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Hydrogen Sulfide and/or Ammonia
Reduces Spermatozoa Motility
through AMPK/AKT Related
Pathways
Yong Zhao1,2,*, Wei-Dong Zhang2,3,*, Xin-Qi Liu2, Peng-Fei Zhang2,3, Ya-Nan Hao2, Lan Li3,
Liang Chen1, Wei Shen3, Xiang-Fang Tang1, Ling-Jiang Min3, Qing-Shi Meng1, Shu-Kun Wang1,
Bao Yi1 & Hong-Fu Zhang1
A number of emerging studies suggest that air pollutants such as hydrogen sulfide (H2S) and ammonia
(NH3) may cause a decline in spermatozoa motility. The impact and underlying mechanisms are
currently unknown. Boar spermatozoa (in vitro) and peripubertal male mice (in vivo) were exposed
to H2S and/or NH3 to evaluate the impact on spermatozoa motility. Na2S and/or NH4Cl reduced the
motility of boar spermatozoa in vitro. Na2S and/or NH4Cl disrupted multiple signaling pathways
including decreasing Na+/K+ ATPase activity and protein kinase B (AKT) levels, activating Adenosine
5′-monophosphate (AMP)-activated protein kinase (AMPK) and phosphatase and tensin homolog
deleted on chromosome ten (PTEN), and increasing reactive oxygen species (ROS) to diminish boar
spermatozoa motility. The increase in ROS might have activated PTEN, which in turn diminished AKT
activation. The ATP deficiency (indicated by reduction in Na+/K+ ATPase activity), transforming growth
factor (TGFβ) activated kinase-1 (TAK1) activation, and AKT deactivation stimulated AMPK, which
caused a decline in boar spermatozoa motility. Simultaneously, the deactivation of AKT might play
some role in the reduction of boar spermatozoa motility. Furthermore, Na2S and/or NH4Cl declined
the motility of mouse spermatozoa without affecting mouse body weight gain in vivo. Findings of the
present study suggest that H2S and/or NH3 are adversely associated with spermatozoa motility.
A number of recent publications have reported a decline in spermatozoa motility1–5. Other parameters of human
spermatozoa quality have also decreased during the past few decades3,6. Along with diminishing spermatozoa quality, the incidence of infertility has increased from 7–8% in 1960 to a current level of 20–35%3,7; however, the decline
in spermatozoa quality is not fully understood. Environmental pollutants including gases and particulate matter
(PM) from a variety of sources8, which emanate from vehicles, industry, power stations, livestock production
systems, and natural processes9,10 have been considered as a reason for decreasing spermatozoa quality3,5,6,11,12.
These pollutants damage ecological systems and adversely affect public health12–14. PM has been of concern
because epidemiological findings link them to a growing list of adverse health effects8,15. Ozone, carbon monoxide (CO), sulfur dioxide (SO2), and nitrogen oxides (NOx) are considered as the main gaseous materials in
air pollution4,14. However, there are more than 50 kinds of volatile organic compounds such as ammonia (NH3)
and hydrogen sulfide (H2S) in air pollution that are free or bound to PM16,17. PM can carry large amounts of NH3
molecules for long time periods (up to 7 μg NH3 per mg of respirable PM), and significantly higher amounts of
H2S have been detected in PM from 5 to 20 μm in diameter than in larger particles in the range of 20–75 μm9,16,17.
NH3, the most abundant alkaline gas in the atmosphere, is predominantly a product of animal husbandry
and NH3-based fertilizer application; it is also a major component of total reactive nitrogen18. In physiological
conditions, NH3 is mostly present as ammonium (NH4+) in serum, which is converted to urea in the liver and
then excreted by the kidneys to maintain low serum levels (<50 μM in adults)19. Global NH3 emissions have been
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Figure 1. (A) Spermatozoa motility determined by CASA. Y-axis = % of total cells, X axis =  the treatment
concentration (μM). n =  6–8. (B) Spermatozoa viability. Y-axis = % of total cells, X-axis =  the treatment
concentration (μM). n =  6–8. (C) Protein levels of apoptotic markers detected by Western blotting. n =  3.
(D) The abnormality of boar spermatozoa detected by eosin Y staining. n =  5. (E) Spermatozoon plasma
membrane phosphatidylserine (PS) externalization. n =  4. (F) The mitochondrial membrane potential (△Ψm)
was measured by the specific probe JC-1 using flow cytometry. Y-axis = % of total cells with high membrane
potential, X-axis = the treatment concentration (μM) n =  4. (G) Spermatozoa capacitation status detected by
CTC staining. Y-axis = % of total cells, X axis = the treatment concentration (μM). n =  4.

increasing over the last few decades, which raises concerns that it might negatively influence environmental and
public health as well as climate change due to the role of NH3 in PM formation, visibility degradation, and atmospheric deposition of nitrogen within ecosystems18,20,21. H2S, a colorless, flammable, and foul odored gas, has been
considered poisonous for a long time10,22. Recently, it has been found to be a signaling molecule regulating insulin
secretion/sensitivity and vascular homeostasis to control blood pressure and penile tone10,22,23. Furthermore, it is
a mediator of dietary restriction24. The concentration of H2S in blood has been detected to be ~50 μM in animals
and ~600 μM in asthmatic patients25. Although H2S acts as a transmitter in biological systems, its poisonous
nature is still a problem because it is the predominant sulfur contaminant of natural gas with widespread environmental and occupational exposure from industrial activities22,26.
Although NH3 and H2S have not been considered as major gaseous pollutants, they are present in air, carried
by PM, and strikingly little is understood about their effects on spermatozoa quality and the underlying mechanisms. Therefore, this current investigation aimed to explore the impact of NH3 and H2S on spermatozoa quality
and the underlying mechanisms.

Results

Na2S and a combination of NH4Cl + Na2S decreased boar spermatozoa motility.

To examine
the effects of NH4Cl and/or Na2S on boar spermatozoa motility, we treated the spermatozoa with different concentrations of NH4Cl, Na2S, and a combination of NH4Cl +  Na2S in spermatozoa incubation medium for 24 h.
Treatments involving 100, 400, and 1600 μM NH4Cl did not alter spermatozoa motility. However, 25, 50, and
100 μM Na2S treatments and a combination of NH4Cl +  Na2S significantly decreased spermatozoa motility as
shown by a dramatic increase in grade D spermatozoa (immotile) and a decrease in grade A + B spermatozoa in a
concentration dependent manner [Fig. 1A; p < 0.05 (grade A + B, grade D): Na2S treatment compared to control
treatment, Na2S +  NH4Cl treatment compared to control treatment]. Immotile spermatozoa (grade D) increased
from 17% in the control to 77% in the Na2S-100 μM treatment and 82% in the NH4Cl-1600 μM +  Na2S-100 μM
treatment. The straight motile spermatozoa (grade A + B) decreased from 55% in the control to 3% in the Na2S100 μM treatment and 1% in the NH4Cl-1600 μM + Na2S-100 μM treatment.
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Figure 2. (A) ROS levels in all the treatments by H2DCFDA kit using flow cytometry. Y-axis =  the fluorescent
intensity (relative unit). X-axis = the treatment concentration (μM). a,b,c Means not sharing a common
superscript are different (p <  0.05). n =  3. (B) Protein levels of SOD, GPX, and catalase detected by Western
blotting. n =  3.

To assess boar spermatozoa viability after 24 h treatments, we analyzed the living cells with a Live/Dead Sperm
Viability Kit using flow cytometry. As presented in Fig. 1B, none of the treatments changed spermatozoa viability.
Most treatments increased the protein levels of apoptosis markers Bax and Caspase 8; at the same time, the treatments also elevated the anti-apoptosis markers Bcl-xl and Bcl-2 (Fig. 1C). Boar spermatozoa abnormality rate was
very low (2–4% of total cells) and no treatments affected these levels (Fig. 1D). Phosphatidylserine (PS) externalization at the spermatozoon plasma membrane is a process that indicates plasma membrane scrambling. We further investigated the effect of NH4Cl and/or Na2S on PS externalization at the spermatozoon plasma membrane.
The level of PS externalized in spermatozoa plasma membranes was very low (<10% of total viable spermatozoa)
and no treatments disrupted PS externalization (Fig. 1E). To determine the function of mitochondria, we evaluated the spermatozoon mitochondrial membrane potential (△Ψm). No treatments affected the population of
spermatozoa presenting high △Ψ
 m
 (Fig. 1F), which remained at around 97%. Subsequently, the effects of NH4Cl
and/or Na2S on spermatozoa capacitation were assessed by CTC staining. As reported in Fig. 1G, NH4Cl and/or
Na2S had no evident effects on the percentage of cells showing the F pattern (typical of freshly ejaculated cells), B
pattern (typical of capacitated cells), or AR pattern (typical of acrosome-reacted cells).

Na2S and the combination of NH4Cl + Na2S increased ROS formation in boar spermatozoa. To
investigate the effects of NH4Cl and/or Na2S on ROS production, we analyzed the ROS levels (H2O2) in spermatozoa using flow cytometry. Na2S and the combination of NH4Cl +  Na2S increased the level of H2O2 after
24 h of treatment. Na2S-50 μM, NH4Cl-400 μM +  Na2S-50 μM, and NH4Cl-1600 μM +  Na2S-100 μM significantly increased H2O2 levels by 20–40% (Fig. 2A, p < 0.05). At the same time, the anti-oxidant enzymes catalase,
total-SOD (super oxide dismutase), and GPX1 (glutathione peroxidase) were determined (Fig. 2B). All treatments increased SOD protein levels in spermatozoa. The combination of NH4Cl and Na2S elevated the protein
levels of GPX1; however, NH4Cl or Na2S alone did not affect GPX1. NH4Cl treatments elevated the protein level
of catalase; however, Na2S or combinations of NH4Cl and Na2S treatments did not affect catalase protein levels.
Na2S and/or NH4Cl decreased ATPase, increased TAK1, and activated AMPK in boar spermatozoa.

The AMP-activated protein kinase (AMPK) pathway plays a crucial role in boar spermatozoa motility. The
combination of NH4Cl and Na2S treatments dramatically increased AMPK protein levels by ~5-fold (Fig. 3A).
The phosphorylated form (Thr172) of AMPK was elevated by NH4Cl alone, Na2S alone, and the combination of
NH4Cl + Na2S treatments (Fig. 3A). Moreover, the protein levels of the phosphorylated form (Thr172) of AMPK in
the NH4Cl + Na2S combination treatments were higher than those in the treatments of NH4Cl or Na2S alone. The
NH4Cl + Na2S treatments synergistically increased the phosphorylated form (Thr172) of AMPK (Fig. 3A). AMPK
can be activated through the TAK1, CaMKK, or LKB1 pathways, or by changing the ratio of AMP/ATP. NH4Cl,
Na2S, and combinations of NH4Cl +  Na2S increased the protein levels of TAK1 (Fig. 3B); however, none of the
treatments altered CaMKKα/β, and Na2S, furthermore, the combination of NH4Cl +  Na2S treatment decreased
LKB1 level (data not shown). The activity of Na+/K+-ATP synthesis enzymes (Na+/K+-ATPase) was decreased
by Na2S and the combination NH4CL +  Na2S treatments. The activity of Na+/K+-ATPase in the combination
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Figure 3. Protein levels of AMPK and p-AMPK (n =  3) (A), TAK1 (n =  3) (B) detected by Western
blotting. (C) Total ATPase activity measured by spectrophotometry. Y-axis = the activity (U/mg protein),
and X-axis = the treatment concentration (μM). a,b,c Means not sharing a common superscript are different
(p <  0.05). n =  4. (D) Protein levels of ATPase 5βdetected by Western blotting. n =  3. (E) ATP addition on
spermatozoa motility. Y-axis = % of total cells, X-axis = the treatment concentration (μM). *Means significant at
p < 0.05 compared to the same treatment without ATP addition (ATP-0). n =  3.

treatments was even lower than that in Na2S treatments (Fig. 3C). Although NH4Cl treatments decreased
Na+/K+-ATPase activity compared to the control treatment, the difference was not significant. The data were
confirmed by the protein level of ATPase5β, which was decreased by Na2S and the combination NH4Cl +  Na2S
treatments in Western blotting analysis (Fig. 3D).

ATP addition partially rescued boar spermatozoa motility. To test whether ATP deficiency was the
major reason for the decrease in boar spermatozoa motility caused by Na2S and/or NH4Cl, ATP rescue experiments were performed with addition of ATP. The addition of ATP only slightly elevated spermatozoa motility.
NH4Cl-1600 + ATP-2 mM elevated the percentage of grade A + B motility compared to the NH4Cl-1600 treatment alone (p <  0.05). NH4Cl-400 +  Na2S-50 μM + ATP-1 mM and NH4Cl-400 +  Na2S-50 μM + ATP-2 mM
increased the percentage of grade A + B motility compared to the NH4Cl-400 +  Na2S-50 μM treatment alone
(p <  0.05; Fig. 3E).
Na2S and/or NH4Cl activated the PI3K, ERK, and PTEN pathways and inhibited the AKT pathway
in boar spermatozoa. PI3K/AKT/ERK pathways play vital roles in cell biology and the activation of AKT

inhibits AMPK activation. The levels of these proteins were determined by Western blotting and immunofluorescent staining. Na2S-50 (100 μM) and the combination of NH4Cl +  Na2S treatments increased PI3K protein
levels (Figs 4 and 5A). However, Na2S and the combination of NH4Cl +  Na2S treatments decreased protein levels of both AKT and the phosphorylated form (Thr308) of AKT (p-AKT; Figs 4 and 5B). ERK1+2 protein level
remained unchanged by all treatments (Figs 4 and 5C). However, NH4Cl-400, 1600 μM, Na2S-25, 50, 100 μM
 , and
combinations of NH4Cl + Na2S treatments increased the phosphorylated form (Thr197 +  Thr202) of ERK1 (Fig. 4).
Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is an inhibitor for activation of AKT from
PI3K. All treatments increased PTEN and the phosphorylated form (Ser380 +  Thr382 +  Thr383) of PTEN (p-PTEN;
Fig. 4).

Combination of Na2S and NH4Cl decreased mouse spermatozoa motility in vivo. In order to
confirm the data obtained from boar spermatozoa in vitro, mice were treated with different concentrations of
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Figure 4. Protein levels of PI3K, AKT, p-AKT, ERK, p-ERK, PTEN, and p-PTEN detected by Western
blotting. n =  3.

Figure 5. Protein levels of PI3K (A), p-AKT (B) and ERK (C) detected by IHF. Scale bar =  50 μm. n =  3.
NH4Cl and/or Na2S (in vivo studies). The combination NH4Cl-50 mg/kg +  Na2S-50 mg/kg treatment significantly decreased mouse spermatozoa motility by decreasing the population of grade A + B spermatozoa (Fig. 6A,
p < 0.05). Furthermore, Na2S-50 mg/kg and NH4Cl-10 +  Na2S-10 treatments significantly increased the population of grade D (immotile) spermatozoa (Fig. 6A, p < 0.05). Moreover, the Na2S-50 mg/kg treatment promoted
the number of abnormal mouse spermatozoa (Fig. 6B, p <  0.05). Na2S-50 +  NH4Cl-50 mg/kg also elevated spermatozoa abnormalities; however, the difference was not significant at p < 0.05. Finally, no treatments disrupted
mouse body weight gain during the experimental period (Fig. 6C).

Discussion

Numerous emerging studies suggest that air pollutants may cause a decline in the motility of human spermatozoa1–5.
NH3 and H2S are air pollutants that can be free or bound to air PM8,9,16,17. In the current study, H2S donor Na2S
and/or NH3 donor NH4Cl decreased boar spermatozoa motility in vitro and reduced mouse spermatozoa motility
in vivo, which confirmed our hypothesis that air pollutants might reduce spermatozoa motility. However, Na2S
and/or NH4Cl did not change boar spermatozoa viability, abnormality rate, plasma membrane integrity, mitochondrial membrane potential, or capacitation status. This suggests that the toxicity of NH4CL and/or Na2S treatments (used in current investigation) might be not very high just that spermatozoa motility was declined while
the spermatozoa survival was not impaired. This phenomenon was also found by the epidemiology studies1–5.
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Figure 6. (A) Mouse spermatozoa motility determined by CASA. Y-axis = % of total cells, X-axis =  the
treatment concentration mg/kg B.W. (p <  0.05). n =  8. (B) The abnormality of mouse spermatozoa detected by
eosin Y staining. a,b,c Means not sharing a common superscript are different (p <  0.05). (C) Mouse body weight.
Y-axis = body weight (g), X-axis = the treatment time (day). n ≥  4.

Although epidemiological studies have observed that air pollutants decrease spermatozoa motility, the underlying mechanisms are currently unknown. In this investigation, multiple signaling pathways were involved in
the reduction of boar spermatozoa motility through the impact of Na2S and/or NH4Cl. These pathways are all
connected to the AMPK pathway. AMPK, an energy status sensor, regulates cellular energy homeostasis, mitochondrial biogenesis and disposal, autophagy, cell polarity, and cell growth and proliferation. AMPK is expressed
in the ovaries, testes, and spermatozoa; it regulates gonadal steroidogenesis and is thus involved in fertility27.
Most interestingly, it modulates spermatozoa motility and other functions28,29. The increase in AMP: ATP or
ADP: ATP ratio can activate AMPK by phosphorylation at Thr172 (p-AMPK). It has also been found that Ca2+/
calmodulin-dependent protein kinase (CaMKKβ), transforming growth factor (TGFβ) activated kinase-1 (TAK1),
and LKB1 could activate AMPK28,30. TAK1 can be activated by cytokines. In the current study NH4Cl and/or
Na2S increased TAK1. In line with previous studies where exposure to low levels of airborne irritants stimulated
the markers of airway inflammation, where high level of H2S were detected in asthma patients, and exposure
to different size fractions of PM activated inflammation and oxidative stress signals, Na2S and/or NH4Cl might
elevate inflammatory factors to activate TAK1, which in turn enhances AMPK activation25,31,32. Combinations
of Na2S +  NH4Cl significantly elevated the protein levels of AMPK and p-AMPK (Thr172) in boar spermatozoa.
Na2S alone or NH4Cl alone stimulated p-AMPK (Thr172), but not AMPK protein in boar spermatozoa. Na2S and
combinations of NH4Cl + Na2S diminished the activity of Na+/K+-ATPase in boar spermatozoa. Consistent with
the notion that AMPK is very sensitive to the AMP: ATP ratio, our data suggested that NH4Cl and/or Na2S might
decrease ATP production in spermatozoa by inhibiting ATPase, which consequently activated AMPK to reduce
spermatozoa motility28.
Because boar sperm motility is sensitive to oxidative stress and H2O2 is the major free radical mediating
direct ROS effects in boar spermatozoa, H2O2 was measured in boar spermatozoa after Na2S and/or NH4Cl
treatments33. Interestingly, Nguyen et al.34 observed that AMPK stimulated intracellular anti-oxidative defense
enzymes in chicken spermatozoa. In the current study, Na2S and the combination of Na2S +  NH4Cl elevated
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Figure 7. H2S and/or NH3 regulation of spermatozoa motility through multiple signaling pathways.

H2O2 in boar spermatozoa in vitro. However, at the same time the antioxidant enzymes SOD and GPX1 were also
increased by N2S and the combinations of Na2S +  NH4Cl. These results indicated that N2S and the combinations
of Na2S +  NH4Cl might promote oxidative stress; on the other hand, in order to defend against the stress, the boar
spermatozoa might activate antioxidant systems to suppress ROS. The PI3K/AKT pathways play critical roles
in controlling cell survival and spermatozoa motility. Sagare-Patil et al.35 found that the PI3K-AKT pathway is
required for motility and hyper-activation in human spermatozoa and Gallardo Bolaños et al.36 observed that
p-AKT preserved stallion spermatozoa motility. Moreover, activation of AKT inhibits AMPK phosphorylation
(Thr172)30; the PTEN signaling pathway regulates cell proliferation, cell-cycle progression, and cell survival; and
ROS, ATP deficiency, and AMPK activation promote PTEN expression and nuclear accumulation37–40. However,
PTEN is a negative regulator of AKT. In the current study, Na2S and the combinations of Na2S +  NH4Cl increased
the protein level of PI3K; however, these treatments decreased AKT and p-AKT levels. Na2S and/or NH4Cl treatments also elevated the protein levels of PTEN and p-PTEN in boar spermatozoa. This data suggested that the
increase in H2O2, ATP deficiency, and AMPK activation stimulated the PTEN pathway, which consequently
inhibited AKT activation. On the other hand, the decrease in AKT stimulates AMPK activation30. Furthermore,
AKT inhibition might reduce spermatozoa motility due to its importance in controlling spermatozoa motility35,36.
PI3K/ERK pathway is very important for cell survival and growth too35,41. PI3K might activate ERK pathway to
increase p-ERK in the spermatozoa. It also was found that spermatozoa viability was not altered by NH4CL and/
or Na2S treatment. Therefore p-ERK might play crucial role in the sperm survival.
It is known that mammalian spermatozoa are transcriptionally and translationally inactive. However, it has
been found that post-translational modifications and protein acquisition/degradation play very import role in
spermatozoa in order to response to the changes in the epididymis and female tract42. In current study, NH4CL
and/or Na2S treatments altered many proteins or phosphorylated proteins in spermatozoa which might be due to
the post-translational modifications and protein acquisition/degradation.
The combination of Na2S-50 mg/kg +  NH4Cl-50 mg/kg treatment significantly decreased mouse spermatozoa
motility by reducing the percentage of grade A + B spermatozoa and elevating grade D (immotile) spermatozoa
in vivo, which agreed with the data from boar spermatozoa in vitro. The data further indicated that exposure to
one component of air pollution may not be excessively problematic; however, a combination of two or more components of air pollution might synergistically pose problems to human health.
In conclusion, the data from boar spermatozoa in vitro demonstrated that H2S and/or NH3 disrupted multiple
signaling pathways to diminish spermatozoa motility. The main points include a decrease in ATP production and
AKT levels, activation of AMPK and PTEN, and an increase in ROS. The increase in ROS might activate PTEN,
which in turn diminished AKT activation. The ATP deficiency (indicated by reduction in Na+/K+ ATPase activity),
TAK1 activation, and AKT deactivation stimulate AMPK, which results in a decline in spermatozoa motility
(Fig. 7). And the in vivo data with mouse spermatozoa confirmed the in vitro results. Findings of the present study
suggest that H2S and/or NH3 may be adversely associated with spermatozoa quality, particularly spermatozoa
motility.

Materials and Methods

Collection of boar semen and preparation of spermatozoa samples for different treatments.
Porcine spermatozoa incubation medium powder was purchased from Hangzhouyuefeng Bio-engineering CO.,
Ltd. (Hangzhou, China). The medium can maintain pH, osmolarity, ion balance, and buffering to sustain spermatozoa activity for 7–14 d. Semen samples from Duroc boars (2–3 y old) were commercially obtained from a
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Regional Porcine Company (Hengshengyuan CO., Ltd., Qingdao, China). All boars were housed in individual
pens in an environmentally controlled building (15–25 °C) according to Regional Government and national regulations. Artificial insemination took place using preserved liquid semen from boars of demonstrated fertility.
Fresh ejaculates were collected with the gloved hand technique and stored at 17 °C before use28. Semen samples
from 3–5 animals were pooled each time to minimize individual boar variation and the samples had >80%
morphologically normal spermatozoa. Subsequently, the semen was diluted with incubation medium to a concentration ~40 ×  106 cell/ml and then the cells were treated with NH3 donor NH4Cl (Cat #:09718; Sigma-Aldrich
Co. LLC. St. Louis, MO, USA) and/or H2S donor Na2S (Cat #:431648; Sigma-Aldrich Co. LLC.)43,44. There were
ten treatment groups: (1) Vehicle control (blank incubation medium); (2) NH4Cl-100 μM; (3) NH4Cl-400 μM;
(4) NH4Cl-1600 μM; (5) Na2S-25 μM; (6) Na2S-50 μM; (7) Na2S-100 μM; (8) H4Cl-100 μM +  Na2S-25 μM;
(9) NH4Cl-400 μM + Na2S-50 μM; (10) NH4Cl-1600 μM + Na2S-100 μM. The treatment time was 24 h.

Mouse exposure to NH4CL and/or Na2S. This investigation was carried out in strict accordance with the

recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
The protocol was approved by the Committee on the Ethics of Animal Experiments of Qingdao Agricultural
University IACUC (Institutional Animal Care and Use Committee). Animals were housed under a light: dark
cycle of 12:12 h and at a temperature of 23 °C and humidity of 50–70%. Mice were handled humanely during the
experiments and in order to minimize fighting, two mice were housed per shoebox-type cage with a solid floor
and woodchip bedding. Mice had constant access to food (chow diet) and water, and bedding was changed every
other day45.
Mice were exposed to NH4Cl and/or Na2S via oral gavage. The NH4Cl and/or Na2S dosing solution was freshly
prepared on a daily basis in phosphate buffered saline (PBS) solution and given to animals as described previously24,46.
There were 7 treatments (8 mice/treatment): (1) vehicle control (PBS); (2) NH4Cl-10 mg/kg BW; (3) NH4Cl50 mg/kg BW; (4) Na2S-10 mg/kg BW; (5) Na2S-50 mg/kg BW; (6) NH4Cl-10 mg/kg +  Na2S-10 mg/kg BW;
(7) NH4Cl-50 mg/kg BW +  Na2S-50 mg/kg BW. The volume of gavage for each mouse was 0.1 ml/d. The gavage
took place every morning for 30 d starting at 25 d of age.

pH measurement. The pH of the samples was determined by a pH-meter (PB-10; Satorium; Germany). The
electrode was thoroughly washed every time with distilled water before and after sample detection. 3–5 replicates
were assessed for every sample47.
Evaluation of spermatozoa motility by computer-assisted sperm analysis system. Spermatozoa
motility was assessed by the computer-assisted sperm assay (CASA) method according to World Health
Organization guidelines48. After 24 h of treatment, boar spermatozoa were incubated at 37.5 °C for 30 min then
samples were placed in a pre-warmed counting chamber (MICROPTIC S.L., Barcelona, Spain). After euthanized,
spermatozoa was collected from cauda epididymis of mice and suspended in DMEM/F12 medium with 10% FBS
and incubated at 37.5 °C for 30 min then samples were placed in a pre-warmed counting chamber49. The Micropic
Sperm class analyzer (CASA system) was used in this investigation. It was equipped with a 20-fold objective, a
camera adaptor (Eclipse E200, Nicon, Japan), and a camera (acA780-75gc, Basler, Germany), and it was operated
by an SCA sperm class analyzer (MICROPTIC S.L.). The classification of sperm motility was as follows: grade A
linear velocity >22 μm s−1; grade B <22 μm s−1 and curvilinear velocity >5 μm s−1; grade C curvilinear velocity
<5 μm s−1; and grade D immotile spermatozoa48.
Morphological observations of spermatozoa.

After 24 h of treatment and subsequent incubation at
37.5 °C for 30 min, the boar spermatozoa were stained with Eosin Y (1%) as described by Shin et al.50. Briefly,
the extracted caudal epididymis from mice were placed in RPMI and finely chopped and then Eosin Y (1%) was
added for staining. Spermatozoa abnormalities were classified into head or tail morphological abnormalities: two
heads, two tails, blunt hooks, and short tails (for each treatment group sample, 3–6 repeats).

Flow cytometry analysis.

A FACSCaliburTM flow cytometer (BD Bioscience, Mississauga, ON) containing
a 488-nm laser, forward scatter (FSC) diode detector, and photomultiplier tube (PMT) SSC detector was used.
Data collection was performed with CellQuest software and further analyzed with ModiFit LT software (ModiFit
LT for Maclntel). About 10 000–20 000 spermatozoa were analyzed in each group28.

Analysis of boar spermatozoa viability by flow cytometry. As described by Hurtado de Llera et al.28,

fluorescent staining using the Live/Dead spermatozoa viability kit (Cat #: L7011; Thermo Fisher scientific Inc.,
Waltham, MA, USA) was performed to measure boar spermatozoa viability following the manufacturer’s instructions. Briefly, 5 μl of SYBR-14 (20 μmol/l) was added to 1 ml of spermatozoa sample in PBS with 40 ×  106 cells/ml
and incubated for 10 min at room temperature (RT) in darkness. And then 10 μl of propidium iodide (PI; 2.4 mM)
was added into the sample and incubated for another 10 min at RT in darkness. After incubation, spermatozoa
were analyzed by the flow cytometer. The fluorescence values of SYBR-14 were collected in the FL1 sensor using
a 525 nm bad pass filter, whereas PI fluorescence was collected in the FL3 sensor using a 620 nm bad pass filter.
The viable spermatozoa were expressed as the average of the percentage of SYBR14+/PI− spermatozoa ±  SEM.

Evaluation of phosphatidylserine externalization at the outer leaflet plasma membrane of boar
spermatozoa by flow cytometry. The spermatozoa plasma membrane phosphatidylserine (PS) externalization was detected by Annexin-V-FITC (Cat #: FA101; Beijing TransGen Biotech Co., Ltd.; Beijing, China) to
specifically detect PS translocation from the inner to the outer leaflet of the boar spermatozoa plasma membrane
as described by Hurtado de Llera et al.28. Briefly, after 24 hr treatment, boar spermatozoa cells were collected
and resuspended in 1×Annexin V binding buffer (100 μl). Then 5 μl Annexin V and 5 μl PI were added into the
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samples following by incubation for 15 min in the darkness at RT. After incubation, 400 μl of binding buffer were
added to each sample and mixed before flow cytometry analysis. The fluorescence values of probes Annexin
V-FITC and PI were collected in the FL1 and FL3 sensors using a 520 and 620 nm bad pass filter, respectively. The
results are expressed as the average of the percentage of Annexin V+/PI− spermatozoa ±  SEM.

Analysis of boar spermatozoa mitochondrial membrane potential (△Ψm) by flow cytometry.

The mitochondrial membrane potential ( △ Ψ m ) was measured by the specific probe JC-1 (5,5′  , 6,6′
-tetrachloro-1,1′,3,3′tetraethylbenzymidazolyl carbocyanine iodine; JC assay kit, Cat #: M34152; Thermo Fisher
scientific Inc., Waltham, MA, USA)28. Briefly, after 24 hr treatment, the sperm cells was collected and resuspended in 1 ml PBS, and 10 μl of 200 μM JC-1 solution was added into the samples following incubation at 37 °C
for 30 min. The samples were analyzed by flow cytometry analysis. The fluorescence value was collected using a
525 nm bad pass filter and the percentage of orange stained cells was recorded to be the population of spermatozoa with a high mitochondrial membrane potential. The data were present as the average percentage of high
△Ψm spermatozoa ±  SEM.

Determination of capacitation status. Sperm cells were tested with chlortetracycline (CTC; Cat #:
16663-5; Cayman Chemical, Ann Arbor, Michigan, USA) assay to assess the capacitation status as well as acrosome reaction as described by Bucci et al.51. Briefly, 100 μL of sperm suspension (40 ×  106spermatozoa/ml) was
mixed with 100 μL of CTC solution (750 μM CTC; 5mM L-cysteine; 130 mM NaCl; 20 mM TrisHCl) and 200 μL
of 12.5% glutaraldehide solution and incubation for 30 sec at RT in darkness. 20 μL of the solution was spotted
onto a slide and mounted with Vecta shield mounting medium (Vector Laboratories, Burlingame, CA, USA). The
sperm cells were viewed by a fluorescence microscope. Three different patterns were identified:
F:fluorescence in the whole head, typical of freshly ejaculated spermatozoa;
B:fluorescence in the acrosomal region and negativity of the post-acrosomal region, typical of capacitated
spermatozoa;
AR:fluorescence in the equatorial line, typical of acrosome reacted cells.
At least 500 cells were counted in each treatment group.

Detection of boar spermatozoa intracellular levels of H2O2. 20, 70-dichlorodihydrofluoresceindiacetate
(H2DCFDA; Cat #: E004; Nanjing Jiancheng Biotech Inc., Nanjing, China) was used to detect H2O2 as described
by Awda et al.33. After 24 hr treatment, the sperm cells were collected and staining with H2DCFDA (10 μM)
in darkness for 30 min, then fluorescence was assessed in a FACS Calibur flow cytometer (BD Bioscience,
Mississauga, ON) with 530 nm LP filter. The data were present as the mean fluorescence intensity ±  SEM.

Determination of protein levels by Western blotting.

The procedure for western blotting analysis
of proteins was reported by Zhao et al.52. Briefly, sperm cells were lysed in RIPA buffer containing the protease
inhibitor cocktail from Sangong Biotech, Ltd. (Shanghai, China). Protein concentration was determined by BCA
kit (Beyotime Institute of Biotechnology, Shanghai, China). Goat anti-glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) (Cat #: sc-48166, Santa Cruz Biotechnology, Inc., Dallas, Texas, USA) was used as a loading control.
The other primary antibodies (Abs) were purchased from Beijing Biosynthesis Biotechnology CO., LTD, (Beijing,
China) (Table S1). Secondary donkey anti-goat Ab (Cat no.: A0181) was purchased from Beyotime Institute of
Biotechnology (Shanghai, P.R. China), and goat anti-rabbit (Cat no.: A24531) Abs were bought from Novex by
life technologies (USA). Fifty micrograms of total protein per sample were loaded onto 10% SDS polyacrylamide
electrophoresis gels. The gels were transferred to Polyvinylidene Fluoride (PVDF) membrane at 300 mA for 2.5 hr
at 4 °C. Then, the membranes were blocked with 5% BSA for 1 hr at RT, followed by three washes with 0.1%
Tween-20 in TBS (TBST). The membranes were incubated with primary Abs diluted with 1:500 in TBST with 1%
BSA overnight at 4 °C. After three washes with TBST, the blots were incubated with the HRP-labeled secondary
goat anti-rabbit or donkey anti-goat Ab respectively for 1 hr at RT. Then, the blots were imaged after three washes.

®

Detection of protein levels and location in spermatozoa using immunofluorescent staining.

Hurtado de Llera et al.53 have reported the methodology for immunofluorescent staining of spermatozoa. After
24 hr treatment boar spermatozoa were fixed in 4% paraformaldehyde for 1 hr, then the cells were spread onto
poly-L-lysine coated microscope slides and air-dry. After three washings with PBS (5 min each) spermatozoa
were incubated with 2% (vol/vol) Triton X-100 in PBS for 1 hr at RT. Then, after three washes with PBS, the cells
were blocked with 1% (wt/vol) BSA and 1% goat serum in PBS for 30 min at RT, then incubation with primary
antibodies PI3K, p-AKT and ERK (1:100) diluted in blocking solution overnight at 4 °C. The following morning,
after three washes with PBS Tween 20 (0.5%) the slides were incubated with Alexa Fluor 546 goat anti-rabbit
IgG (1:200) for 30 min in darkness at RT. The negative controls samples were incubated with secondary antibody
and without primary antibody. Slides were washed with PBS Tween-20 three times and then incubated with
DAPI (4.6-diamidino-2-phenylindole hydrochloride, 100 ng/ml) as nuclear stain for 5 min. After brief wash with
ddH2O, the slides were covered with an anti-fading mounting medium (Vector, Burlingame, USA). Fluorescent
images were obtained with Leica Laser Scanning Confocal Microscope (LEICA TCS SP5 II, Germany).

Measurement of Na+/K+-ATPase activity.

The activity of Na+/K+-ATPase was determined by the kit
from Nanjing Jiancheng Biochemistry Co. (Nanjing, China) following the manufacturer’s instruction54. Briefly,
after 24 hr treatment, the spermatozoa were collected and lysed in 0.9% NaCl. Then the enzyme activity in the
lysate was determined spectrophotometrically with the kit. The protein concentration was measured by the BCA
method.
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ATP rescue experiment. To test whether ATP can rescue the inhibitory effect of Na2S and/or NH4Cl on
boar spermatozoa motility, 1 or 2 mM ATP (Cat #:10519979001; Sigma-Aldrich Co. LLC) was added to the incubation solution when the spermatozoa were treated with Na2S/NH4Cl55. Then after a 24 h treatment, spermatozoa
motility was determined using the CASA method.
Statistical analysis. The data were statistically analyzed by SPSS statistical software (IBM Co., NY) using
ANOVA. Comparisons between groups were tested by One-Way ANOVA analysis and the LSD test. All groups
were compared with each other for every parameter (mean ± SEM). Differences were considered significant at
p <  0.05.

References

1. Birdsall, M. A. Sperm quality in New Zealand: Is the downward trend continuing. N. Z. Med. J. 128(1423), 50–56 (2015).
2. Centola, G. M., Blanchard, A., Demick, J., Li, S. & Eisenberg, M. L. Decline in sperm count and motility in young adult men from
2003 to 2013: observations from a U.S. Sperm Bank. Andrology 4(2), 270–276 (2016).
3. Fathi Najafi, T. et al. Air pollution and quality of sperm: a meta-analysis. Iran Red. Crescent. Med. J. 17(4), e26930 (2015).
4. Hammoud, A. et al. Decreased sperm motility is associated with air pollution in Salt Lake City. Fertil. Steril. 93(6), 1875–1879
(2010).
5. Wijesekara, G. U., Fernando, D. M., Wijerathna, S. & Bandara, N. Environmental and occupational exposures as a cause of male
infertility. Ceylon Med. J. 60(2), 52–56 (2015).
6. Deng, Z. et al. Associateion between air pollution and sperm quality: a systematic review and meta-analysis. Environ. Pollut. 208
(Pt B), 663–669 (2016).
7. Frutos, V. et al. Impact of air pollution on fertility: a systemic review. Gynecol. endocrino. 31(1), 1–7 (2014).
8. Samet, J. M., DeMarini, D. M. & Malling, H. V. Biomedicine. Do airbone particles induce heritable mutations? Science 304(5673),
971–972 (2004).
9. Cambra-López, M., Aarnink, A. J., Zhao, Y., Calvet, S. & Torres, A. G. Airborne particular matter from livestock production systems:
a review of an air pollution problem. Environ. Pollut. 158(1), 1–17 (2010).
10. Wing, S., Horton, R. A. & Rose, K. M. Air pollution from industrial swine operations and blood pressure of neighboring residents.
Environ. Health Perspect. 121(1), 92–96 (2013).
11. Hansen, C. et al. The effect of ambient air pollution on sperm quality. Environ. Health Perspect. 118(2), 203–209 (2010).
12. Jurewicz, J. et al. The relationship between exposure to air pollution and sperm disomy. Environ. Mol. Mutagen. 56(1), 50–59 (2015).
13. Shah, P. S. & Balkhair, T. Knowledge Synthesis Group on Determinants of Preterm/LBW births. Air pollution and birth outcomes: a
systematic review. Environ. Int. 37(2), 498–516 (2011).
14. Woodruff, T. J., Darrow, L. A. & Parker, J. D. Air pollution and postneonatal infant mortality in the United States, 1999–2002.
Environ. Health Perspect. 116(1), 110–115 (2008).
15. Ebisu, K. & Bell, M. L. Airborne PM2.5 chemical components and low birth weight in the northeast and mid-Atlantic regions of the
United States. Environ. Health Perspect. 120(12), 1746–1752 (2012).
16. Cai, L., Koziel, J. A., Lo, Y. C. & Hoff, S. J. Characterization of volatile organic compounds and odorants associated with swine barn
particulate matter using solid-phase microextraction and gas chromatography-mass spectrometry-olfactometry. J. Chromatogr. A.
1102(1-2), 60–72 (2006).
17. Dai, X. R. et al. Characteristics of pollutant gas releases from swine, dairy, beef and layer manure, and municipal waste water. Water
Res. 76, 110–119 (2015).
18. Behera, S. N., Sharma, M., Aneja, V. P. & Balasubramanian, R. Ammonia in the atmosphere: a review on emission sources,
atmospheric chemistry and deposition on terrestrial bodies. Environ. Sci. Pollut. Res. Int. 20(11), 8092–8131 (2013).
19. Braissant, O., McLin, V. A. & Cudalbu, C. Ammonia toxicity to the brain. J. Inherit. Metab. Dis. 36, 595–612 (2013).
20. Liu, Z., Powers, W., Murphy, J. & Maghirang, R. Ammonia and hydrogen sulfide emissions from swine production facilities in North
America: a meta-analysis. J. Anim. Sci. 92(4), 1656–1665 (2014).
21. Sutton, M. A., Erisman, J. W., Dentener, F. & Möller, D. Ammonia in the environment: from ancient times to the present. Environ.
Pollut. 156(3), 583–604 (2008).
22. di Masi, A. & Ascenzi, P. H2S: A “Double face” molecule in health and disease. BioFactors 39(2), 186–196 (2013).
23. Zhu, X., Gu, H. & Ni, X. Hydrogen sulfide in the endocrine and reproductive systems. Expert. Review of Clinical Pharmacol. 4(1),
75–82 (2011).
24. Hine, C. et al. Endogenous hydrogen sulfide production is essential for dietary restriction benefits. Cell 160(1–2), 132–144 (2015).
25. Olsona, K. R., DeLeona, E. R. & Liu, F. Controversies and conundrums in hydrogen sulfide biology. Nitric Oxide 41, 11–26 (2014).
26. Reiffenstein, R. J., Hulbert, W. C. & Roth, S. H. Toxicology of hydrogen sulfide. Annu. Rev. Pharmacol. Toxicol. 32, 109–134 (1992).
27. Bertoldo, M. J., Faure, M., Dupont, J. & Froment, P. AMPK: a master energy regulator for gonadal function. Front Neurosci. 9, 235
(2015).
28. Hurtado de Llera, A., Martin-Hidalgo, D., Gil, M. C., Garcia-Marin, L. J. & Bragado, M. J. AMPK up-activation reduces motility and
regulates other functions of boar spermatozoa. Mol. Hum. Reprod. 21(1), 31–45 (2015).
29. Hurtado de Llera, A., Martin-Hidalgo, D., Gil, M. C., Garcia-Marin, L. J. & Bragado, M. J. New insights into transduction pathways
that regulate boar sperm function. Theriogenology 85(1), 12–20 (2016).
30. Hardie, D. G. AMP-activated protein kinase: an energy sensor that regulates all aspects of cell function. Genes Dev. 25(18),
1895–1908 (2011).
31. Guerra, R. et al. Exposure to inhaled particulate matter activates early markers of oxidative stress, inflammation and unfolded
protein response in rat striatum. Toxicol. Lett. 222(2), 146–154 (2013).
32. Lyngen, B. et al. Short term exposure to low amount of airway irritants in a swine confinement building and inflammatory marjers
in blood and exhaled air. Ann. Agric. Environ. Med. 21(3), 479–484 (2014).
33. Awda, B. J., Mackenzie-Bell, M. & Buhr, M. M. Reactive oxygen species and boar sperm function. Biol. Reprod. 81(3), 553–561
(2009).
34. Nguyen, T. M., Seigneurin, F., Froment, P., Combarnous, Y. & Blesbois, E. The 5′-AMP- Activated protein kinase is involved in the
augmentation of antioxidant defenses in cryopreserved chicken sperm. PLoS One 10(7), e0134420 (2015).
35. Sagare-Patil, V., Vernekar, M., Galvankar, M. & Modi, D. Progesterone utilizes the PI3K- AKT pathway in human spermatozoa to
regulate motility and hyperactivation but not acrosome reaction. Mol. Cell Endocrinol. 374(1–2), 82–91 (2013).
36. Gallardo Bolaños, J. M. et al. Phosphorylated AKT preserves stallion sperm viability and motility by inhibiting caspases 3 and 7.
Reproduction 148(2), 221–235 (2014).
37. Das, R. et al. Mathanine synergistically enhances cytotoxicity of 5-fluorouracil through ROS-mediated activation of PTEN and p53/
p73 in colon carcinoma. Apoptosis 19(1), 149–164 (2014).
38. Kim, S. A. & Choi, H. C. Metformin inhibits inflammatory response via AMPK-PTEN pathway in vascular smooth muscle cells.
Biochem. Biophys. Res. Commun. 425(4), 866–872 (2012).

Scientific Reports | 6:37884 | DOI: 10.1038/srep37884

10

www.nature.com/scientificreports/
39. Kitagishi, Y. & Matsuda, S. Redox regulation of tumor suppressor PTEN in cancer and aging (Review). Int. J. Mol. Med. 31(3),
511–515 (2013).
40. Lobo, G. P. et al. ATP modulates PTEN subcellular localization in multiple cancer cell lines. Hum. Mol. Genet. 17(18), 2877–2885
(2008).
41. Hxan, D. et al. Nickel-Smelting Fumes Increased the Expression of HIF-1αthrough PI3K/ERK Pathway in NIH/3T3 Cells. J. Occup.
Health. [Epub ahead of print] (2016).
42. Asano, A., Nelson, J. L., Zhang, S. & Travis, A. J. Characterization of the proteomes associating with three distinct membrane raft
sub-types in murine sperm. Proteomics 10(19), 3494–3505 (2010).
43. Bodega, G. et al. Ammonia affects astroglial proliferation in culture. PLoS One 10(9), e0139619 (2015).
44. Mijušković, A. et al. Comparison of the effects of metanethiol and sodium sulphide on uterine contractile activity. Pharmacol. Rep.
66(3), 373–379 (2014).
45. Li, R. et al. Effect of exposure to atmospheric ultrafine particles on production of free fatty acids and lipid metabolites in the mouse
small intestine. Environ, Health Perspect 123(1), 34–41 (2015).
46. Nowik, M., Kampik, N. B., Mihailova, M., Eladari, D. & Wagner, C. A. Induction of metabolic acidosis with ammonium chloride
(NH4Cl) in mice and rats-species differences and technical considerations. Cell Physiol. Biochem. 26(6), 1059–1072 (2010).
47. Prieto-Martínez, N., Bussalleu, E., Garcia-Bonavila, E., Bonet, S. & Yeste, M. Effects of Enterobacter cloacae on boar sperm quality
during liquid storage at 17 °C. Anim. Reprod. Sci. 148(1–2), 72–82 (2014).
48. WHO. WHO Laboratory Manual for the Examination and Processing of Human Semen. 5th edition. Cambridge, UK: Cambridge
University Press. (ISBN 978-9241547789) (2010).
49. Jalili, C., Salahshoor, M. R. & Naderi, T. The effect of hydroalcoholic extract of P. crispum on sperm parameters, testis tissue and
serum nitric oxide levels in mice. Adv. Biomed. Res. 4, 40 (2015).
50. Shin, S. C., Kang, Y. M., Jin, Y. W. & Kim, H. S. Relative morphological abnormalities of sperm in the caudal epididymis of high-and
low-dose-rate gamma-irradiated ICR mice. J. Radiat. Res. 50(3), 261–266 (2009).
51. Bucci, D. et al. Alkaline phosphatase in boar sperm function. Andrology 2(1), 100–106 (2014).
52. Zhao, Y. et al. Differential regulation of gene and protein expression by zinc oxide nanoparticles in hen’s ovarian granulosa cells:
specific roles of nanoparticles. PLoS One 10(10), e0140499 (2015).
53. Hurtado de Llera, A. et al. AMP-activated kinase, AMPK, is involved in the maintenance of plasma membrane organization in boar
spermatozoa. Biochimica et Biophysica Acta 1828, 2143–2151 (2013).
54. Huang, H. et al. Down-regulated Na (+)/K(+)-ATPase activity in ischemic penumbra after focal cerebral ischemia/reperfusion in
rats. Int. J. Clin. Exp. Pathol. 8(10), 12708–12717 (2015).
55. Kim, S., Hooper, S., Agca, C. & Agca, Y. Post-thaw ATP supplementation enhances cryoprotective effect of iodixanol in rat
spermatozoa. Reprod. Biol. Endocrinol. 14(1), 5 (2016).

Acknowledgements

This study was supported by the Agricultural Science and Technology Innovation Program (ASTIP-IAS07) in
China and by National Key Research and Development Program of China (2016YFD0500500).

Author Contributions

H.F.Z., Y.Z. and W.D.Z. provided key intellectual input in the conception and design of these studies and H.F.Z.
and Y.Z. wrote the manuscript. X.Q.L., P.F.Z. and Y.N.H. performed spermatozoa quality experiments. L.L.,
L.C. and W.S. did the western blotting. X.F.T. and L.J.M. performed the I.H.F. experiments. Q.S.M. and S.K.W.
contributed to the writing of the manuscript. W.D.Z. and B.Y. did the animal experiments. All authors reviewed
the manuscript.

Additional Information

Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhao, Y. et al. Hydrogen Sulfide and/or Ammonia Reduces Spermatozoa Motility
through AMPK/AKT Related Pathways. Sci. Rep. 6, 37884; doi: 10.1038/srep37884 (2016).
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.
This work is licensed under a Creative Commons Attribution 4.0 International License. The images
or other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/
© The Author(s) 2016

Scientific Reports | 6:37884 | DOI: 10.1038/srep37884

11

