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Abstract The formation of competent spermatozoa is a
complex event that depends on the establishment of ade-
quate environments throughout the male reproductive tract.
This includes the control of bicarbonate (HCO;™) con-
centration, which plays an essential role in the maintenance
of extracellular and intracellular pH (pH;) values. Diabetes
mellitus alters pH; regulation in mammalian cells, mainly
by altering the activity of ion transporters, particularly
HCO;5 ™ -dependent mechanisms. Yet, little is known about
the effects of this pathology and its prodromal stage, pre-
diabetes, on the membrane transport mechanisms of male
reproductive tract cells. Herein, we analyzed protein and
mRNA levels of the most relevant HCO; ™ transporters of
the SLC4 family [anion exchanger 2 (AE2), Na*t-driven
CI"/HCO;~ exchanger (NDCBE), electrogenic Na™/
HCO;™ cotransporter 1 (NBCel), electroneutral Na't/
HCO;3;™ cotransporter 1 (NBCnl)] in the testis and epi-
didymis of a prediabetic animal model. Firstly, we identi-
fied the HCO;™ transporters of the SLC4 family, in both
testicular and epididymal tissue. Secondly, although no
alterations were detected in protein expression, mRNA
levels of NBCel, NBCnl and NDCBE were significantly
increased in the testis of prediabetic rats. On the other
hand, in the epididymis, prediabetes caused an increase of
AE2 and a decrease of NDCBE protein levels. These
alterations may be translated into changes of HCO;™
transepithelial epididymal fluxes in vivo, which may rep-
resent a threat for sperm survival. Moreover, these results
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provide evidence of the molecular mechanism that may be
responsible for the significant increase in abnormal sperm
morphology already reported in prediabetic rats.
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Abbreviations
AE2 Anion exchanger 2
BTB Blood-testis barrier

DM Diabetes mellitus

HED High energy diet

NBCel Electrogenic Nat/HCO;~ cotransporters
NBCnl  Electroneutral Na*/HCO;™ cotansporters
NDCBE Na* driven CI /HCO;~ exchanger

pH; Intracellular pH

gPCR Real-time PCR

SLC4 Solute carrier 4

STF Seminiferous tubular fluid
T1DM Type 1 diabetes mellitus
T2DM Type 2 diabetes mellitus
Introduction

All functions of the organism require the maintenance of an
adequate intracellular pH (pH;), which generally is strictly
kept within a narrow range (Boron 2004; Jones et al. 1995).
The regulation of pH; largely depends upon the activity of
plasma membrane carriers that mediate the transport of
acid/base equivalents (Madshus 1988). Cells possess in
their plasmatic membrane a wide range of ion transporters
that participate in pH; regulation, among which are the
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basic and acidic particle membrane transporters (Boron
2004). Among these, the solute carrier 4 (SLC4) gene
family encodes several widely distributed membrane pro-
teins that facilitate the exchange of C1~, HCO; ™, Na™ and
borate across the plasma membrane of mammalian cells,
which contribute decisively to the regulation of pH;, cell
volume and membrane potential (Alper 2006).

Within the male reproductive tract, the formation of
competent spermatozoa is a complex process that involves
the production of a large number of germ cells in the testis
and several maturation steps that occur in the excurrent
ducts. During the entire process, establishment of adequate
environments throughout the male reproductive tract is
vital for the production and maturation of spermatozoa and
for providing a means of transport. A central feature of the
luminal fluid is its pH (Pastor-Soler et al. 2005). HCO3™
concentration is a major player that helps to maintain this
parameter within suitable values in order to promote the
appropriate progression of spermatozoa development. In
mammals, the pH of luminal fluids of the reproductive
system has significant effects on male reproductive
potential (Pastor-Soler et al. 2005). In fact, disturbances in
acid-base balance on the reproductive tract have been
reported as a cause for male subfertility or infertility
(Breton et al. 1996).

Instability in pH; has been reported in several patho-
logical conditions, resulting from either altered cellular
metabolism and/or cellular and subcellular membrane
changes, such as those that are known to occur in diabetic
conditions (Feuvray 1997). Diabetes mellitus (DM) is one
of the most prominent public health threats in modern
societies, and its prevalence is drastically increasing.
Actually, the World Health Organization estimates that
there will be at least 300 million people living with the
disease in 2025 (WHO 2002). The vast majority of diag-
nosed DM cases are classified as type 1 (T1DM) or type 2
(T2DM). The complexity of DM diagnosis, especially in
obese patients, led the investigators to establish an inter-
mediate state, often called the “prediabetic” state. This
prodromal state is characterized by resistance to insulin-
mediated glucose disposal and compensatory hyperinsuli-
nemia (Alves et al. 2013; Reed et al. 2000). Prediabetic
patients have major metabolic disorders that increase the
risk for T2DM development (Engelgau et al. 2000). Fur-
thermore, the incidence of DM has been closely linked
with the decreasing fertility rates of modern societies (Lutz
2006), especially due to the growing occurrence of DM in
men of reproductive age.

With this short communication we present clear evi-
dence for the effect of the prediabetic state on the
expression of specific HCO; -dependent membrane ion
transporters, particularly those of the SLC4 family, in
testicular and epididymal tissues. This will provide new
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insights on how the progression of DM might interfere with
pH regulation, inducing male reproductive dysfunction.

Materials and Methods
Animal Model

Ten 2-month-old male Wistar rats were used in the present
study. The animals were housed in our accredited animal
colony (Health Sciences Research Centre, University of
Beira Interior) and maintained with food and water
ad libitum at a constant room temperature (20 + 2 °C) on a
12-h cycle of artificial lighting. Rats were randomly divi-
ded into control and high-energy-diet (HED) groups.
Control animals were fed a standard chow diet (4RF21
certificate; Mucedola, Settimo Milanese, Italy), and the
HED group received an additional high-energy emulsion as
described elsewhere (Rato et al. 2013). After the treatment,
animals were killed by cervical dislocation. Testes and
epididymis were removed and processed for experiments or
stored at —80 °C. All animal experiments were performed
according to the “Guide for the Care and Use of Labora-
tory Animals” published by the US National Institutes of
Health (NIH publication 85-23, revised 1996) and the
European directive for the care and handling of laboratory
animals (Directive 86/609/EEC).

As described by Rato et al. (2013), HED administration
to adult rats led to the development of two main charac-
teristics, glucose intolerance and mild hyperglycemia,
suggesting that HED animals developed a prediabetic state,
in which some, but not all, of the diagnostic criteria for
diabetes are met.

Quantitative RT-PCR

Real-time quantitative PCR was performed to evaluate the
mRNA expression of anion exchanger 2 (AE2), electro-
genic Nat/HCO;~ cotransporters (NBCel), electroneutral
Na*t/HCO;~ cotransporters (NBCnl) and Na™-driven C17/
HCOj3;™ exchanger (NDCBE) as previously described (Vaz
et al. 2012). Specific primers were designed for amplifi-
cation of the target and housekeeping transcripts (Table 1).
B>-Microglobulin transcript levels were used to normalize
gene expression levels. Fold variation of gene expression
levels was calculated following the mathematical model
proposed by Pfaffl (2001), using the formula P

Western Blot
Western blotting was performed as previously described by

Alvesetal. (2011). Membranes were incubated with goat anti-
SLC4A4 (1:250, Sc-162214, Santa Cruz Biotechnology,
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Table 1 Genes, oligonucleotide sequence and respective conditions for PCR amplification of AE2, NDCBE, NBCnl, NBCel and

B>-Microglobulin

Gene Sequence (5'-3") AT (°C) Amplicon (bp) Cycles
AE2 Sense: ATGCCAAAGGGTCTACACAG 53 138 35
NM_017048.2 Antisense: GCTCCTGGTTTTTGTCCAAC

NDCBE Sense: GAGACCTACCCCATCCACAT 53 189 35
NM_199497.2 Antisense: TATGAACTCCCCGTGCATCT

NBCnl Sense: GATGAAATGGCCAAAACTGCC 53 107 35
NM_058211.2 Antisense: ATTGTCACACTCACAGGCTT

NBCel Sense: GCCTGGAGAACAACCAAAGT 53 131 35
NM_053424 Antisense: CATACAGAACAGGCATGGGG

P2-Microglobulin Sense: ATGAGTATGCCTGCCGTGTG 58 92 30
NM_012512.2 Antisense: CAAACCTCCATGATGCTGCTTAC

AT annealing temperature

Inc.), goat anti-AE2 (1:250, Sc-46710, Santa Cruz Biotech-
nology, Inc.), goat anti- SLC4A8 (1:500, Sc-169346, Santa
Cruz Biotechnology, Inc.) or rabbit anti-SLC4A7 (1:250, Sc-
99633, Santa Cruz Biotechnology, Inc.). Mouse anti-a-tubu-
lin (1:5,000, A5441, Sigma-Aldrich) was used as a protein
loading control. Immunoreactive proteins were detected
separately with donkey anti-goat IgG-AP (1:5,000, Sc-
2020, Santa Cruz Biotechnology, Inc.), goat anti-rabbit
IgG-AP (1:5,000, Sc-2004, Santa Cruz Biotechnology,
Inc.) or goat anti-mouse IgG-AP (1:5,000, Sc-2005, Santa
Cruz Biotechnology, Inc.). Membranes were reacted with
the ECF detection system. The densities from each band
were obtained using Quantity One Software (Bio-Rad,
Hemel Hempstead, UK), divided by the respective o-
tubulin band density and then normalized against the
respective control.

Statistical Analysis

The statistical significance of the sample variation among the
experimental groups was assessed by one-way ANOVA. The
results are presented as relative variation in comparison with
the control group. All experimental data are shown as
mean £+ SEM (n = 5 for each condition). Statistical analysis
was performed using GraphPad Prism 5 (GraphPad Software,
San Diego, CA). p < 0.05 was considered significant.

Results

Prediabetes Causes Significant Increases in mRNA
Levels of NBCel, NBCnl and NDCBE in Testis

The effect of HED on mRNA transcript levels of AE2 was
evaluated by quantitative PCR. The mRNA expression of
AE2 in testis was not significantly altered when compared

with the control group (0.92 4 0.15-fold variation). Protein
expression levels confirmed that HED had no effect on AE2
compared to the control group (1.03 £ 0.17-fold variation)
(Fig. 1). Protein levels of NBCel were not significantly
different in the testis from HED-treated rats compared with
the control group (0.81 £ 0.19-fold variation). In contrast,
the mRNA expression levels of NBCel in the testis of
HED-treated rats presented a significant increase of
2.94 £ 0.21-fold relative to the control group (Fig. 1).

The mRNA expression of the electroneutral transporter
NBCnl was significantly increased in testis of HED-treated
rats (4.22 = 0.17-fold increased to control). However, this
was not followed by an increase in protein expression
levels of these transporters (0.811 £ 0.190-fold variation
relative to control) (Fig. 1).

Evaluation of mRNA NDCBE levels in the testis of HED-
treated rats showed a significant increase of 2.00 £ 0.31-
fold relative to the control group. However, when we eval-
uated the protein levels of this HCO;™ transporter, no sig-
nificant alterations were observed in the testis of HED-
treated rats compared to the control group (Fig. 1).

Prediabetes Causes a Significant Increase in Protein
Levels of AE2 and a Decrease in Protein Levels
of NDCBE in Epididymis

In the epididymis of HED-treated rats, mRNA expression
levels of AE2 were not significantly different from those
found in the epididymis of rats from the control group
(0.64 £ 0.08-fold variation) (Fig. 2). However, when we
evaluated the protein expression levels of this transporter,
there was a significant increase of AE2 protein expression
in the epididymis of HED-treated animals relative to the
control (1.77 £ 0.50-fold variation) (Fig. 2).

In the epididymis of HED-treated rats, the mRNA
expression of NBCel was decreased compared with the
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Fig. 1 Effect of high-energy diet (HED) on membrane transporters:
anion exchanger 2 (AE2), electrogenic Nat/HCO;™ cotransporters
(NBCel), electroneutral Nat/HCO;~ cotransporters (NBCnl) and
Na*-driven C17/HCO;~ exchanger (VDCBE), mRNA and protein
levels in rat testes. a Pooled data of independent experiments,

NDCBE

indicating the fold variation of mRNA and protein levels found in
testis tissue of HED rats compared with testis from control condition
(dashed line). b Illustrative Western blot experiment. Results are
expressed as mean + SEM (n = 5). *Significantly different relative
to control (p < 0.05)
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Fig. 2 Effect of high-energy diet (HED) on membrane transporters:
anion exchanger 2 (AE2), electrogenic Na*/HCO;™ cotransporters
(NBCel), electroneutral Nat/HCO;~ cotransporters (NBCnl) and
Na*-driven C17/HCO;~ exchanger (VDCBE), mRNA and protein
levels in rat epididymis. a Pooled data of independent experiments,

control group (0.71 £ 0.15-fold variation); however, this
alteration was not statistically significant. Likewise, the
protein levels of this transporter were not significantly
altered in the epididymis of rats from the HED group
(0.95 £ 0.13-fold variation relative to control) (Fig. 2).

Similarly, the mRNA and protein levels of NBCnl in
the epididymis were not significantly different in HED-
treated rats compared with the control group. Both mRNA
and protein levels from the epididymis of HED-treated rats
presented a nonsignificant increase to 1.606 + 0.265- and
1.817 £+ 0.270-fold variation relative to the control group,
respectively (Fig. 2).

Finally, although HED-treated animals did not present
a significant alteration in epididymal NDCBE mRNA
transcript levels (1.16 & 0.15-fold variation vs. control),
the protein expression levels of this transporter were
significantly decreased in the epididymis of HED-treated
rats (0.85 & 0.04-fold decrease relative to control)
(Fig. 2).
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NDCBE

indicating the fold variation of mRNA and protein levels found in
epididymal tissue of HED rats compared with epididymis from
control animals (dashed line). b Illustrative Western blot experiment.
Results are expressed as mean = SEM (n =5). *Significantly
different relative to control (p < 0.05)

Discussion

It has been reported that DM does not change steady-state
pH; but significantly alters pH; regulation in mammalian
cells, mainly by markedly decreasing the activity of some
ion transporters (Feuvray 1997). It has also been suggested
that some HCO;3 ™ -dependent mechanisms of pH regulation
may be depressed in cells of DM individuals (Khandoudi
et al. 1995). Nevertheless, little is known about the effects
of DM, or of any of the prodromal stages of the disease
such as prediabetes, on the membrane transport mecha-
nisms involved in pH regulation throughout the male
reproductive tract cells. Hence, we induced a prediabetic
state in male rats following ingestion of a HED, as previ-
ously described by our team (Rato et al. 2013), and eval-
uated the effect of this prodromal stage of DM on the
expression of the most relevant HCO5; ™ transporters of the
SLC4 family: AE2 (SLC4A2), NBCel (SLC4A4), NBCnl
(SLC4A7) and NDCBE (SLC4AS).
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The two-compartment configuration of the testis (the
seminiferous tubules and the intertubular areas), filled with
the characteristic fluids [seminiferous tubular fluid (STF)
and testicular lymph or interstitial fluid] (Jegou et al. 1982),
is of great relevance for its functioning. For instance, it has
been reported that the composition of the fluid within the
seminiferous tubules is very stable due to the existence of
the blood-testis barrier (BTB). Furthermore, the luminal
milieu is markedly distinct from the interstitial fluid and
plasma, and these differences are critical to the normal
occurrence of spermatogenesis (Rato et al. 2010).

A study by Caflisch and DuBose (1990) showed that rat
STF contains a very low concentration of HCO; ™. These
results led to the assumption that active HCO; ™ secretion is
not an important factor in the formation of STF. Never-
theless, it has been described that Sertoli cells, which are
responsible for STF secretion, express several HCO;™
membrane transporters involved in pH; regulation (Oliveira
et al. 2009a, b).

In the testis, the presence of all the HCO;™ transporters
of the SLC4 family studied had already been described (for
review, see Bernardino et al. 2013). AE2 mRNA expres-
sion was reported in the various testicular somatic cells
(Sertoli, peritubular and Leydig cells), in developing germ
cells and in “mature” spermatozoa (Holappa et al. 1999).
Indeed, studies on knockout mice have shown that AE2
plays an essential role in spermatogenesis (Liu et al. 2012).
NBCel expression has also been detected in the testis,
although its subcellular localization has not been discussed
(Liu et al. 2011). Expression of NDCBE has been reported
at very high levels in the testis (Boron 2001; Grichtchenko
et al. 2001) and particularly in Sertoli cells (Oliveira et al.
2009a, b). It has been suggested that NDCBE might play an
important role in maintaining Sertoli cell pH; homeostasis
(Oliveira et al. 2009a, b). The presence of electroneutral
NBCnl, usually located in the basolateral membrane of
epithelial cells (Boron et al. 2009), has also been reported
in the testis. In testicular tissue, NCBnl mRNA expression
was detected based on microarray and expressed sequence
tag studies (Uhlen et al. 2010). Herein we confirmed the
expression of all the HCO;™ transporters of the SLC4
family studied at the testicular level, both at the mRNA and
at the protein level. Although no alterations were detected
in protein expression, the mRNA levels of NBCel, NBCnl1
and NDCBE were significantly increased. Even though, as
previously observed, the protein levels do not always
reflect the changes in mRNA transcript levels and, hence,
the changes in mRNA level are not a direct measure of the
variation in the protein quantity or functioning, they can be
a clear indication of the effectiveness of the regulation
exerted on the studied protein. The diminished mRNA
levels not reflected in protein changes could be explained
by differential rates of synthesis or degradation or both.

Moreover, mRNA half-lives can increase or decrease in
response to a variety of stimuli including hormones and
growth factors (Hollams et al. 2002). Thus, the possibility
exists that prediabetes modulation of the analyzed mRNA
quantities in the testis is exerted at the transcriptional and/
or post-transcriptional level and/or that the modulation of
protein quantities is regulated by other mechanisms or
occurs in a different time frame.

On the other hand, at the epididymal level prediabetes was
able to alter the protein expression of several HCO3™
transporters. As discussed, epididymal function is important
to regulate and modify the luminal fluid content, which is
crucial for male fertility, namely, for the maturation, trans-
port, concentration and storage of spermatozoa. Both epi-
didymal secretion and reabsorption of luminal fluids
establish and modify the epididymal microenvironment
(Foley 2001) in order to provide an adequate environment to
transform spermatozoa into fully mature cells (Robaire et al.
2006). The fluid milieu in the epididymis is acidic, con-
taining very low concentrations of HCO3~ (Rodriguez-
Martinez et al. 1990), pointing toward a major role of HCO;™
membrane transport mechanisms in the establishment of
luminal fluid pH and, thus, in overall epididymis function.

As at the testicular level, the presence of all the HCO3;™
transporters of the SLC4 family studied had already been
described in the epididymal tissue (for review, see Ber-
nardino et al. 2013). Expression of AE2 was reported in the
epithelial cells lining the lumen of the epididymis.
According to Medina et al. (2003), AE2 is exclusively
localized in the basolateral membrane of cells in the male
reproductive excurrent ducts, being highly expressed in
relatively low abundance in the distal regions, including the
cauda epididymis (Jensen et al. 1999b). Jensen and col-
laborators (1999a) reported that NBCel is expressed in the
basolateral membrane of principal and apical/narrow cells
of the rat epididymis. It has been proposed that NBCel is
localized in the basolateral membrane of those cells and
that, by facilitating HCO;~ extrusion into the interstitial
space, it might contribute to luminal HCO;3; ™~ uptake by this
epithelium (Pastor-Soler et al. 2005). A strong presence of
NDCBE has also been detected in the epididymis (Liu et al.
2011; Uhlen et al. 2010). No data regarding the cellular
distribution of this transporter in the cells of the epididymal
tract are available. The presence of NBCnl has also been
clearly identified in rat epididymis, where it has been
localized at the apical membrane of specialized epididymal
cells (narrow cells and clear cells) (Pushkin et al. 2000).

Our results confirmed the expression of the studied
HCOj;™ transporters of the SLC4 family, at both the mRNA
and protein levels. The epididymis of prediabetic rats
showed a significant increase in AE2 and a significant
decrease in NDCBE protein levels. Expression of AE2 has
been reported in the basolateral membrane of epithelial
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cells lining the lumen of all the regions of the epididymis
(Medina et al. 2003), and this transporter is known to be
expressed in relatively low abundance in the cauda epi-
didymis (Jensen et al. 1999b). The presence of AE2 in the
basolateral membrane of epithelial cells of the proximal
parts of the epididymis correlates with the low luminal
concentration of HCO;™ attained in these segments, and
thus, it has been suggested that basolateral AE2 might
contribute, in parallel with other HCO;™ transporters, to
net HCO3™ reabsorption. We were able to detect a decrease
of NDCBE protein levels. This transporter has been
described as a pH; regulator that transports extracellular
Na* and HCO;™ in exchange for intracellular C1~ and/or
H™, playing an important role in cellular alkalinization
(Russell and Boron 1976) and in HCO;3;™ reabsorption.

As discussed, the establishment of a low HCO3;™ con-
centration in the lumen of the epididymis contributes to
maintaining an optimal environment for proper sperm
storage and viability. Alteration of the HCO3;™ transepi-
thelial epididymal fluxes in vivo might, therefore, represent
a real threat for sperm survival during storage in the epi-
didymis, and this might correlate with the results described
by Rato et al. (2013), who reported a significant increase in
abnormal sperm morphology in prediabetic rats.

In conclusion, at the testicular level, there was an increase
in the mRNA levels of NBCel, NBCnl and NDCBE in
prediabetic rats, although no differences were observed at the
protein level. On the other hand, at the epididymal level,
prediabetes altered the protein expression of some of the
studied HCO; ™ transporters, causing a significant increase in
AE2 and a significant decrease in NDCBE protein levels.
These results suggest an alteration in HCO;~ homeody-
namics in the lumen of the epididymis, which may affect the
establishment of a proper environment for sperm storage and
viability and, hence, male reproductive potential.

Acknowledgments This work was supported by the Fundacao para
a Ciéncia e a Tecnologia (PTDC/QUI-BIQ/121446/2010 and PEst-C/
SAU/UI0709/2011), cofunded by Fundo Europeu de Desenvolvi-
mento Regional via Programa Operacional Factores de Competiti-
vidade. M. G. A. (SFRH/BPD/80451/2011) was funded by the FCT.
P. F. O. was funded by the FCT through FSE and POPH funds
(Programa Ciéncia 2008).

Conflict of interest The authors confirm that this article has no
conflict of interests.

References

Alper SL (2006) Molecular physiology of SLC4 anion exchangers.
Exp Physiol 91:153-161

Alves MG, Machado NG, Sardao VA, Carvalho RA, Oliveira PJ
(2011) Anti-apoptotic protection afforded by cardioplegic celsior
and histidine buffer solutions to hearts subjected to ischemia and
ischemia/reperfusion. J Cell Biochem 112:3872-3881

@ Springer

Alves MG, Martins AD, Rato L, Moreira PI, Socorro S, Oliveira PF
(2013) Molecular mechanisms beyond glucose transport in
diabetes-related male infertility. Biochem Biophys Acta
1832(5):626-635

Bernardino RL, Jesus TT, Martins AD, Sousa M, Barros A, Cavaco
JE, Socorro S, Alves MG, Oliveira PF (2013) Molecular basis of
bicarbonate membrane transport in the male reproductive tract.
Curr Med Chem 20(32):4037-4049

Boron WF (2001) Sodium-coupled bicarbonate transporters. JOP
2:176-181

Boron WF (2004) Regulation of intracellular pH. Adv Physiol Educ
28:160-179

Boron WF, Chen L, Parker MD (2009) Modular structure of sodium-
coupled bicarbonate transporters. J Exp Biol 212:1697-1706

Breton S, Smith PJS, Lui B, Brown D (1996) Acidification of the
male reproductive tract by a proton pumping (H")-ATPase. Nat
Med 2:470-472

Caflisch CR, DuBose T (1990) Direct evaluation of acidification by
rat testis and epididymis: role of carbonic anhydrase. Am J
Physiol Endocrinol Metab 258:E143-E150

Engelgau MM, Narayan K, Herman WH (2000) Screening for type 2
diabetes. Diabetes Care 23:1563-1580

Feuvray D (1997) The regulation of intracellular pH in the diabetic
myocardium. Cardiovasc Res 34:48-54

Foley GL (2001) Overview of male reproductive pathology. Toxicol
Pathol 29:49-63

Grichtchenko II, Choi I, Zhong X, Bray-Ward P, Russell JM, Boron
WF (2001) Cloning, characterization, and chromosomal map-
ping of a human electroneutral Na'-driven CI~ HCO;
exchanger. J Biol Chem 276:8358-8363

Holappa K, Mustonen M, Parvinen M, Vihko P, Rajaniemi H,
Kellokumpu S (1999) Primary structure of a sperm cell anion
exchanger and its messenger ribonucleic acid expression during
spermatogenesis. Biol Reprod 61:981-986

Hollams EM, Giles KM, Thomson AM, Leedman PJ (2002) mRNA
stability and the control of gene expression: implications for
human disease. Neurochem Res 27:957-980

Jegou B, Le Gac F, De Kretser D (1982) Seminiferous tubule fluid
and interstitial fluid production. I. Effects of age and hormonal
regulation in immature rats. Biol Reprod 27:590-595

Jensen LJ, Schmitt BM, Berger UV, Nsumu NN, Boron WF, Hediger
MA, Brown D, Breton S (1999a) Localization of sodium
bicarbonate cotransporter (NBC) protein and messenger ribonu-
cleic acid in rat epididymis. Biol Reprod 60:573-579

Jensen LJ, Stuart-Tilley AK, Peters LL, Lux SE, Alper SL, Breton S
(1999b) Immunolocalization of AE2 anion exchanger in rat and
mouse epididymis. Biol Reprod 61:973-980

Jones JM, Lorton SP, Bavister BD (1995) Measurement of intracel-
lular pH in mammalian sperm cells under physiological condi-
tions. Cytometry 19:235-242

Khandoudi N, Bernard M, Cozzone P, Feuvray D (1995) Mechanisms
of intracellular pH regulation during postischemic reperfusion of
diabetic rat hearts. Diabetes 44:196-202

Liu Y, Xu JY, Wang DK, Wang L, Chen LM (2011) Cloning and
identification of two novel NBCel splice variants from mouse
reproductive tract tissues: a comparative study of NCBT genes.
Genomics 98:112-119

Liu Y, Wang DK, Chen LM (2012) The physiology of bicarbonate
transporters in mammalian reproduction. Biol Reprod 86:99

Lutz W (2006) Fertility rates and future population trends: will
Europe’s birth rate recover or continue to decline? Int J Androl
29:25-33

Madshus IH (1988) Regulation of intracellular pH in eukaryotic cells.
Biochem J 250:1

Medina JF, Recalde S, Prieto J, Lecanda J, Saez E, Funk CD, Vecino
P, Van Roon MA, Ottenhoff R, Bosma PJ (2003) Anion



R. L. Bernardino et al.: Prediabetes and Bicarbonate Transporters in the Male Reproductive Tract 883

exchanger 2 is essential for spermiogenesis in mice. Proc Natl
Acad Sci USA 100:15847-15852

Oliveira PF, Sousa M, Barros A, Moura T, da Costa AR (2009a)
Intracellular pH regulation in human sertoli cells: role of
membrane transporters. Reproduction 137:353-359

Oliveira PF, Sousa M, Barros A, Moura T, Rebelo da Costa A (2009b)
Membrane transporters and cytoplasmatic pH regulation on
bovine sertoli cells. ] Membr Biol 227:49-55

Pastor-Soler N, Piétrement C, Breton S (2005) Role of acid/base
transporters in the male reproductive tract and potential conse-
quences of their malfunction. Physiology 20:417-428

Pfaffi MW (2001) A new mathematical model for relative quantifi-
cation in real-time RT-PCR. Nucleic Acids Res 29:45

Pushkin A, Clark I, Kwon T, Nielsen S, Kurtz I (2000) Immunolo-
calization of NBC3 and NHE3 in the rat epididymis: colocal-
ization of NBC3 and the vacuolar H*-ATPase. J Androl 21:708

Rato L, Socorro S, Cavaco JE, Oliveira PF (2010) Tubular fluid
secretion in the seminiferous epithelium: ion transporters and
aquaporins in sertoli cells. J] Membr Biol 236:215-224

Rato L, Alves MG, Dias TR, Lopes G, Cavaco JE, Socorro S, Oliveira
PF (2013) High-energy diets may induce a pre-diabetic state

altering testicular glycolytic metabolic profile and male repro-
ductive parameters. Andrology 1:495-504

Reed M, Meszaros K, Entes L, Claypool M, Pinkett J, Gadbois T,
Reaven G (2000) A new rat model of type 2 diabetes: the fad-
fed, streptozotocin-treated rat. Metabolism 49:1390-1394

Robaire B, Hinton BT, Orgebin-Crist M-C (2006) The epididymis.
Physiol Reprod 1:1071-1148

Rodriguez-Martinez H, Ekstedt E, Einarsson S (1990) Acidification of
epididymal fluid in the boar. Int J Androl 13:238-243

Russell IM, Boron WF (1976) Role of chloride transport in regulation
of intracellular pH. Nature 264:73-74

Uhlen M, Oksvold P, Fagerberg L, Lundberg E, Jonasson K, Forsberg
M, Zwahlen M, Kampf C, Wester K, Hober S (2010) Towards a
knowledge-based human protein atlas. Nat Biotechnol 28:
1248-1250

Vaz CV, Alves MG, Marques R, Moreira PI, Oliveira PF, Maia C,
Socorro S (2012) Androgen-responsive and nonresponsive
prostate cancer cells present a distinct glycolytic metabolism
profile. Int J Biochem Cell Biol 44:2077-2084

WHO (2002) Diabetes: the cost of diabetes. Fact sheet 236. World
Health Organization, Geneva

@ Springer



	Effect of Prediabetes on Membrane Bicarbonate Transporters in Testis and Epididymis
	Abstract
	Introduction
	Materials and Methods
	Animal Model
	Quantitative RT-PCR
	Western Blot
	Statistical Analysis

	Results
	Prediabetes Causes Significant Increases in mRNA Levels of NBCe1, NBCn1 and NDCBE in Testis
	Prediabetes Causes a Significant Increase in Protein Levels of AE2 and a Decrease in Protein Levels of NDCBE in Epididymis

	Discussion
	Acknowledgments
	References


