyl transpeptidase (y-GT)
were measured according to the protocol of ALT, AST and y-GT Assay Kit (Purchase from Nanjing Jiancheng Bioengineering Institute,
catalogue number C009-2-1/C010-2-1/C017-2-1). This part of the experiment was used to evaluate the effect of PPI intervention on
liver function.

3.2. Statistical analysis

Statistical analyses were performed using GraphPad Prism 5.0 (Graph Pad Prism Software Inc, San Diego, CA, USA). Continuous
variable were presented as the mean + standard error of mean (SEM). Student’s unpaired t-test was utilized for comparisons between
two groups. Frequencies of categorical variables were compared by the 2 test. P < 0.05 was considered significant (*: p < 0.05; **: p <
0.01; ***: p < 0.001).
4. Results
4.1. PPI leads to decreased sperm count and acrosomal enzyme activity

Full lavage was performed on unilateral epididymal tissue, and the sperm count in the lavage solution was observed under the

microscope, we conducted a semi-quantitative analysis of the visual field of sperm, and found that the ratio of sperm area to total area
in the control group was 16.58% =+ 2.029% (n = 6) and that in the PPI group was 3.392% + 0.9887% (n = 6). There was a statistically
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significant difference between the two group (p < 0.05) (Fig. 1A). PNA-FITC fluorescence staining showed that the acrosomal integrity
of the PPI group was lower than that of the control group (p < 0.05) (Fig. 1B and D). The morphology of spermatogenic cells and sertoli
cells in the control group was normal after HE staining. Compared with the control group, spermatogenic cells in the lumen were
detached and shed, spermatogenic cells were reduced and arranged loosely, and dense sperm accumulation in lumen was reduced in
the PPI group (Fig. 1C).

4.2. PPI results in the dysfunction of AQPs in testicular tissue

To further evaluate the expression of AQPs in testicular tissue of PPI group, the WB and qRT-PCR were performed on the testicular
tissue. Our result showed that the expression of AQP3 and AQP11 in testicular tissue of PPI group were higher than control group (p <
0.05) (Fig. 2A,B,C and F). However, the expression of AQP7 in testicular tissue of PPI group was lower than control group (p < 0.05)
(Fig. 2A and D). There was no significant difference in the expression of AQP8 in testicular tissue between the two groups (Fig. 2B and
E). At the same time, qRT-PCR showed that the average relative expression level of AQP3 mRNA (p = 0.195) in testicular tissue of PPI
group was higher than that in control group (Fig. 2G). The average relative expression of AQP7 mRNA (p = 0.3526), AQP8 mRNA (p =
0.5938) and AQP11 mRNA (p = 0.1705) were lower than those in control group, with no statistical difference (Fig. 2H, I and J).

4.3. PPI results in the dysfunction of AQPs in epididymal tissue

In order to further evaluate the expression level of AQP in epididymal tissues in PPI group, a series of molecular experiments were
performed on epididymal tissues. The result showed that the expression of AQP3 and AQP7 in epididymis tissues of PPI group were
higher than those in control group (p < 0.05) (Fig. 3A,C and D), and the expression of AQP8 in epididymis tissues of PPI group was
lower than that in control group (p < 0.05) (Fig. 3B and E). There was no significant difference in the expression of AQP11 in
epididymal tissues between the two groups (Fig. 3B and F). At the same time, qRT-PCR results showed the average relative expression
levels of AQP3 mRNA (p < 0.05), AQP7 mRNA (p = 0.3004) and AQP11 mRNA (p = 0.5427) in epididymal tissue of PPI group were
higher than control group, as the AQP7 and AQP11 were no statistical difference (Fig. 3G, H and J). However, the average relative
expression of AQP8 mRNA in epididymal tissue of PPI group was lower than that in control group (p < 0.05) (Fig. 3I).

4.4. Abnormal function of sperm AQPs induced by PPI

To further evaluate the expression level of AQPs of spermatozoa in PPI group, the molecular experiments was performed. The result

A __ Control B

Fig. 1. Correlation between PPI and sperm count and acrosomal activity. (A) Sperm count in sperm rinse medium (400 x); (B) HE staining of the rat
testis; (C) HE staining of the rat epididymis; (D) PNA-FITC of the rat epididymis; (E)The semi-quantification analysis of PNA-FITC in the epididymis
(n > 3).
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Fig. 2. Correlation between PPI and testicular AQPs. (A) (B)Western blot of AQP 3, AQP 7, AQP 8 and AQP 11 in the testis; (C) (D) (E) (F) The semi-
quantification analysis of WB of AQP 3, AQP 7, AQP 8 and AQP 11 in the testis (n > 3); (G) (H) (I) (J) The mRNA expression level analysis of AQP 3,
AQP 7, AQP 8 and AQP 11 in the testis (n > 3).

showed that the AQP3 expression of spermatozoa in PPI group was higher than that in control group (p < 0.05) (Fig. 4A and G), while
the AQP8 and AQP11 expression of spermatozoa in PPI group were lower than those in control group (p < 0.05) (Fig. 4B, I and J). And
there was no significant difference in the AQP7 expression of spermatozoa between two groups (Fig. 4A and H). Inmunofluorescence
showed that the AQP3 expression of spermatozoa in PPI group was higher than that in control group (p < 0.05) (Fig. 4C and K), while
the AQPS8 expression of spermatozoa in PPI group was lower than that in control group (p < 0.05) (Fig. 4E and M). There was no
significant difference in the expression of AQP7 (p = 0.3004) and AQP11 (p = 0.7835) in spermatozoa between two groups (Fig. 4D, L,
F and N).

4.5. PPI inhibits the activity of liver enzymes, leading to the upregulation of estrogen concentration in serum

Omeprazole may affect sperm parameters by regulating the expression of AQPs in the testicular and epididymal tissue. The
abnormal expression of CYP3A4 was likely to be an important bridge between omeprazole and the abnormal expression of AQPs in the
testicular and epididymal tissue. Our result showed that the expression levels of CYP3A4 and CYP2C11 in liver tissues of PPI group
were lower than those in control group (p < 0.05) (Fig. 5A-D). Immunohistochemistry showed that the expression of CYP3A4 and
CYP2C11 in liver tissues of PPI intervention group were lower than those in control group (p < 0.05) (Fig. 5E). In addition, ELISA
showed the serum estrogen level of PPI group was higher than that in control group (p < 0.05) (Fig. 5F). At the same time, the liver
function was tested by microplate method. It was found that there were no significant differences in the serum AST (p = 0.9490) and
v-GT (p = 0.4158) between two groups (Fig. 5G and I). However, the concentration of serum ALT in PPI group was higher than that in
control group (p < 0.05) (Fig. 5H).
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Fig. 3. Correlation between PPI and epididymal AQPs. (A) (B)Western blot of AQP 3, AQP 7, AQP 8 and AQP 11 in the epididymis; (C) (D) (E) (F)
The semi-quantification analysis of WB of AQP 3, AQP 7, AQP 8 and AQP 11 in the epididymis (n > 3); (G) (H) (I) (J) The mRNA expression level
analysis of AQP 3, AQP 7, AQP 8 and AQP 11 in the epididymis (n > 3).

5. Discussion

Our study indicated that oral administration of omeprazole for 28 days (20 mg/kg/day) caused a decrease in sperm count and
dysfunction in sperm acrosomal state. This conclusion was consistent with recent reports by Hujgen [13] and Banihani [14] et al.,
which suggested that long-term use of PPIs resulted in poor sperm quality and motility. Hujgen et al. found that patients who used PPI
between 6 and 12 months before semen analysis suffered increased risk of reduced TMSC by 2-3 times [11]. The Banihani et al. showed
that lansoprazole decreased the TMSC and the forward motile sperm count, but did not reduce the viability of human sperm [14]. The
results of this study are similar to the above research. PPI administration can affect sperm count and sperm acrosomal state, which may
be positively correlated with the asthenospermia.

However, some studies have shown that PPIs do not affect sperm motility, and it was irrelevant to male infertility. Omeprazole at
multiple concentrations does not change motility, viability and DNA integrity of human sperm in vitro [16]. A large patient-based
retrospective study by Keihani et al. also suggested that PPIs did not affect semen quality in infertile men [14]. Omeprazole was
irrelevant to sperm function, which may be related to the omeprazole does not affect the basal secretion level of pituitary-gonadal axis
hormones, and it can counteract the destructive effect of reactive oxygen species [17]. In addition, the omeprazole and its metabolites
were genotoxic [18]. The adverse reactions of PPIs may vary greatly among individuals, so, The spermatogenic effect of PPI needs
further study in the future.

The current studies assumed a series of possible molecular pathways, which still cannot definitively explain the PPI-related
decrease in sperm motility. Pantoprazole may reduce sperm motility by significantly affecting capacitation-induced membrane po-
tential hyperpolarization and capacitation-related protein phosphorylation [19]. Esomeprazole significantly reduced the total number
and motility of sperm by inhibiting the activity of choline acetyltransferase [12]. The causes of male reproductive toxicity induced by
PPIs in Wistar rats were related to the changes of testosterone, FSH, LH and other hormones [20]. The decrease in sperm motility may
be due to the calcium chelation of lansoprazole and a decrease in Na™/K" -ATPase activity [16]. The use of PPIs during the 6-12
months before semen analysis was associated with an increased risk of TMSC reduction by 3 times, which suggested that long-term use
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Fig. 4. Correlation between PPI and AQPs in sperm. (A) (B) (C) (D) Immunofluorescence of AQP 3, AQP 7, AQP 8 and AQP 11 in the epididymis
(400x); (E) (F)Western blot of AQP 3, AQP 7, AQP 8 and AQP 11 in the sperm; (G) (H) (I) (J)Semi-quantitative analysis of AQP 3, AQP 7, AQP 8 and
AQP 11(IF) (n > 3); (K) (L) (M) (N)Semi-quantitative analysis of AQP 3, AQP 7, AQP 8 and AQP 11(WB) (n > 3).

of PPIs may lead to decreased sperm quality [12]. The effect of PPIs was due to increased gastric pH leading to depletion of vitamin B12
and other micronutrients, which supported sperm function [11]. PPI-related asthenospermia may be related to sex hormone levels,
ATPase activity and so on.

In patients with liver cirrhosis, omeprazole, esomeprazole and lansoprazole have inhibitory effects on liver enzyme microsomal
activity [21]. In the presence of omeprazole, the N-demethylase activity of CYP3A4 measured by formaldehyde generation method to
erythromycin obvious decreased [22]. The formation of eprazole sulfone, the main metabolite of eprazole was mainly catalyzed by
CYP3A4 [23]. At the same time, PPIs may have harmful effects by inhibiting the metabolism of active metabolites of clopidogrel,
mainly CYP2C19 [24]. Lansoprazole and pantoprazole are the most effective in vitro inhibitors of CYP2C19 and CYP2C9, respectively.
Compared with omeprazole and its R-enantiomer, esomeprazole has a weaker inhibitory effect [25]. High-dose esomeprazole has a
strong inhibitory effect on CYP2C19, a weak inhibitory effect on CYP3A4 and a small induction effect on CYP1A2 [26]. The use of
omeprazole and other PPI may inhibit the activity of liver enzymes like CYP3A4, resulting in a series of adverse reactions, including
changes in the concentration of sex hormones in the body and decreased sperm motility.

The first step in themetabolic response of estrogens was mainly regulated by cytochrome P450 enzymes [27]. A major metabolic
reaction of estradiol, was mainly catalyzed by CYP1A2 and CYP3A4 in liver [27]. The CYP2C11 catalyzed the hydroxylations of
estradiol at the 2 and 16 alpha positions [28]. The protein expression of aquaporins 3 and aquaporins 11 was significantly lower in the
ovariectomy group than in the control [29]. Estrogen directly upregulates aquaporins 3 and aquaporins 7 by activating estrogen
response elements in the promoter of the aquaporins gene [30,31]. Aquaporins 8 was related to oestrogen mediated buffalo follicular
development by regulating cell cycle progression in granulosa cells [32]. Previous literature has adequately demonstrated the rele-
vance of P450 enzymes (particularly CYP3A4, CYP2C11) to estrogen and the promoting effects of high expression of estrogen on
aquaporins.

Alterations in the aquaporins (aquaporins 3, aquaporins 7, aquaporins 8 and aquaporin 11) of the testis-epididymis-sperm axis may
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Fig. 5. Correlation between PPI and liver enzyme-estrogen axis. (A) (B) Western blot of CYP3A4 and CYP2C11 in liver tissue; (C) (D) Semi-
quantitative analysis of CYP3A4 and CYP2C11 in liver tissue (WB) (n > 3); (E) Immunohistochemistry of CYP3A4 and CYP2C11 in liver tissues;
(F) Serum estrogen levels; (G) Serum AST level; (H) Serum ALT level; (I) Serum y-GT level.

affect sperm number and motility. Aquaporin 11 expression is related to sperm motility and membrane integrity, while aquaporin 7
expression is not [33]. Aquaporin 3, aquaporin 7, and aquaporin 11 appear to be involved in the regulation of sperm volume.
Aquaporin 8 seems to play a role in regulating the elimination of hydrogen peroxide (the most abundant ROS) [34]. The expression of
sperm aquaporin 7 is related to forward motility, and the expression of sperm aquaporin 8 is negatively correlated with the degree of
sperm frizziness [35]. Aquaporin 3, aquaporin 7 and aquaporin 11 are involved in the response of spermatozoa to osmotic pressure
changes and freeze-thaw processes [36]. At the same time, aquaporins are involved in volume regulation and ROS elimination,
affecting sperm number and sperm motility [37]. In conclusion, aquaporins family plays an important role in sperm number and
motility.

Our study still has some deficiencies, which required more effort and work to complete this series of studies. First, our team
collected semen of some patients with long-term PPI oral administration for molecular detection of aquaporins to further clarify the
inhibitory effect of PPI inhibitors on aquaporins, and conducted correlation analysis between aquaporins expression levels and sperm
motility. In addition, we can further demonstrate the reliability of the PPI-liver enzyme-estrogen-aquaporins-sperm axis through the
expression intervention of liver enzymes, estrogen supplementation and functional antagonism of aquaporins in the future. Finally, We
need to directly test rat sperm motility through sperm function test or other related test in the future.

6. Conclusion

Omeprazole may lead to upregulation of estrogen level in serum by inhibiting the activity of liver enzymes such as CYP3A4 in rats,
and then affect the function of aquaporins in testis, epididymis and sperm, thus affecting the number of sperm cells and acrosomal
enzyme level. This study only confirmed the effect of omeprazole on sperm count and function in animal. In the future, a lot of work is
still needed to further confirm the effect of PPI on clinical patients, and to explore the molecular changes in this process, so as to further
balance between PPI medication and infertility.



F. Ding et al. Heliyon 9 (2023) e17911

Data availability statement

Data included in article/supplementary material/referenced in article.
Declarations
Ethics approval and consent to participate

All experimental procedures in animal work were approved by the Ethical Committee of Fujian Medical University. This study was
carried out in accordance with the recommendations of Medical ethics committee of the First Affiliated Hospital of Fujian Medical
University. The protocol was approved by the Medical ethics committee of the First Affiliated Hospital of Fujian Medical University
[2022] 551.

Consent for publication
No consent was involved in this publication.
Avadilability of data and materials

All data and materials generated during and/or analyzed during the current study are available from the corresponding author on
reasonable request.

Funding

This work was supported by National Natural Science Foundation of Fujian (2021J02036) and Medical Innovation in Fujian
Province (2022CXA018). These funding sources played key supportive role for animal experiment and bio-informatics analysis.

Author contributions

Conceived and designed the experiments: Q.-C.L., and J.-M.W.

Performed the experiments: Q.-C. L., F.-D.D., and Y.-X.L.

Analyzed and interpreted the data: J.-M.W., and Q.-C.L.

Contributed reagents, materials, analysis tools or data: X.-X.G., Y.-X.L., Y.-Z.L., J.-T.C., and Q.-C.L.
Performed immunhistochemistr: F.-D.D., and Y.-X.L.

Wrote the paper: Q.-C.L., and F.-D.D.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal relationships that could have appeared to
influence the work reported in this paper

Acknowledgements
Not applicable.
Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.org/10.1016/j.heliyon.2023.e17911.

References

[1] J. Boivin, L. Bunting, J.A. Collins, K.G. Nygren, International estimates of infertility prevalence and treatment-seeking: potential need and demand for infertility
medical care, Hum. Reprod. 22 (6) (2007) 1506-1512, https://doi.org/10.1093/humrep/dem046.

[2] J.E. Anderson, S.L. Farr, D.J. Jamieson, L. Warner, M. Macaluso, Infertility services reported by men in the United States: national survey data, Fertil. Steril. 91
(6) (2009) 2466-2470, https://doi.org/10.1016/j.fertnstert.2008.03.022.

[3] E. Carlsen, A. Giwercman, N. Keiding, N.E. Skakkebaek, Evidence for decreasing quality of semen during past 50 years, BMJ 305 (6854) (1992) 609-613,
https://doi.org/10.1136,/bmj.305.6854.609.

[4] C.Tu, W. Wang, T. Hu, G. Lu, G. Lin, Y.Q. Tan, Genetic underpinnings of asthenozoospermia, Best Pract. Res. Clin. Endocrinol. Metabol. 34 (6) (2020), 101472,
https://doi.org/10.1016/j.beem.2020.101472.

[5] X.Zhou, Q. Rong, M. Xu, Y. Zhang, Q. Dong, Y. Xiao, et al., Safety pharmacology and subchronic toxicity of jinqing granules in rats, BMC Vet. Res. 13 (1) (2017)
179, https://doi.org/10.1186/s12917-017-1095-3.


https://doi.org/10.1016/j.heliyon.2023.e17911
https://doi.org/10.1093/humrep/dem046
https://doi.org/10.1016/j.fertnstert.2008.03.022
https://doi.org/10.1136/bmj.305.6854.609
https://doi.org/10.1016/j.beem.2020.101472
https://doi.org/10.1186/s12917-017-1095-3

F. Ding et al. Heliyon 9 (2023) e17911

[6]
[71
[8]
[91
[10]

[11]

[12]
[13]
[14]
[15]
[16]

[17]
[18]

[19]

[20]
[21]
[22]
[23]
[24]
[25]

[26]

[27]
[28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]
[36]

[37]

D. Van Thiel, J. Gavaler, W. Smith, G. Paul, Hypothalamic-pituitary-gonadal dysfunction in men using cimetidine, N. Engl. J. Med. 300 (18) (1979) 1012-1015,
https://doi.org/10.1056/nejm197905033001803.

H. Hofer, J. Donnerer, K. Sator, K. Staufer, T. Scherzer, C. Dejaco, et al., Seminal fluid ribavirin level and functional semen parameters in patients with chronic
hepatitis C on antiviral combination therapy, J. Hepatol. 52 (6) (2010) 812-816, https://doi.org/10.1016/j.jhep.2009.12.039.

E. Kantor, C. Rehm, J. Haas, A. Chan, E. Giovannucci, Trends in prescription drug use among adults in the United States from 1999 to 2012, JAMA 314 (17)
(2015) 1818-1831, https://doi.org/10.1001/jama.2015.13766.

Y. Xie, B. Bowe, Y. Yan, H. Xian, T. Li, Z. Al-Aly, Estimates of all cause mortality and cause specific mortality associated with proton pump inhibitors among US
veterans: cohort study, BMJ 365 (2019) 11580, https://doi.org/10.1136/bmj.11580 (Clinical research ed.).

S. Baik, K. Fung, C. McDonald, The mortality risk of proton pump inhibitors in 1.9 million US seniors: an extended Cox survival analysis, Clin. Gastroenterol.
Hepatol. 20 (4) (2022) e671-e681, https://doi.org/10.1016/j.cgh.2021.01.014.

N. Huijgen, H. Goijen, J. Twigt, A. Mulders, J. Lindemans, G. Dohle, et al., Effect of medications for gastric acid-related symptoms on total motile sperm count
and concentration: a case-control study in men of subfertile couples from The Netherlands, Drug Saf. 40 (3) (2017) 241-248, https://doi.org/10.1007 /s40264-
016-0488-8.

N. Huijgen, M. de Ridder, K. Verhamme, G. Dohle, A. Vanrolleghem, M. Sturkenboom, et al., Are proton-pump inhibitors harmful for the semen quality of men
in couples who are planning pregnancy? Fertil. Steril. 106 (7) (2016) 1666-1672.e2, https://doi.org/10.1016/j.fertnstert.2016.09.010.

S. Keihani, J. Craig, C. Zhang, A. Presson, J. Myers, W. Brant, et al., Proton-pump inhibitor use does not affect semen quality in subfertile men, Asian J. Androl.
20 (3) (2018) 290-293, https://doi.org/10.4103/aja.aja_35_17.

S. Banihani, F. Khasawneh, Effect of lansoprazole on human sperm motility, sperm viability, seminal nitric oxide production, and seminal calcium chelation,
Res. Pharm. Sci. 13 (5) (2018) 460-468, https://doi.org/10.4103/1735-5362.236839.

M. Nur Azlina, H. Qodriyah, K. Chua, Y. Kamisah, Comparison between tocotrienol and omeprazole on gastric growth factors in stress-exposed rats, World J.
Gastroenterol. 23 (32) (2017) 5887-5894, https://doi.org/10.3748/wjg.v23.132.5887.

S. Ali Banihani, A. Al-Khawalde, Omeprazole does not alter human sperm motility, viability or DNA integrity in vitro, Andrologia 51 (6) (2019), e13260,
https://doi.org/10.1111/and.13260.

G. Sachs, D. Scott, M. Reuben, Omeprazole and the gastric mucosa, Digestion (1990) 35-38, https://doi.org/10.1159/000200513.

J. Escoffier, B. Arnaud, M. Kaba, J. Hograindleur, E. Le Blévec, G. Martinez, et al., Pantoprazole, a proton-pump inhibitor, impairs human sperm motility and
capacitation in vitro, Andrology 8 (6) (2020) 1795-1804, https://doi.org/10.1111/andr.12855.

A. Kumar, R. Kumar, J. Flanagan, B. Langstrom, L. Bjorndahl, T. Darreh-Shori, Esomeprazole reduces sperm motility index by targeting the spermic cholinergic
machinery: a mechanistic study for the association between use of proton pump inhibitors and reduced sperm motility index, Biochem. Pharmacol. 182 (2020),
114212, https://doi.org/10.1016/j.bcp.2020.114212.

N. Mumtaz, M. Akhtar, A. Saleem, A. Riaz, Harmful consequences of proton pump inhibitors on male fertility: an evidence from subchronic toxicity study of
esomeprazole and lansoprazole in wistar rats, Int. J. Endocrinol. 2022 (2022), 4479261, https://doi.org/10.1155/2022/4479261.

A. Rocco, D. Compare, C. Sgamato, P. Coccoli, P. Chiodini, G. Nardone, Impact of proton pump inhibitors on cytochrome P450 activity assessed by C-
aminopyrine breath test in patients with cirrhosis, Aliment. Pharmacol. Ther. 53 (5) (2021) 608-615, https://doi.org/10.1111/apt.16239.

P. Koroleva, A. Kuzikov, R. Masamrekh, D. Filimonov, A. Dmitriev, M. Zaviyalova, et al., [Modeling of drug-drug interactions between omeprazole and
erythromycin with cytochrome P450 3A4 in vitro assay], Biomeditsinskaia khimiia 66 (3) (2020) 241-249, https://doi.org/10.18097/pbmc20206603241.
K. Seo, S. Lee, K. Kim, S. Bae, K. Liu, D. Kim, et al., llaprazole, a new proton pump inhibitor, is primarily metabolized to ilaprazole sulfone by CYP3A4 and 3A5,
Xenobiotica, Fate Foreign compd. Biol. Syst. 42 (3) (2012) 278-284, https://doi.org/10.3109/00498254.2011.622416.

R. Ogawa, H. Echizen, Drug-drug interaction profiles of proton pump inhibitors, Clin. Pharmacokinet. 49 (8) (2010) 509-533, https://doi.org/10.2165/
11531320-000000000-00000.

X. Li, T. Andersson, M. Ahlstrom, L. Weidolf, Comparison of inhibitory effects of the proton pump-inhibiting drugs omeprazole, esomeprazole, lansoprazole,
pantoprazole, and rabeprazole on human cytochrome P450 activities, Drug Metab. Dispos. 32 (8) (2004) 821-827, https://doi.org/10.1124/dmd.32.8.821.
T. Kaartinen, A. Tornio, T. Tapaninen, T. Launiainen, N. Isoherranen, M. Niemi, et al., Effect of high-dose esomeprazole on CYP1A2, CYP2C19, and CYP3A4
activities in humans: evidence for substantial and long-lasting inhibition of CYP2C19, Clin. Pharmacol. Therapeut. 108 (6) (2020) 1254-1264, https://doi.org/
10.1002/cpt.1949.

Y. Tsuchiya, M. Nakajima, T. Yokoi, Cytochrome P450-mediated metabolism of estrogens and its regulation in human, Cancer Lett. 227 (2) (2005) 115-124,
https://doi.org/10.1016/j.canlet.2004.10.007.

J.C. Corton, C. Bocos, E.S. Moreno, A. Merritt, R.C. Cattley, J.A. Gustafsson, Peroxisome proliferators alter the expression of estrogen-metabolizing enzymes,
Biochimie 79 (2-3) (1997) 151-162, https://doi.org/10.1016/50300-9084(97)81508-8.

J. Zhu, J. Xia, J. Jiang, R. Jiang, Y. He, H. Lin, Effects of estrogen deprivation on expression of aquaporins in rat vagina, Menopause 22 (8) (2015) 893-898,
https://doi.org/10.1097/gme.0000000000000403.

Y.T. Huang, J. Zhou, S. Shi, H.Y. Xu, F. Qu, D. Zhang, et al., Identification of estrogen response element in aquaporin-3 gene that mediates estrogen-induced cell
migration and invasion in estrogen receptor-positive breast cancer, Sci. Rep. 5 (2015), 12484, https://doi.org/10.1038/srep12484.

L. Xing, B. Jin, X. Fu, J. Zhu, X. Guo, W. Xu, et al., Identification of functional estrogen response elements in glycerol channel Aquaporin-7 gene, Climacteric 22
(5) (2019) 466-471, https://doi.org/10.1080/13697137.2019.1580255.

L. Cao, S. Li, S. Huang, D. Shi, X. Li, AQP8 participates in oestrogen-mediated buffalo follicular development by regulating apoptosis of granulosa cells, Reprod.
Domest. Anim. 56 (5) (2021) 812-820, https://doi.org/10.1111/rda.13921.

N. Prieto-Martinez, I. Vilagran, R. Moratd, J. Rodriguez-Gil, M. Yeste, S. Bonet, Aquaporins 7 and 11 in boar spermatozoa: detection, localisation and
relationship with sperm quality, Reprod. Fertil. Dev. 28 (6) (2016) 663-672, https://doi.org/10.1071/rd14237.

G. Pellavio, U. Laforenza, Human sperm functioning is related to the aquaporin-mediated water and hydrogen peroxide transport regulation, Biochimie 188
(2021) 45-51, https://doi.org/10.1016/j.biochi.2021.05.011.

C. Yeung, C. Callies, F. Tiittelmann, S. Kliesch, T. Cooper, Aquaporins in the human testis and spermatozoa - identification, involvement in sperm volume
regulation and clinical relevance, Int. J. Androl. 33 (4) (2010) 629-641, https://doi.org/10.1111/j.1365-2605.2009.00998.x.

M. Yeste, R. Moratd, J. Rodriguez-Gil, S. Bonet, N. Prieto-Martinez, Aquaporins in the male reproductive tract and sperm: functional implications and
cryobiology, Reprod. Domest. Anim.= Zuchthygiene (2017) 12-27, https://doi.org/10.1111/rda.13082.

U. Laforenza, G. Pellavio, A. Marchetti, C. Omes, F. Todaro, G. Gastaldi, Aquaporin-mediated water and hydrogen peroxide transport is involved in normal
human spermatozoa functioning, Int. J. Mol. Sci. 18 (1) (2016), https://doi.org/10.3390/ijms18010066.

10


https://doi.org/10.1056/nejm197905033001803
https://doi.org/10.1016/j.jhep.2009.12.039
https://doi.org/10.1001/jama.2015.13766
https://doi.org/10.1136/bmj.l1580
https://doi.org/10.1016/j.cgh.2021.01.014
https://doi.org/10.1007/s40264-016-0488-8
https://doi.org/10.1007/s40264-016-0488-8
https://doi.org/10.1016/j.fertnstert.2016.09.010
https://doi.org/10.4103/aja.aja_35_17
https://doi.org/10.4103/1735-5362.236839
https://doi.org/10.3748/wjg.v23.i32.5887
https://doi.org/10.1111/and.13260
https://doi.org/10.1159/000200513
https://doi.org/10.1111/andr.12855
https://doi.org/10.1016/j.bcp.2020.114212
https://doi.org/10.1155/2022/4479261
https://doi.org/10.1111/apt.16239
https://doi.org/10.18097/pbmc20206603241
https://doi.org/10.3109/00498254.2011.622416
https://doi.org/10.2165/11531320-000000000-00000
https://doi.org/10.2165/11531320-000000000-00000
https://doi.org/10.1124/dmd.32.8.821
https://doi.org/10.1002/cpt.1949
https://doi.org/10.1002/cpt.1949
https://doi.org/10.1016/j.canlet.2004.10.007
https://doi.org/10.1016/s0300-9084(97)81508-8
https://doi.org/10.1097/gme.0000000000000403
https://doi.org/10.1038/srep12484
https://doi.org/10.1080/13697137.2019.1580255
https://doi.org/10.1111/rda.13921
https://doi.org/10.1071/rd14237
https://doi.org/10.1016/j.biochi.2021.05.011
https://doi.org/10.1111/j.1365-2605.2009.00998.x
https://doi.org/10.1111/rda.13082
https://doi.org/10.3390/ijms18010066

	Proton pump inhibitors affect sperm parameters by regulating aquaporins
	1 Introduction
	2 Materials and methods
	2.1 Animals and groups
	2.2 Sperm counting
	2.3 Quantitative-real-time-PCR
	2.3.1 Western blot

	2.4 Sperm PNA-FITC satining
	2.5 Immunofluorescence and immunohistochemistry

	3 ELISA
	3.1 Microplate method
	3.2 Statistical analysis

	4 Results
	4.1 PPI leads to decreased sperm count and acrosomal enzyme activity
	4.2 PPI results in the dysfunction of AQPs in testicular tissue
	4.3 PPI results in the dysfunction of AQPs in epididymal tissue
	4.4 Abnormal function of sperm AQPs induced by PPI
	4.5 PPI inhibits the activity of liver enzymes, leading to the upregulation of estrogen concentration in serum

	5 Discussion
	6 Conclusion
	Data availability statement
	Declarations
	Ethics approval and consent to participate
	Consent for publication
	Availability of data and materials
	Funding
	Author contributions

	Declaration of competing interest
	Acknowledgements
	Appendix A Supplementary data
	References


