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Abstract

Transporters are involved in the movement of many physiologically important
molecules across cell membranes and have a substantial impact on the
pharmacological and toxicological effect of xenobiotics. Many transporters have been
studied in the context of disposition to, or toxicity in, organs like the kidney and liver;
however, transporters in the testes are increasingly gaining recognition for their role in
drug transport across the blood-testis barrier (BTB). The BTB is an epithelial membrane
barrier formed by adjacent Sertoli cells (SCs) in the seminiferous tubules that form
intercellular junctional complexes to protect developing germ cells from the external
environment. Consequently, many charged or large polar molecules cannot cross this
barrier without assistance from a transporter. SCs express a variety of drug uptake and
efflux transporters to control the flux of endogenous and exogenous molecules across
the BTB. Recent studies have identified several transport pathways in SCs that allow
certain drugs to circumvent the human BTB. These pathways may exist in other
species, such as rodents and nonhuman primates; however, there is (1) a lack of
information on their expression and/or localization in these species and (2) conflicting
reports on localization of some transporters that have been evaluated in rodents
compared to humans. This review outlines the current knowledge on the expression and
localization of pharmacologically relevant drug transporters in human testes and calls
attention to the insufficient and contradictory understanding of testicular transporters in

other species that are commonly used in drug disposition and toxicity studies.
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Significance Statement

While the expression, localization, and function of many xenobiotic transporters
have been studied in organs such as the kidney and liver, the characterization of
transporters in the testes is scarce. This review summarizes the expression and
localization of common pharmacologically-relevant transporters in human testes that
have significant implications for the development of drugs that can cross the blood-testis
barrier. Potential expression differences between humans and rodents highlighted here
suggest rodents may be inappropriate for some testicular disposition and toxicity

studies.
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Introduction

The blood-testis barrier (BTB) is comprised of Sertoli cells (SCs) lining the
seminiferous tubules that form intercellular junctional complexes to protect developing
germ cells from external threats, such as the immune system and reproductive toxicants
(Figure 1) (Dym and Fawcett, 1970). There are three components that work
synergistically to achieve barrier function in the testes. First, the tight network of SC
membranes and their associated junctional complexes constitutes the physical
component of the BTB, which can be perturbed by certain toxicants or physical injury
(Pelletier, 2011). Next, membrane transporters along the basal membrane of SCs,
peritubular myoid cells (PMCs), and Leydig cells (LCs) comprise the physiological
component of the BTB (Mital et al., 2011; Mruk and Cheng, 2015; Mruk et al., 2011).
Lastly, the secretion of immunomodulatory factors by SCs, PMCs, and LCs to suppress
the immune system from targeting haploid germ cells represents the third component of
the BTB (Fijak and Meinhardt, 2006; Li et al., 2012; Zhao et al., 2014). Together, these
mechanisms provide a secure compartment in the male genital tract for
spermatogenesis to transpire. However, the testes also serve as a sanctuary site for
some viruses (e.g., Ebola, HIV, and Zika) and cancers (e.g., leukemia) because the
BTB prevents many therapeutics from gaining access to this compartment (Byrn and
Kiessling, 1998; Deen et al., 2017; Houzet et al., 2014; Kiessling et al., 1998; Ma et al.,
2021; Nesbit et al., 1980; Ritzen, 1990; Robinson et al., 2018).

To cross the BTB effectively, drugs must be able to passively diffuse between

cells or across membranes or be substrates of membrane receptors or carrier proteins,

20z ‘6T |Udy UOSeUINOr 13dSY e BIosfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on February 2, 2023 as DOI: 10.1124/dmd.122.001186
This article has not been copyedited and formatted. The final version may differ from this version.

DMD-MR-2022-001186R1 Hau et al.

such as uptake transporters. Common drug uptake transporters include the
concentrative and equilibrative nucleoside transporters (CNTs and ENTs), organic
cation transporters (OCTs), novel organic cation transporters (OCTNs), organic anion
transporters (OATs), and organic anion transporting polypeptides (OATPs). However,
SCs also express efflux transporters at their basal membranes to pump drugs back into
the blood, including P-glycoprotein (P-gp), breast cancer resistance protein (BCRP),
and the multidrug resistance associated proteins (MRPs) are the major efflux
transporters in many tissues. While the multidrug and toxin extrusion proteins (MATES)
are traditionally referred to as efflux transporters at acidic pHs, they can function as
uptake transporters at physiological pH (7.4), which may be a mechanism of action in
the testes. The function of these transporters has been studied in tissues such as liver,
kidneys, and brain; however, many of these processes are also likely to play important
roles in the testes. SC transporters are critical for maintaining normal physiological
function in the testes because they mediate the flux of nutrients across the BTB to
support developing germ cells. However, their presence at this membrane barrier
permits some xenobiotics into the male genital tract that can treat testicular diseases or
disorders and/or cause reproductive toxicity. The physiochemical properties of these
small molecule drugs vary, although many are bulky and charged at physiological pH,
which limit their permeability across cell membranes, thereby requiring transporters.
Although there have been several studies assessing the localization and function
of selected drug transporters at the human BTB (Bakos et al., 2022; Bart et al., 2004;
Bleasby et al., 2006; Hau et al., 2022; Hau et al., 2020; Huang et al., 2016; Huber et al.,

2007; Klaassen and Aleksunes, 2010; Klein et al., 2013; Klein et al., 2014; Lee et al.,
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2004; Melaine et al., 2002; Morgan et al., 2012; Pizzagalli et al., 2002; Suzuki et al.,
2003), there are many more exploratory and functional studies across preclinical
species that need to be performed. These current studies have typically relied on
immunohistological/immunocytofluorescence techniques, mRNA expression profiles
(Northern blots, RNA-sequencing, transcriptomics, and RT-qPCR), protein expression
profiles (Western blots and proteomics), and functional transport studies in whole
rodents or isolated SCs. The different strengths and weaknesses of these experimental
techniques add to the complexity of data interpretation and current understanding of
testicular drug transporter expression, localization, and function across species remains
unclear. Typical comprehensive mRNA and protein expression profiles are based on
whole testicular tissues and can be unreliable for classifying relative expression levels in
specific cell types because these studies include an abundance of transcripts and
proteins from SCs, PMCs, LCs, vascular endothelial cells, and germ cells (Augustine et
al., 2005; Bleasby et al., 2006; Klaassen and Aleksunes, 2010; Li et al., 2011).
However, SC-specific transporter expression analyses have been performed (Augustine
et al.,, 2005; Hau et al., 2020) and can corroborate immunohistological- and
immunocytofluorescence-based techniques that assess expression and localization of
transporters at the BTB. It is important to note that antibody specificity is a major
limitation in immunolocalization studies, although positive and negative controls in the
same or independent studies should provide evidence in support of their specificity. In
vitro studies that confirm functional transporter localization at the basal or apicolateral
membranes of SCs are ideal; however, it is important to note that SCs cultured on

Transwell inserts typically form weak intercellular interactions that permit greater
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paracellular flux compared to conventional epithelial cell lines (Chui et al., 2011; Gerber
et al., 2020; Hau et al., 2020; Mruk and Cheng, 2011; Papadopoulos et al., 2016;
Prozialeck and Lamar, 1997; Siemann et al., 2017; Srinivasan et al., 2015; Tsetsarkin et
al., 2020; Wu et al., 2019). This suggests that Transwell SC cultures may not accurately
reflect the in vivo BTB, and conclusions from these studies should be carefully
interpreted. Moreover, species differences in transporter localization can produce
misleading disposition or toxicity predictions when extrapolating to humans (Hau et al.,
2021). Independent of other data, the qualitative methods used to detect transporter
expression (e.g., immunolocalization, Western blots, RT-qPCR, and transcriptomics)
produce inadequate evidence to describe transporter function. On the other hand,
quantitative, functional transport studies, alone, are also inappropriate for predicting
transporter localization in the testes. Therefore, both analytical methods must be used
to develop a clear picture of transporter expression and function in the testes. The
purpose of this review is to summarize the current understanding of the expression and
localization of classical drug transporters in human testes and to highlight the
knowledge gaps that may fundamentally alter the conclusions drawn from testicular

drug disposition or toxicity studies that use rodents.
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Nucleoside Transporters

Nucleoside transporters are responsible for the bidirectional movement of
endogenous nucleosides and nucleobases through cell membranes, and are
fundamental to maintaining nucleoside homeostasis in the cytoplasm and in certain
organelles (e.g., the mitochondria and nucleus) (Barros et al., 1995; Errasti-Murugarren
et al., 2011; Govindarajan et al., 2007; Klein et al., 2013; Senyavina et al., 2016; Young
et al., 2013). Nucleoside transporters also facilitate the bidirectional transport of
xenobiotics, including many antivirals and antineoplastics. These types of drugs can be
especially useful for treating testicular indications, including certain cancers or viral
infections, in the male genital tract. Examples of these drugs include abacavir,
gemcitabine, and remdesivir (Cerveny et al., 2018; Grunewald et al., 1991; Mackey et
al., 1998; Mackey et al., 1999; Miller et al., 2021b). In rat and human testes, as
supported by immunological localization and functional assessment, ENT1 is localized
to the basal membrane of SCs, whereas ENT2 is localized to the apicolateral
membrane of SCs (Figure 2, Table 1) (Klein et al., 2013). Here, ENT1 permits the
bidirectional movement of nucleosides and nucleoside analogs from the blood into SCs,
or out of SCs back into the blood. On the apicolateral membrane, ENT2 allows these
molecules to move from SCs into, or be recycled from the lumen of seminiferous
tubules. Consequently, this polarized distribution of ENT1 and ENT2 establishes a Na’-
independent transepithelial transport pathway to deliver xenobiotics across the BTB into

the male genital tract for treating viral infections, cancers, and other testicular
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indications. One such example of a nucleoside analog therapeutic used to treat
leukemias, which can reside in the sanctuary site afforded by the BTB (Bowman et al.,
1984; Chu et al., 1982; Gajjar et al., 1996; Grundy et al., 1997; Heaney et al., 1983;
Kulkarni et al., 2010; Nesbit et al., 1980; Ritzen, 1990; Shaffer et al., 1992; Tombolini et
al., 1986), is clofarabine. It is also known to cause toxicities in many organs, including in
the seminiferous tubules of rodents and canines (U.S. Food and Drug Administration,
2004). Clofarabine has been shown to be a substrate of ENT1 and ENT2, and its
disposition across the in vivo rat BTB is dependent on the ENTs (Miller et al., 2021a). In
addition to SC expression, ENT1 and ENT2 are expressed by rat and human LCs and
developing germ cells, which would support normal cellular growth and health.

Another transporter that may deliver nucleosides into the adluminal compartment
is CNT2, which is located at the apicolateral membrane of SCs in human testicular
tissue (Hau et al., 2022). However, it is also possible that CNT2 may be involved in
nucleoside salvaging from the adluminal compartment (Gray et al., 2004). The latter
hypothesis may be more plausible since CNT-mediated “efflux” is inconsistent with its
concentrative role as a Na'-nucleoside cotransporter, although it may be viewed as
concentrating nucleosides into seminiferous tubule lumen. These free nucleosides can
then be taken up by nucleoside transporters expressed by developing germ cells.
Although there is evidence of functional CNT expression in primary rat and mouse TM4
SCs (Kato et al., 2005; Kato et al., 2006; Kato et al., 2009), positive CNT1 expression in
human testicular tissue was not observed in the study conducted by Hau and
colleagues (Hau et al., 2022), nor was functional CNT expression observed in rat and

human SCs (Hau et al., 2020; Klein et al., 2013). In the three studies by Kato et al.

10
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(Kato et al., 2005; Kato et al., 2006; Kato et al., 2009), CNT function was defined by
their relative affinities towards purine or pyrimidine nucleosides/bases and their
inhibition of uridine transport. Kato and colleagues also found that CNT3 mRNA
expression was highest in primary rat SCs followed by CNT2 then CNT1; however,
there were negligible levels of CNT2 or 3 (and CNT1 was not tested) in mouse TM4
SCs (Kato et al., 2005). Most of the uridine uptake in primary rat and mouse TM4 SCs
appeared to be mediated by the ENTSs, although Na’-dependent uptake accounted for
~20% of total uptake in primary rat SCs. It is possible that protein expression of CNT1 is
negligible in these cells, which would support the lack of CNT1 in human tissues (Hau et
al., 2022). Functional characterization of each transporter in these cells were not
performed, although knockdown or knockout studies could be used in the future.
Nevertheless, further studies are required to clarify these observations and hypotheses

concerning CNT expression and function in SCs.

Organic lon Transporters

Organic ion transporters encompass several solute carrier subfamilies and are
designated as OCTs, OCTNs, and OATSs (in the SLC22A family), and the OATPs (in the
SLCO families); however, their roles in the transport of anionic, cationic, zwitterionic, or
neutral compounds can vary greatly. Many of these transporters have been thoroughly
investigated due to their high expression and roles in the disposition of clinically relevant
xenobiotics in tissues like liver, kidney, and intestine. Xenobiotic substrates of these
transporters include antibiotics, antivirals, antineoplastics, statins, as well as a wide

variety of plant toxins, whereas endogenous substrates include bile acids,

11
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neurotransmitters, prostaglandins, uremic toxins, and steroids. Comprehensive mRNA
expression profiles for these organic ion transporters in the testes of different species
have been determined (Augustine et al., 2005; Bleasby et al., 2006; Hau et al., 2020;
Klaassen and Aleksunes, 2010), but functional and cellular localization studies are
incomplete and remain controversial.

The OCTs are a family of three (OCT1, 2, and 3) bidirectional transporters that
mediate the facilitated diffusion of small cationic compounds such as choline, cisplatin,
dopamine, metformin, and serotonin down their electrochemical gradients (Roth et al.,
2012). The OCTs share several substrates with OCTN1/2 and MATE1/2, but each of
these has distinct physiological roles that separate them from one another. Although
OCTs are highly expressed in the liver and kidneys, OCT mRNA transcripts have also
been reported in whole testicular tissue and in the SCs of different species (Augustine
et al., 2005; Bleasby et al., 2006; Hau et al., 2020; Klaassen and Aleksunes, 2010;
Maeda et al., 2007). A recent immunolocalization study observed OCT1, 2, and 3
expression in the PMCs and LCs, with weak expression at the basal membrane of SCs
in human testes (Figure 2, Table 1) (Hau et al., 2022). Round spermatids within the
seminiferous tubule also appeared to express OCT3, but its role there is unclear. An
earlier study with rats observed mRNA expression of OCT1, 2, and 3 whole testes;
however, only OCT1 and 3 transcripts were detected in isolated rat SCs (Maeda et al.,
2007). Based on functional studies with rat SCs cultured on Transwell inserts, Maeda
and colleagues hypothesized that OCT1 and OCT3 were expressed on the basal
membrane and apicolateral membranes, respectively. These data contrast with the

immunological observations made in human tissue (Hau et al.,, 2022), and, it is
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important to note, that SCs cultured on Transwell inserts cannot be assumed to reflect
in vivo physiology. Because SCs do not generate a tight in vitro epithelial barrier as
evidenced by comparatively low transepithelial electrical resistance values to those
observed in normal epithelial cell lines (e.g., MDCK and Caco-2), it is debatable if SCs
polarize at all in these in these 3D culture models (Chui et al., 2011; Gerber et al., 2020;
Hau et al., 2020; Mruk and Cheng, 2011; Papadopoulos et al., 2016; Prozialeck and
Lamar, 1997; Siemann et al., 2017; Srinivasan et al., 2015; Tsetsarkin et al., 2020; Wu
et al.,, 2019). Furthermore, transporter expression and localization in cultured rodent
SCs may not correlate with histological observations made in intact testes, or even be
on the same membrane of SCs in other species (Hau et al., 2021). Therefore, drugs
that interact with the OCTs in the testes of nonhuman species must be evaluated with
additional discretion until evidence suggests otherwise. Nevertheless, it is possible that
some chemotherapeutics such as cisplatin and its derivatives can circumvent the BTB
using OCTs to exert their toxic effects in the testes of various species (A. A. Aly and G.
Eid, 2020; Filipski et al., 2009; Soni et al., 2016; U.S. Food and Drug Administration,
2019).

Although OCTN1 and OCTN2 have often been referred to as cation transporters
(Kobayashi et al., 2005; Tamai et al., 1997; Wang et al., 1999), the preferred substrates
for OCTN1 and OCTNZ2 are the zwitterions, L-ergothioneine and L-carnitine,
respectively (Grundemann et al., 2005; Tamai et al., 1998; Tang et al., 1999), which are
co-transported with Na*. Both OCTN1 and OCTN2 are expressed in rodent and human
testes, specifically at the basal membrane of human SCs (and in the PMCs for OCTN2)

(Figure 2, Table 1) (Augustine et al., 2005; Bleasby et al., 2006; Hau et al., 2022; Hau et
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al., 2020; Klaassen and Aleksunes, 2010; Kobayashi et al., 2005; Maeda et al., 2007).
Functional transepithelial transport experiments with rat SCs are in good agreement
with OCTN2 basal membrane localization (Hau et al., 2022; Kobayashi et al., 2005;
Maeda et al., 2007). Since L-carnitine is important for SC metabolism and overall male
fertility (Agarwal and Said, 2004; Mongioi et al., 2016; Palmero et al., 2000), it is
reasonable that OCTN2 is localized to the basal membrane of SCs as shown in human
tissues and rat SCs. Furthermore, high accumulation of carnitine in the testes compared
to plasma has been observed in rats, suggesting the involvement of a carrier-mediated
mechanism like OCTNZ2 (Bremer, 1983). On the other hand, human tissue localization
of OCTN1 is inconsistent with functional transport studies with rat SCs (Hau et al., 2022;
Maeda et al., 2007). Based on transepithelial transport experiments, Kobayashi et al.
hypothesized that OCTN1 was responsible for L-carnitine uptake at the apicolateral
membrane of rat SCs (Kobayashi et al., 2005). However, there are concerns with
interpreting functional transport data collected from these Transwell SC culture
experiments because L-ergothioneine is a far better substrate of OCTN1 (OCTN1-
mediated transport of L-carnitine is negligible) (Grundemann et al., 2005) and, as
described previously, in vitro SC physiology is not completely representative of the in
vivo BTB. Thus, OCTN1 localization at the basal membrane of SCs is, arguably, more
likely because L-ergothioneine is an antioxidant exclusively absorbed from dietary
sources.

There are at least eight known members of the OAT family in humans (Roth et
al., 2012), but only three (OAT1, 2, and 3) are frequently studied for their clinical

relevance because of their expression in liver and kidney. OATs primarily transport low
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molecular weight, anionic compounds against their electrochemical gradients, driven by
exchange for endogenous dicarboxylates like a-ketoglutarate. While bidirectional OAT-
mediated transport of selected substrates (e.g., methotrexate and indoxyl sulfate) has
been observed in vitro (Enomoto et al., 2003; Masuda et al., 1999), the OATSs typically
mediate the unidirectional uptake of endogenous compounds or xenobiotics into the
cytoplasm. Common substrates of the OATs include antibiotics, antihistamines,
antivirals, and nonsteroidal anti-inflammatory drugs, but other classes of compounds
can interact with these transporters. OAT1, 2, and 3 are highly expressed in the liver
and kidneys where they are implicated in many DDlIs, but they may play critical roles in
other tissues, including the testes. In humans, OAT1 and OATZ2 are primarily expressed
at the basal membrane of SCs, but OAT1 was also observed in LCs and the luminal
membrane of vascular endothelial cells of the testes (Figure 2, Table 1) (Hau et al.,
2022). This observation is consistent with a previous immunolocalization study that
detected high protein expression in the vascular endothelial cells and weaker
expression throughout the testes (Huang et al., 2016). Unfortunately, the cellular
localization of OAT3 in the testes remains unknown. Several studies were unable to
detect OAT3 mRNA transcripts in the testes (Augustine et al., 2005; Bleasby et al.,
2006; Klaassen and Aleksunes, 2010); however, one study did find measurable levels in
immortalized human SCs by RT-gPCR and Affymetrix GeneChip microarray analysis
(Hau et al., 2020). High SC-specific mMRNA expression of mouse OAT6 was observed in
C57BL6/J mice (Schnabolk et al., 2010), but neither its localization, nor the extent of

expression of the human ortholog in SCs, is known. While it is possible that this OAT
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plays a major role in organic anion transport in the testes, there is a lack of evidence to
support this hypothesis.

OATPs are bidirectional transporters, found in many tissues, that generally
display a broad substrate selectivity that can include bile acids, hormones, various
xenobiotics, and many conjugated metabolites. Some of these OATPs may play a major
role in the transport of hormones across the basal and/or apicolateral membranes of
SCs to regulate spermatogenesis. The substrate selectivity of some OATPs, such as
OATP1C1, OATP2A1, and OATP4A1, is narrower, consistent with their specialized
roles in prostaglandin or thyroid hormone transport into certain cells. In human testes,
OATP1C1 and OATP4A1 are highly expressed in LCs (Hau et al., 2022; Pizzagalli et
al., 2002), as determined by immunolocalization, where they can act as thyroid hormone
transporters to regulate hormone signaling and homeostasis in the testes (Figure 2,
Table 1) (Fujiwara et al.,, 2001). In the testes, the broad selectivity transporters,
OATP1A2, OATP1B1, OATP1B3, OATP2A1, OATP2B1, and OATP3A1-v2, are
primarily expressed at the basal membrane of human SCs, although all but OATP2A1
were also detected throughout the adluminal compartment (Hau et al., 2022). The
synthesis of prostaglandins within SCs and LCs lend credence to the presence of
OATP2A1 at the basal membrane of SCs to permit flux of these molecules across the
BTB (Cooper and Carpenter, 1987; Samy et al., 2000; Schell et al., 2007). Notably,
diffuse expression of OATP3A1-v2 in human SCs is consistent with a previous report,
also in human tissues (Huber et al., 2007). It is reasonable to assume that some of
these transporters are, as in the endothelial cells of the blood-brain-barrier (Ashraf et

al., 2014; Gao et al., 1999; Ose et al., 2010; Sano et al., 2018), expressed in both poles
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of SCs, i.e., in the basal and apicolateral membranes (as well as in developing germ cell
membranes), but further studies are warranted to confirm these findings. Interestingly,
the first and third OATP3A1 isoform, OATP3A1-v1 and OATP3A1-v3, are expressed in
developing germ cells with weak expression in SCs of human testes (Bakos et al.,
2022). The differences in the physiological role of these transcript variants are unclear;
however, their affinities for some substrates vary slightly (Bakos et al., 2022; Bakos et
al., 2020; Huber et al., 2007; Tamai et al., 2000). Among the remaining OATPs, it is
unlikely that OATP4C1 and OATP5A1 are expressed in the testes based on whole
tissue mRNA analysis (Bleasby et al., 2006). However, these data may have been
influenced by the overabundance of mRNA transcripts produced by other testicular
cells. One study detected mRNA transcripts for OATP5A1 in human SCs (Hau et al.,
2020), but protein expression, localization, and function remain unknown. Despite high
MRNA expression of the testes-specific OATP6A1 (Lee et al., 2004), the cellular
localization and physiological role for this transporter remains undetermined. The rodent
orthologs, OATP6B1,0ATP6C1, and 6D1, share only 36-46% protein sequence identity
with the human transporter (Table 2) and are highly expressed by SCs, LCs, and
spermatogonia but their exact location is ambiguous (Table 1) (Suzuki et al., 2003).
Along with rodent OATP1AS5 and OCTNZ, it is also known that these two orthologs are
also partially responsible for the uptake of the male contraceptive, adjudin, in rat SCs
(Su et al., 2011). However, it is unknown if OATP6A1 can transport adjudin and other
endogenous or exogenous compounds. The testicular localization of the genetically
similar (and potentially functional) rodent orthologs of these OATPs have been largely

unexplored (Tables 1 and 2). However, it appears likely that most of these organic ion
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transporters are involved in the disposition of physiologically important molecules
across the BTB, although further work is necessary to confirm and define these aspects.
These transporters can also be used to deliver small molecule therapeutics to treat
testicular indications since many are localized to the basal membrane of SCs (Figure 2,

Table 1).

Multidrug and Toxin Extrusion Proteins

The MATESs are organic cation/H" antiporters that mediate the uptake or efflux of
substrates based on H" concentration gradients between the cytoplasm and
extracellular space. MATE1 and MATE2 are expressed at the apical membranes of
epithelial cells such as hepatocytes and renal proximal tubule epithelial cells, where
they typically function as complementary efflux transporters for cationic molecules taken
up by OCTs or OCTNSs; however, they are also found in the testes. In human testes,
MATE1 is expressed intracellularly and along the apicolateral membranes of SCs
(Figure 2, Table 1) (Hau et al., 2022). These findings are in contrast to a previous study
that observed only nominal levels of mouse MATE1 mRNA and protein in whole testes
or in SCs (Lickteig et al., 2008). Rat MATE1 mRNA was found to be highly expressed in
whole testes, but was undetectable in primary rat SCs (Maeda et al., 2007). Another
study detected mouse MATE1 exclusively in LCs (Hiasa et al., 2006), which is in partial
agreement with immunohistofluorescent staining in human tissues (Hau et al., 2022)
that also observed MATE1 expression in LCs. On the other hand, mRNA transcripts of a
MATEZ2 isoform have been detected in mouse (Hiasa et al., 2007; Lickteig et al., 2008)

and human (Hau et al., 2020) SCs. Protein expression of the rodent MATEZ2 isoform
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was limited to LCs (Hiasa et al., 2007); however, protein expression was not detected in
human tissues (Hau et al., 2022). These observational discrepancies for MATE1 and
MATE2 may be due to species differences in drug transporter expression and
localization in the testes (Hau et al., 2021) or a lack of antibody specificity.

It is reasonable to assume that the MATEs act as efflux transporters at the
apicolateral membrane for OCT or OCTN substrates brought in from the basal
membrane of SCs. However, the seminiferous tubule fluid is slightly acidic (7.31)
compared to plasma (7.50) (Levine and Marsh, 1971) and the cytoplasmic pH of SCs
has been reported to be approximately 7.05 under in vitro experimental conditions with
an extracellular buffer pH of 7.4 (Bernardino et al., 2016; Oliveira et al., 2009a; Oliveira
et al., 2009b). This in vitro study is not representative of in vivo conditions and should
be treated with some skepticism, although it is within the range of typical values for
most cells (pH 7.0-7.4) (Madshus, 1988). This cytoplasmic to seminiferous tubule fluid
H* gradient could drive MATE-mediated uptake from the seminiferous tubule lumen as a
recycling mechanism. However, as the difference in cytoplasmic and luminal fluid H*
concentration is relatively modest, it is possible that the electroneutral MATEs may still
act as apicolateral efflux transporters that can support efflux of cationic substrates, free

from the influence of the negative membrane potential of SCs.

Multidrug Resistance-associated Proteins
MRPs are unidirectional, ATP-dependent efflux transporters found at blood-
tissue barriers, cancer cells, and in excretory organs where they play a significant role in

the transport of a wide range of primarily anionic molecules. High expression of these
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efflux transporters has been shown in the testes, and SC basal membrane localization
is consistent with their protective role at the BTB (Augustine et al., 2005; Bleasby et al.,
2006; Hau et al., 2022; Hau et al., 2020; Klaassen and Aleksunes, 2010; Klein et al.,
2014; Koraichi et al., 2013; Su et al., 2009). MRP1 is localized to the basal membrane
of SCs and LCs in humans, nonhuman primates, and rats (Figure 2, Table 1) (Klein et
al., 2014). In humans, MRP3, MRP6, and MRP7 are localized to the basal membrane of
SCs (Figure 2, Table 1) (Bart et al., 2004; Hau et al., 2022; Huang et al., 2016; Koraichi
et al., 2013; Melaine et al., 2002; Su et al., 2009). Furthermore, MRP3, MRP6, and
MRP7 are found in the PMCs in human testes, where they may serve as a first line of
defense for testicular toxicants (Hau et al., 2022). A previous study found that MRP2
MRNA is extremely low in rodent testes and SCs (Augustine et al., 2005), but other
studies suggest that MRP2 is, at least, weakly expressed in human PMCs and LCs of
the testicular interstitium (Bart et al., 2004; Huang et al., 2016). MRP5 was exclusively
localized to the LCs in humans and rats (Klein et al., 2014). Unusually, MRPS8 is
exclusively localized to the round spermatids in human and nonhuman primates only
(Tables 1 and 2), where they may be involved in the efflux of pro-growth hormones
post-meiosis (Klein et al., 2014). Although mRNA and protein expression of MRP9 has
been detected in spermatozoa of mice and in human SCs (Bera et al., 2002; Chambers
et al.,, 2022; Hau et al.,, 2020; Ono et al., 2007; Tammur et al., 2001), its cellular
localization in human tissues remains unknown.

Interestingly, several studies have evaluated MRP4 localization in the testes;
however, the findings remain contentious. Human MRP4 shares 80-96% DNA

sequence identity with the rodent and nonhuman primate orthologs, whereas their
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protein sequences are 87-97% identical to humans (Table 2). One study observed
expression of MRP4 at the apicolateral membrane of SCs in rodent testes, in clear
contrast to basal membrane expression in human and nonhuman primate testes (Klein
et al., 2014). Klein and colleagues also noted that the MRP4 antibody did not detect
protein expression in MRP4 knockout mice, indicating it was specific for MRP4 (Klein et
al., 2014). However, several studies reported SC basal membrane localization in both
human (Huang et al.,, 2016; Morgan et al., 2012) and rodent testes (Koraichi et al.,
2013). Koraichi and colleagues noted that upon neonatal treatment of rats with the
mycotoxin, zearalenone, MRP4 redistributes from the basal membrane of SCs, PMCs,
and LCs exclusively to the apicolateral membrane of SCs, spermatocytes, and
spermatids. This observation presents an interesting conundrum in which some external
pressures can alter transporter expression and localization. To further complicate the
issue, MRP4 was found to localize exclusively to LCs of mouse testes and at both the
LCs and basal membrane of SCs in human testes (Morgan et al., 2012; Morgan et al.,
2015). These potential species differences, combined with the observation that
transporter distribution can be influenced by physiological/toxicological status, can
contribute to false prediction of penetration of MRP4 substrates across the BTB in
rodent species, when MRP4 may restrict penetration in humans. It is possible that
antibody specificity can account for some of these differences, and additional studies
are necessary to confirm MRP4 localization in the testes of these species. But the major
implication for this observation is that, for at least some compounds, rodent models
should not be used to extrapolate testicular disposition or toxicity in humans and,

instead, make use of nonhuman primates.
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P-glycoprotein and Breast Cancer Resistance Protein

P-gp and BCRP are expressed in a wide range of tissues as the major efflux
pumps for many clinically important drugs and endogenous molecules. These
transporters are involved in drug-drug interactions and modulate the pharmacokinetics
of many drugs, which is why regulatory agencies consider them clinically relevant
(European Medicines Agency, 2013; Pharmaceuticals and Medical Devices Agency,
2019; U.S. Food and Drug Administration, 2020). Consistent with their cytoprotective
role in other tissues, P-gp and BCRP are expressed by several cell types throughout
rodent and human testes (Bart et al., 2004; Enokizono et al., 2007; Huang et al., 2016;
Melaine et al., 2002; Qian et al., 2013; Su et al., 2009). P-gp has been observed at both
the basal and apicolateral membranes of SCs, as well as in PMCs, LCs, developing
germ cells, and luminal membrane of vascular endothelial cells in humans and rodents
(Figure 2, Table 1) (Bart et al., 2004; Huang et al., 2016; Melaine et al., 2002; Su et al.,
2009). However, despite 81-97% DNA and protein sequence identity of other species
relative to humans (Table 2), there are major BCRP expression differences between
species that require further analysis. In humans, BCRP has been detected at the basal
and apicolateral membranes of SCs, PMCs, developing germ cells, and luminal
membrane of vascular endothelial cells (Figure 2, Table 1) (Huang et al., 2016; Melaine
et al.,, 2002). In rats, BCRP was found in the same locations as in humans except,
importantly, at the basal membrane of SCs (Qian et al., 2013). Unlike rats or humans,
BCRP was exclusively localized to the vascular endothelial cells in mouse testes

(Enokizono et al., 2007). These findings present a similar issue to that noted above for
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MRP4 regarding the use of rodent models for efficacy or toxicity studies in the testes,
because misleading results could be costly in the future. Therefore, additional studies

are warranted to address the differences in BCRP localization in rodents and humans.

Conclusions

The expression and localization of the ENTs, CNTs, OCTs, OCTNs, OATs,
OATPs, MATEs, MRPs, P-gp, and BCRP at the human BTB are summarized in this
review. There is growing evidence that expression of drug transporters is not limited to
SCs, and other cell types may contribute to overall drug disposition across the BTB.
However, it is important to note that transporters expressed by SCs are still generally
required for drug delivery across the BTB. There are also major discrepancies in
transporter expression and localization between rodents and humans that would, for at
least some classes of compounds, preclude the use of rodent models for testicular
disposition and toxicity studies. The transporter expression and localization differences
between species must be fully wunderstood to accurately extrapolate the
pharmacokinetic and pharmacodynamic difficulties presented by the BTB. For example,

there are conflicting reports for the expression profiles of two major efflux transporters,
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BCRP and MRP4, which participate in the transport of many clinically relevant drugs. If
these previous observations are accurate, testicular disposition and/or reproductive
toxicity data for BCRP or MRP4 substrates derived from rodent studies will be
misleading when extrapolating to humans. Therefore, studies using primates may be
mandatory to accurately predict in vivo disposition of these drugs. Unfortunately, the
map of drug transporter expression in human testes (Figure 2, Table 1), limited as it is,
is largely unavailable for rodents and nonhuman primates. Additional histological
studies with tissues from preclinical species and humans are necessary to develop a
complete picture of transporters in the testes. Functional transport studies are also
warranted to corroborate the histological observations made in different species,
although the lack of representative in vitro models challenges the observations from
these confirmatory studies. Altogether, these findings will provide valuable insight into
the testicular transport processes in different species and guide experimental design to

correctly predict testicular disposition and/or toxicity in humans.
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Figure Legends

Figure 1: Illlustration of a seminiferous tubule cross section and a drug
transporter pathway to bypass the BTB. LCs and vascular endothelial cells (blood
capillary) occupy the interstitial tissue around the seminiferous tubules. PMCs line the
outer edge to provide structural stability and contractility for moving spermatids through
the seminiferous tubule. Within the seminiferous tubule are SCs that form intercellular
junctional complexes that comprise the physical component of the BTB. Spermatogonia
lie along the basal membranes of SCs exposed to the basal compartment, where they
undergo mitotic division into primary spermatocytes and migrate past the junctional
complexes. Primary spermatocytes undergo meiotic division to form secondary
spermatocytes that will divide again into spermatids, which all occur in the adluminal
compartment. Drug transporters expressed at the basal and apicolateral membranes of
SCs can form a transport pathway for drugs in the blood to circumvent the BTB. Figure

created with BioRender.com.

Figure 2: Localization of drug transporters in human testes. Summary of the
localization of pharmacologically relevant drug transporters and their directionality in
SCs, PMCs, LCs, developing germ cells, and vascular endothelial cells (blood capillary)
in human testes. Question marks (?) indicate unknown directionality (CNT2 and
MATE1) due to lack of functional transport analysis. Asterisks (*) indicate transporters

(OATPs) that are speculated to localize to both the basal and apicolateral membranes
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of SCs based on positive immunostaining in human tissues but lack functional analysis

to confirm this observation. Figure created with BioRender.com.
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Table 1: Testicular transporter expression/localization similarities and differences between species.

Expression/Localization (supporting analytical methods)
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"Indicates an observed species difference in testicular transporter localization based on currently available information.

Emboldened text indicates the various experimental methods used to as evidence towards predicting transporter

expression/localization.

Table 2: Canonical transporter DNA and protein sequence percent identity between species relative to humans by BLAST

analysis.

Transporter

Nonhuman Primate

Rat

Mouse

DNA Protein

DNA

Protein

DNA

Protein
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CNT1 95.8% 94.4% 83.5% 82.8% 83.4% 84.1%
CNT2 93.6% 94.5% 83.2% 80.9% 83.1% 80.2%
CNT3 94.9% 95.8% 80.0% 78.2% 78.5% 78.2%
ENT1 96.6% 99.3% 78.7% 78.1% 80.0% 79.4%
ENT2 95.7% 96.9% 86.6% 88.0% 86.5% 88.5%
OCT1 94.6% 94.2% 80.3% 77.9% 79.7% 77.7%
OCT2 95.0% 93.9% 77.6% 82.0% 82.8% 83.5%
OCT3 95.2% 97.7% 81.0% 86.3% 84.6% 86.5%
OCTN1 96.7% 98.4% 85.1% 85.4% 86.0% 84.8%
OCTN2 96.2% 94.3% 86.3% 81.9% 86.3% 81.9%
OAT1 95.3% 94.7% 83.6% 86.0% 81.4% 83.3%
OAT2 95.3% 96.5% 83.0% 79.0% 81.7% 79.0%
OAT3 96.7% 96.3% 79.6% 79.7% 78.9% 78.2%
mOAT6
r/mOATP1A1 76.2% 67.0% 77.2% 68.8%
rOATP1A3 76.4% 68.4%

OATP1A2 rImOATP1A4 | 94.9% 96.1% 76.2% 72.6% 78.2% 72.8%
r'/mOATP1A5 78.1% 72.4% 78.3% 72.5%
r/mOATP1AG6 75.0% 66.4% 75.9% 65.7%

OATP1B1 94.5% 92.0%
OATPIB3 r/mOATP1B2 955 95.9% 75.4% 64.4% 76.0% 66.2%
OATP1C1 97.7% 98.8% 84.3% 86.7% 83.9% 85.7%
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OATP2A1 97.0% 97.5% 84.0% 82.6% 84.2% 83.1%
OATP2B1 95.7% 96.9% 80.5% 76.1% 79.3% 74.4%
OATP3A1-v1 96.4% 99.3% 83.9% 97.9%
OATP3A1-v2 rOATP3A1 97.7% 97.6% 90.7% 95.2% 85.9% 97.8%
OATP3A1-v3 97.6%
OATP4A1 93.4% 94.2% 78.4% 73.1% 79.0% 74.7%
OATP4C1 93.9% 94.3% 80.4% 80.7% 81.3% 80.8%
OATP5A1 94.8% 98.0% 81.4% 87.6% 81.2% 88.6%
r/mOATP6B1 68.0% 46.1% 70.4%
OATP6A1 r/mOATP6C1 | 91.4% 81.6% 66.7% 41.1% 67.1% 38.8%
r/mOATP6D1 68.0% 38.9% 64.2% 36.2%
MATE1 94.6% 95.3% 80.3% 78.4% 80.7% 78.1%
MATE2 95.2% 89.5% 73.6% 45.4% 74.2% 45.7%
MRP1 95.2% 97.7% 83.3% 87.4% 83.2% 88.1%
MRP2 97.0% 95.5% 80.8% 77.5% 80.9% 77.6%
MRP3 95.8% 95.5% 81.5% 79.3% 82.1% 80.8%
MRP4 95.9% 97.4% 80.0% 86.9% 79.5% 87.1%
MRP5 98.1% 99.7% 85.6% 94.8% 85.6% 95.0%
MRP6 95.6% 96.1% 80.6% 78.8% 80.5% 79.0%
MRP7 94.8% 96.4% 83.9% 85.6% 83.5% 84.5%
MRP8 95.1% 92.2%
MRP9 96.0% 96.2% 81.4% 83.5% 82.1% 84.5%
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r/mMDR1A 83.8% 87.0% 84.1% 87.3%
P-gp/MDR1 97.1% 96.2%
r/mMDR1B 82.4% 80.3% 82.4% 80.6%
BCRP 97.1% 96.6% 82.5% 81.0% 81.9% 81.6%
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Figure 2
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