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Opinion article

Aquaporins in male reproductive system: a chance for paternity or a road to nowhere?
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Abstract

Aquaporins (AQPs) — small, “unusual” proteins, whose discovery revolutionized the view of
membrane transport of water and other small molecules, are essential for all living organism.
AQPs located in the male reproductive system seem to play a key role in the proper course of

many processes occurring within it, and thus maintaining a high reproductive potential.

There is no need to convince anyone that the global decline in male reproductive
potential observed in recent years has become one of the most serious obstacles on the way to
the longed-for fatherhood. Often, despite the lack of abnormalities in both the structure and
functioning of the male reproductive organs and with the correct sperm parameters, fertilization
does not take place, even with the use of modern procedures. Hence, many authors and medical
practitioners have long emphasized that the current standards and recommendations for
diagnostic testing of male reproductive tract and semen quality parameters are not sufficient
and new markers should be sought to enable precise determination of male reproductive
potential.! Could aquaporins (AQPs) — small, transmembrane proteins permeable to water and
other small molecules, which are widely distributed throughout the body, be a breakthrough in
research on the causes of male fertility disorders? Could the measurement of these proteins

become a modern and effective tool in the diagnostics of male infertility in the future? These
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questions seem to currently trouble many scientists working in the broad field of reproductive
method improvements both in humans and animals.

Of the 13 aquaporins known in mammals (AQPO-AQP12), the presence of as many as
11 have been confirmed in the male reproductive system (Figure 1A). It should be noted that
these are two more aquaporins compared to the kidneys, which, as is generally known, regulate
the water and electrolyte balance of the whole organism. The mere presence of 11 AQPs in
male sex organs indicates the potentially important role of these proteins in the normal course
of reproductive processes. According to many authors, AQPs are involved in spermatogenesis,
luminal fluid reabsorption/secretion and sperm physiology, including cell volume control,
osmoadaptation and motility.? It is also worth mentioning that AQPs expression in the male
reproductive tissues may be under the control of sex steroid hormones, for example, AQP9
levels in the developing rat epididymis was downregulated by estrogens, but this effect could
be reversed by testosterone administration.® Currently, aquaporins located in sperm attract the
most attention. To date, AQP3, AQP7, AQP8 and AQP11, which are present at specific sites in
the sperm, have been observed in humans and many animal species (Figure 1B).* A broader
analysis has not been carried out so far, and it has not been verified whether the remaining from
13 aquaporins may also be expressed in spermatozoa. After ejaculation, the sperm have to travel
a long way before reaching their destination in the female’s reproductive tract in a hypoosmotic
medium. The hypoosmotic environment triggers a series of changes in sperm, in which AQPs
appear to play essential roles. According to Delgado-Bermudez et al. (2022) after entering the
female tract, sperm cells swell, as a result of rapid water influx, and their volume increases,
resulting in destabilization of the cell membrane.> The proper sperm volume is restored
relatively quickly, but it is the destabilization of the membranes caused by excessive water
uptake that triggers the entrance of calcium and bicarbonate, which activates sperm capacitation
through the protein kinase A (PKA) signaling pathway that drives hyperactive motility and
prepares the sperm to the acrosome reaction. Undoubtedly, these changes would not be possible
without aquaporins, which, located mainly in the sperm cell membrane, enable efficient water
transport in both directions. In addition to water, AQPs transport glycerol (AQP3, AQP7 and
AQP11) necessary for energy production and H202 (AQP3, AQP8 and AQP11), whose excess
effectively impairs the fertilization-enabling capacitation processes. With these facts in mind,
it seems easy to predict the effects of decreased expression of AQPs in sperm. More than a
decade ago, it was shown that while lower expression of AQP3 did not affect the motility, it
caused increased vulnerability to hypotonic cell swelling, characterized by tail deformation.® It

was also found that lower expression or lack of AQP7 was related to abnormal sperm
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morphology and reduced motility.” In turn, the deficiency of AQP8 in mitochondrial
membranes hinders the elimination of reactive oxygen species (ROS).® Although there are
many other data available in the literature that indicate the importance of AQPSs in proper sperm
function, no attempts have been made to date to create reference standards for both their
localization and expression. Currently, we have methods, such as immunofluorescence or
Western blot that can evaluate the distribution of these proteins in sperm relatively easily,
inexpensively and rapidly. Although the development of reference standards for healthy men
seems to be very promising and offers a wide range of opportunities, some doubt the sense of
conducting research in this area and trying to introduce the determination of AQPs in sperm
into everyday medical practice. This is mainly due to reports from studies conducted in
knockout animals. It is indeed puzzling that no significant abnormalities are observed in
genetically modified laboratory animals lacking AQP1, AQP3, AQP4, AQP7, AQP8 and
AQP9, and these animals are still fertile. It should be emphasized that there is no information
regarding fertility in mice associated with depletion of AQP11, as the animals suffer from
polycystic kidney disease and die in the first weeks of life. How is it possible that the lack of
AQPs does not significantly affect male reproductive processes in transgenic animals?
According to some authors, this is related to the ability to produce a series of changes that
compensate for and increase membrane water transport and other small solutes. However, one
cannot entirely agree with this notion, because, first of all, there is no detailed information on
the analysis of sperm parameters and other important fertility indicators in these animals that
could unequivocally confirm this. Second, the currently available data indicate a reduction in
fertility and effective fertilization, especially in mice with AQP3 depletion.®

Another very interesting aspect related to the determination of AQPs in sperm is their
potential importance in semen cryopreservation. During freezing-thawing processes, sperm
must adapt to rapid osmotic changes and precisely adjust the flow of water and glycerol to limit
damage to the membrane and organelles.! It is not a coincidence that out of 4 aquaporins
identified in sperm, 3 of them are permeable to glycerol. In addition to being a source of energy
and an important element in sperm metabolism, glycerol is known for its cryoprotective
properties. In both humans and animals, there are individual differences in cryoresistance and
the ability of sperm to survive in cold temperatures. Does post-freezing semen quality depend
on AQPs expression in sperm? Could measuring the expression of these proteins be useful in
the future to predict tolerance to freeze-thawing in spermatozoa? Semen cryopreservation is of
great importance in large-scale livestock farming, hence the currently conducted research in

this area mainly concerns these species. A trend is emerging from the many works published
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so far, as most authors have noted a positive relationship between the expression of AQPs in
sperm and the quality of cryopreserved semen. Among them, Fujii and coworkers (2018)
demonstrated that the relative abundance of AQP3 and AQP7 was positively associated with
motility and velocity after sperm freeze-thawing.® The results obtained so far in animals appear
to be very promising and prompt this type of research also in humans. Introducing the
determination of AQPs levels in sperm into everyday practice will not only be helpful in fully
determining the quality of semen, but also in assessing its suitability for cryopreservation. It
should be noted that the pharmacological modulators of selected AQPs have long been sought
for and the first information on them has become available, which creates further opportunities
not only related to diagnostics, but also appropriate future therapy.

In conclusion, it should be definitely stated that the modern man struggling with the
problem of infertility needs state-of-the-art and extended diagnostics, as well as therapy
“tailored” to current times. Are AQPs the answer to these challenges or a dead end? Regardless
of the arguments for and against, as long as the answer to this question is not experimentally
verified, the discussion on this topic can go on indefinitely.
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Figure 1. Distribution of aquaporins (AQPSs) in human and animal (A) reproductive tracts
(modified from Zelenina et al. 2005)!° and (B) sperm (modified from Michatek et al. 2021,
Oberska and Michatek 2021). Both diagrams show the generalized and most frequently
observed locations of individual AQPs. Abbrevations: Ac, acrosome; He, head; Mp, mid-piece;

Mc, mitochondria; Cd, cytoplasmic droplet; T, tail.
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