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Testosterone increases lactate transport, monocarboxylate
transporter (MCT) 1 and MCT4 in rat skeletal muscle

Taisuke Enoki!, Yuko Yoshida!'2, James Lally?, Hideo Hatta' and Arend Bonen?

! Department of Life Sciences, College of Arts and Sciences, University of Tokyo, Komaba 3-8-1, Meguro-ku, Tokyo 153, Japan
’Department of Human Health and Nutritional Sciences, University of Guelph, Guelph, Ontario, Canada N1G 2W1

We have examined the effects of administration of testosterone for 7 days on monocarboxylate
transporter (MCT) 1 and MCT4 mRNAs and proteins in seven metabolically heterogeneous rat
hindlimb muscles and in the heart. In addition, we also examined the effects of testosterone
treatment on plasmalemmal MCT1 and MCT4, and lactate transport into giant sarcolemmal
vesicles prepared from red and white hindlimb muscles and the heart. Testosterone did not
alter MCT1 or MCT4 mRNA, except in the plantaris muscle. Testosterone increased MCT1
(20%-77%, P < 0.05) and MCT4 protein (29%-110%, P < 0.05) in five out of seven muscles
examined. In contrast, in the heart MCT1 protein was not increased (P > 0.05), and MCT 4
mRNA and protein were not detected. There was no correlation between the testosterone-induced
increments in MCT1 and MCT4 proteins. Muscle fibre composition was not associated with
testosterone-induced increments in MCT1 protein. In contrast, there was a strong positive
relationship between the testosterone-induced increments in MCT4 protein and the fast-twitch
fibre composition of rat muscles. Lactate transport into giant sarcolemmal vesicles was increased
in red (23%, P < 0.05) and white muscles (21%, P < 0.05), and in the heart (58%, P < 0.05) of
testosterone-treated animals (P < 0.05). However, plasmalemmal MCT1 protein (red, +40%,
P < 0.05; white, +39%, P < 0.05) and plasmalemmal MCT4 protein (red, +25%, P < 0.05;
white, +48%, P < 0.05) were increased only in skeletal muscle. In the heart, plasmalemmal
MCT]1 protein was reduced (—20%, P < 0.05). In conclusion, these studies have shown that
testosterone induces an increase in both MCT1 and MCT4 proteins and their plasmalemmal
content in skeletal muscle. However, the testosterone-induced effect was tissue-specific, as MCT1
protein expression was not altered in the heart. In the heart, the testosterone-induced increase in
lactate transport cannot be explained by changes in plasmalemmal MCT1 content, but in skeletal
muscle the increase in the rate of lactate transport was associated with increases in plasmalemmal

MCT1 and MCT4.
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Lactate is produced by many tissues, with skeletal muscle
being the most prominent of these. In addition, muscle can
oxidize lactate (Gladden, 1996). Thus, lactate fluxes into
and out of the muscle cells. This movement of lactate across
the plasma membrane is associated with a pH-dependent
monocarboxylate transporter (MCT) system (Juel, 1997;
Juel & Halestrap, 1999). In the past few years, a family of
MCT proteins (MCT1-14) has been identified (Halestrap
& Meredith, 2004). Among these MCT isoforms, MCT1
and MCT4 are thought to be the key transporters involved
in regulating the lactate flux across the plasma membrane.
MCT1 is ubiquitously expressed in many tissues, whereas
MCT4 is present primarily in skeletal muscle (Bonen,
2001). In human and rat skeletal muscle, MCT1 expression
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is highly correlated with indices of the oxidative capacities
of muscle (Pilegaard et al. 1999b; Bonen, 2001). In contrast,
MCT4 is expressed mainly in fast-twitch fibres and its
expression has been associated with indices of glycolytic
capacities (Bonen et al. 20000).

It has been shown that lactate transport and MCT
protein expression can be altered in relation to the
metabolic demands placed on muscle by contractile
activity. For example, skeletal muscle lactate transport can
be increased when muscle activity is chronically increased,
either by training (McDermott & Bonen, 1993; Pilegaard
et al. 1993, 1999a; Bonen et al. 1998b; Dubouchaud
et al. 2000) or by chronic electrical stimulation of
rat hindlimb muscles (McCullagh et al. 1996a, 1997;
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Bonen et al. 2000¢) In contrast, when muscle activity is
decreased by denervation (McCullagh & Bonen, 1995) or
hindlimb suspension (Dubouchaud et al. 1996), lactate
transport is decreased. Alterations in MCTI protein
expression appear to be tightly associated with these
increased (Bonen et al. 1998b; Pilegaard et al. 1999a) or
decreased (Wilson et al. 1998) energy demands placed on
muscle. MCT4 protein expression is less easily perturbed
by muscle activity, apparently requiring more intense
exercise before it is up-regulated (Pilegaard et al. 1999a;
Bonen etal. 2000c¢; Yoshida et al. 2004). Thus, there appears
to be a good concordance between alterations in muscle
activity patterns, the expression of MCT1 and MCT4, and
the rates of lactate transport.

Because lactate is an important substrate for hepatic
gluconeogenesis (McDermott & Bonen, 1992) and
muscle glyconeogenesis (Bonen et al. 1990; Bonen &
Homonko, 1994), and for oxidation, particularly in the
heart (Chatham et al. 1999), it has been of interest to
examine whether there are changes in MCTs and/or lactate
transport when the substrate endocrine milieu is altered.
In insulin-resistant muscles of obese Zucker rats, there
was a decrease in MCT4 expression and lactate influx
into small sarcolemmal vesicles (Py et al. 2001b). With
streptozotocin-induced diabetes, there was a significant
decrease in sarcolemmal lactate transport (Py et al. 2001a),
which may be related to the reductions in MCT1 and
MCT4 protein expression in this model of diabetes (Enoki
et al. 2003). Triiodothyronine (T3) administration (for
7 days) increased lactate transport, an effect that was
associated with increases in MCT4 protein and mRNA,
as MCT1 protein was not increased, despite a marked
increase in MCT1 mRNA (Wang et al. 2003). Thus, the
substrate hormonal milieu contributes to the regulation
of MCT protein expression and consequently to the rates
of lactate transport.

It is known that prolonged testosterone administration
increases muscle mass (Brodsky et al. 1996; Bhasin
et al. 2001; Sinha-Hikim et al. 2002), presumably via
mechanisms involving alterations in the expression of
multiple muscle growth factors (Bhasin et al. 2001)
and changes in protein turnover (Ferrando et al. 1998,
2002). In contrast, the effects of testosterone on substrate
transport and metabolism have been equivocal. In an early
study, testosterone administration (for 35 days) did not
appear to alter rates of substrate metabolism, as neither
the activities of selected enzymes nor the rates of pyruvate
oxidation were altered (Kuhn & Max, 1985). However
in more recent studies, testosterone has been shown to
stimulate glycogenesis and inhibit glycolysis in muscle
(Ramamani et al. 1999; Van Breda et al. 2003). In addition,
long-term administration (8-12 weeks) of this hormone
has been shown to reduce skeletal glucose uptake by
~50% (Holmang et al. 1990; Rincon et al. 1996). This
reduction appeared to be associated with an impaired
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insulin-induced translocation of glucose transporter 4
(GLUT-4), as GLUT-4 expression was not altered (Rincon
et al. 1996). Taken altogether, it appears that testosterone
administration can alter carbohydrate metabolism in
skeletal muscle.

Whether testosterone also reduces lactate transport,
and MCT1 and MCT4 expression, as well as glucose
transport (Holmang ef al. 1990; Rincon et al. 1996),
in muscle is not known. Recently, it was shown that
testosterone reduced MCT2 mRNA in a dose-dependent
manner in seminiferous tubules (Carson et al. 2002;
Boussouar et al. 2003). However, skeletal muscle MCT1
and MCT4 may not respond in a similar manner, as
tissue-specific regulation (heart versus muscle) (Hatta
et al. 2001) and isoform-specific regulation of MCTs have
been shown (Bonen et al. 2000c; Wang et al. 2003). In
muscle, there are conflicting reports as to the androgen
receptor number in fast-twitch and slow-twitch skeletal
muscle (Deschenes et al. 1994; Bricout et al. 1994, 1999;
Carson et al. 2002), but the affinity of androgen receptors
appears to be greater in fast-twitch muscle than in
slow-twitch muscle (Bricout et al. 1999). In addition, the
androgen receptor increase in response to the anabolic
steroid treatment is greater in fast twitch muscle than
in slow twitch muscle (Carson et al. 2002). Therefore,
muscles with a higher proportion of fast-twitch glycolytic
(FG) fibres may be more predisposed to respond to
testosterone treatment. Moreover, as MCT4 is also highly
expressed in FG fibres (Bonen et al. 2000b), it may
well be that testosterone treatment would be particularly
effective in altering MCT4 in muscles that are rich in FG
fibres. Therefore, in the present study, we have examined
the effects of 7 days of testosterone administration on
MCT1 and MCT4 mRNA and protein levels in seven,
metabolically heterogeneous rat hindlimb muscles, as well
as in the heart. In addition, we also examined the effects of
testosterone treatment on the plasmalemmal MCT1 and
MCTH4 content and on the rate of lactate transport into
giant sarcolemmal vesicles prepared from red and white
hindlimb muscles and the heart.

Methods
Animals

Male Wistar rats (6 weeks old) were purchased (Nihon
Seibutsu Zairyou Center, Tokyo) and housed in an air-
conditioned room on a 12h light-12h dark cycle.
All rats were fed a diet of Purina rat chow and
water ad libitum. Their body weights were checked
daily. At 7weeks of age, the animals were assigned
randomly to the control and testosterone-injected groups.
Rats were anaesthetized with isoflurane (2.5%) in an
anaesthesia induction chamber. Thereafter, testosterone,
dissolved in sesame oil, was injected at the back of the
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Table 1. Primer sequences used for real-time PCR

Testosterone and MCT1 and 4 435

Gene Forward primer (5’ to 3') Reverse primer (5’ to 3) GenBank accession number Size (bp)
MCT1 GGTGTCATTGGAGGTCTTGGG GGCCAATGGTCGCTTCTTG NM'012716 90
MCT4 GGGTCATCACTGGCTTGGGT GGAACACGGGACTGCCTGC NM'030834 123
18S RNA GTTGGTTTTCGGAACTGAGGC GTCGGCATCGTTTATGGTCG See Pattyn et al. (2003) 204

neck (10 mg (100 ul)~! (100 gbody weight)™"). Control
animals were treated similarly with vehicle (sesame oil)
alone. Injections were given daily for 7 days. Ethical
approval for these studies was obtained from the
Committees on Animal Care at the University of Tokyo
and the University of Guelph.

Detection of MCT1 and MCT4 mRNA and protein

Animals were anaesthetized with sodium pentobarbital
(60 mg (100 g body weight)™!, 1.p.) 24h after the last
testosterone injection. Blood was taken from the heart
and tissues were excised rapidly (i.e. heart and hindlimb
muscles: soleus (SOL), plantaris (PL), red and white
gastrocnemius (RG and WG, respectively), red and white
tibialis anterior (RTA and WTA, respectively) and extensor
digitorum longus (EDL)). Tissues were frozen in liquid
nitrogen, and stored at —80°C until analysed for MCT1
and MCT4 mRNA and protein levels.

MCT1 and MCT4 mRNA. RNA was isolated from muscle
using Trizol reagent (Invitrogen, Burlington, Ontario,
Canada). Approximately 50 mg frozen muscle was added
to 1ml ice-cold Trizol and homogenized for two 10 s
bursts at 15 000 r.m.p. using a Polytron 3100 homogenizer
(Kinematica, Littau, Switzerland). Homogenates were
centrifuged at 12 000 g for 10 min at 4°C to pellet cellular
debris. Chloroform (200 ul) was added to the super-
natant fraction and shaken vigorously for 15 s. The organic
and aqueous phases were separated by centrifugation at
12 000 g for 15 min. The aqueous phase was removed and
600 p isopropanol was added. After mixing thoroughly,
the solution was added to an RNAeasy Mini-spin column
(Qiagen, Mississauga, Ontario, Canada) and RNA was
isolated according to the manufacturer’s instructions.
DNase (Qiagen) treatment was performed on the column.
RNA concentration and purity was estimated by OD
260/280 in TE buffer.

cDNA synthesis was performed using First Strand cDNA
Synthesis Kit for RT-PCR (AMV) (Roche Diagnostics,
Laval, Quebec, Canada). Reverse transcriptase reactions
were performed according to the manufacturer’s
instructions with 1 g RNA in a total reaction volume
of 26 ul using random hexamer oligonucleotides and
including gelatin. cDNA reactions were diluted 5-fold
before addition to the PCR cocktail.

Quantitative real-time PCR was performed using a
7500 Real Time PCR System (Applied Biosystems, Foster
City, CA, USA). The PCR reaction was carried out using
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qPCR SuperMix UDG (Invitrogen, Burlington, Ontario,
Canada) as recommended by the manufacturer, using
ROX as a reference dye. The concentration of each primer
was 10 uM. Five microlitres of dilute cDNA was added
to each reaction for a total volume of 25 ul. The thermo-
cycling conditions were: 2 min 50°C, 5 min 95°C, followed
by 40 cycles of 95°C for 15 s and 60°C for 60s. A
melt curve analysis was performed to ensure a single
product was generated. The primer sequences used are
listed in Table 1. For MCTs, one primer from each set
was designed across an intron/exon junction to prevent
genomic DNA amplification. The 185 RNA primer set
sequence is available in the public RTPrimerDB database
(http: \\ medgen.UGent.be\rtprimerdb\), RTPrimerDB
ID: 1490.

Data quantification was carried out using 7500 System
SDS Software using the 2722¢T method (Livak &
Schmittgen, 2001). Primer amplification efficiencies were
determined to be approximately equal as outlined by
Pattyn et al. (2003) using 185 RNA as an internal standard.

MCT1 and MCT4 protein. Proteins from muscles and
heart were isolated and separated using SDS-PAGE and
MCT1and MCT4 detected as previously described (Bonen
et al. 2000c; Hatta et al. 2001; Enoki et al. 2003; Coles
et al. 2004; Yoshida et al. 2004). For each set of Western
blots, equal quantities of protein were loaded (30 ug),
and data from muscles and heart from each of the two
groups as well as a muscle standard were included. This
permitted normalization of the data to the standard across
the different blots. Densities of the MCT1 and MCT4
protein bands were quantified by scanning the resultant
films on a densitometer connected to a computer with
appropriate software.

Preparation of giant sarcolemmal vesicles
and plasmalemmal MCT detection

In a subset of rats, muscles were also taken after 7 days of
testosterone treatment to examine rates of lactate transport
into giant vesicles, as well as determining MCT'1 and MCT4
at the plasma membrane of these vesicles. Sarcolemmal
vesicles were purified as we have previously described
(Bonen et al. 19984, 2000a; Tonouchi et al. 2002). Briefly,
red (RG + RTA) and white (WG + WTA) muscles were
combined and scissored lengthwise into thin slices. These
slices were incubated in a solution containing 140 mm
KCl, 5 mm MOPS (pH 7.4), 150 U ml~! collagenase (Sigma
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Table 2. Body and muscle weights, and circulating glucose,
lactate and testosterone in control and 7 day testosterone-
treated rats (mean =+ S.E.M.)

Control Testosterone-

Parameter (n=7) treated (n = 6)
Body weight (g)

Pre-treatment 225.5+7.3 227.44+5.7

Post-treatment 282.9 £+ 4.3** 276.0 £+ 3.7**
Muscle weight (mg)

Soleus 166 + 3 167 +7

Plantaris 497 + 12 540 + 11*

Gastrocnemius 2399 + 44 2643 + 58*

Tibialis anterior 941+ 14 998 + 10*

Extensor digitorum longus 240 +7 25145
Testosterone (nm) 0.36 +£0.04 15.8+5.4
Glucose (mm) 85+04 8.0+04
Lactate (mm) 2.04+04 1.9+0.2

**P < 0.05, change in body weight within each group; *P < 0.05,
testosterone versus control.

type VII), and 1.0mgml™' of the protease inhibitor
aprotinin (Sigma-Aldrich, St Louis, MO, USA) for 1h
at 34°C. A three-layer step-density gradient was used
to isolate the vesicles. The upper layer was composed
of KCI-MOPS (3 ml), the middle layer was composed
of 4% Nicodenz in KCI-MOPS (3 ml), and the bottom
layer contained the vesicle suspension (8 ml). The vesicles
were removed from the interface of the two upper
layers after centrifugation (60g¢ for 45min) at room
temperature (20°C). Thereafter, the vesicles were diluted
with KCI-MOPS and recovered with a final centrifugation
step (12000 ¢ for 4 min). A portion of the vesicles was
saved to ascertain the plasma membrane content of MCT1
and MCT4. Plasma membrane proteins were separated
using SDS-PAGE followed by Western blotting, as we have
recently reported in detail (Bonen et al. 2000c; Hatta et al.
2001; Enoki et al. 2003; Yoshida et al. 2004).

Lactate uptake by giant sarcolemmal vesicles

Lactate uptake measurements were performed under
zero-trans conditions in giant vesicles. For these purposes,
lactate (1 mm lactate, 0.1 uCi L-[U-'*C]lactate per tube)
was added to the vesicle suspension and vortexed briefly.
As preliminary studies demonstrated that lactate uptake
increased linearly up to 30 s, lactate uptake was terminated
after 10s by the addition of an ice-cold stop solution
(3 mm HgCl in 0.1% bovine serum albumin, KCI-MOPS).
The vesicles were then centrifuged (12000 g for 2 min),
and the supernatant fraction was discarded. To determine
non-specific *C-lactate associated with vesicles, the stop
solution was added to the vesicles before the lactate
solution was loaded. C activity was determined using
standard liquid scintillation procedures.
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Other measurements

After 1 week of testosterone treatment, serum testosterone
concentrations were measured with a commercially
available radioimmunoassay kit (Diagnostic Product
Corporation, Los Angeles, CA, USA). In addition, blood
glucose and lactate concentrations were measured using
blood lactate and glucose analysers (Arkray, Kyoto, Japan).
The wet muscle weights of SOL, PL, gastrocnemius
(RG 4+ WQG), tibialis anterior (RTA + WTA) and EDL were
measured, when they were excised.

Muscle fibre composition

We have previously characterized the muscle fibre
composition of the hindlimb muscles in rats (Megeney
et al. 1993). These results compared well with those of
Armstrong & Phelps (1984) and with recent studies in our
laboratory (Benton & Bonen, 2005). Therefore, the muscle
fibre composition data from our laboratory (Megeney
etal. 1993) were used to compare the testosterone-induced
changes in MCT1 and MCT4 proteins in relation to the
fibre composition of the seven rat hindlimb muscles.

Data analysis

A two-way (control versus testosterone) analysis of
variance (ANOVA) was used to analyse the data. All data
are reported as means =+ S.E.M.

Results

Initial body weights of each group did not differ (Table 2).
After 1week there were no significant differences in
the body weights of the control and testosterone-treated
animals (Table 2). Circulating testosterone concentrations
were significantly increased in the testosterone-treated
group (P <0.05; Table2). There were no differences
between the control and testosterone-treated groups
in circulating blood glucose and lactate concentrations
(Table 2). With the testosterone treatment, the muscle
wet weight was significantly increased in PL (411%,
P < 0.05), gastrocnemius (+10%, P < 0.01) and tibialis
anterior (+6%, P < 0.01), but not in SOL (P > 0.05) and
EDL (P > 0.05, Table 2). The seven rat hindlimb muscles
used in the present study encompass a wide range of
muscle fibre composition (Fig. 1). Examination of one
representative hindlimb muscle (PL) revealed that the
muscle fibre composition was not altered with 1 week of
testosterone treatment (P > 0.05, data not shown).

Effects of testosterone treatment
on MCT mRNA abundance

In control hindlimb muscles, MCT4 mRNA abundance
was greatest in the most glycolytic muscles (WTA and
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WG) and was low in the highly oxidative SOL muscle. The
converse was observed for MCT1 mRNA, its abundance
was greatest in the more oxidative muscles (SOL and RG)
and the heart. These results confirm previously reported
observations (Bonen et al. 2000b). There was, however,
no linear relationship between the fibre composition of
the hindlimb muscles and their MCT1 or MCT4 mRNA
abundances (data not shown).

To facilitate the presentation of the relative effects of the
testosterone treatment on the MCT1 and MCT4 mRNAs
in the seven rat hindlimb muscles, we set the MCT1 and
MCT4 mRNA abundance in each muscle in the control
group to 100. Except for PL, testosterone administration
did not alter either the MCT1 or MCT4 mRNA abundances
in muscle or in the heart (Fig. 2).

Effects of testosterone treatment
on MCT protein expression

Previously, we have reported that in rat hindlimb
muscles, MCT1 expression is highly correlated with the
oxidative muscle fibre composition (McCullagh et al
1996b; Bonen et al. 2000b), and conversely, that MCT4
expression is highly correlated with the glycolytic muscle
fibre composition (Bonen et al. 20000). Although these
relationships were also observed in the present study (data
not shown), we have chosen to set the MCT1 and MCT4
content of each muscle in the control group to 100, to
facilitate the presentation of the relative effects of the
testosterone treatment on the expression of these proteins
in the seven rat hindlimb muscles that were examined.

[] %FG [0 %FOG |l %SO

100 —
90 H
80
70
60 -
50
40 —
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0 - T T T T T
WG WTA EDL PL RTA
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Muscle fibres (%)

T T
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Figure 1. Muscle fibre composition of seven rat hindlimb
muscles

FG, fast-twitch glycolytic; FOG, fast-twitch oxidative glycolytic; SO,
slow twitch oxidative. The data have been redrawn from a previous
study completed in our laboratory (Megeney et al. 1993).
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MCT1 protein. After 1 week of testosterone treatment,
there were marked changes in MCT1 protein expression.
In the testosterone-treated group, MCT1 was increased in
PL (+77%), SOL (4+67%), RTA (+51%), RG (+20%) and
WTA (4-50%) muscles (P < 0.05, Fig. 2A4). In WG (+14%)
and EDL (43%) muscles, the changes were not significant
(P > 0.05). In contrast, testosterone failed to alter MCT1
protein expression in the heart (Fig. 3A).

MCT4 protein. There were also marked changes in MCT4
protein expression after 1 week of testosterone treatment.
The largest increases were observed in muscles rich in FG
fibres, namely, WG (4110%) and WTA (480%, P < 0.05,
Fig. 3B). There were also increases in PL (+71%, P < 0.05,
Fig. 2B) and EDL (+29%, P < 0.05, Fig. 3B), muscles rich
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RG SOL Heart
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=
o
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WG WTA EDL PL RTA RG SOL Heart

Figure 2. MCT1 (A) and MCT4 (B) mRNA in seven rat hindlimb
muscles and the heart, in control and testosterone-treated
animals (mean =+ S.E.M.)

Data were normalized to 18S RNA and the control muscle data were
set to 100 for each muscle. Control, n = 7; testosterone-treated
animals, n = 7. ND, not detected. pco.05 testosteroneus control.
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in both FG fibres and fast-twitch oxidative (FOG) fibres
(Fig. 1). In muscles rich in FOG fibres there was an increase
in MCT4 in RTA (+35%, P < 0.05, Fig.3B) but not in
RG (+6%, P> 0.05, Fig. 3B). No increase in MCT4 was
observed in SOL muscle (Fig.2B), which is comprised
primarily of slow-twitch oxidative fibres (Fig. 1) and in
which MCT4 expression is minimal (Bonen et al. 2000b).
The adult heart does not appear to express MCT4 protein
(Bonen et al. 2000b).
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Figure 3. MCT1 (A) and MCT4 (B) proteins in seven rat hindlimb
muscles and the heart, in control (C) and testosterone (T)-
treated animals (mean =+ S.E.M.)

Data were normalized to a common standard in each gel and the
control muscle data were set to a mean of 100 for each muscle.
Control, n = 7; testosterone-treated animals, n = 6. ND, not
detected. Equal quantities of protein (30 ng) were loaded for each
muscle. pco.05 testosteroneus control
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MCT1, MCT4 and muscle fibre composition

Within the same muscles, the testosterone-induced
increases in MCT1 and MCT4 were not correlated (Fig. 4).
Similarly, there was no relationship between the muscle
fibre composition and the testosterone-induced increase
in MCT1 protein (Fig. 5A). In contrast, there was a positive
relationship between the proportion (%) of FG fibres in
the seven hindlimb muscles and the testosterone-induced
increase in MCT4 protein (Fig. 5B).

Plasma membrane MCTs and lactate uptake by giant
sarcolemmal vesicles

Plasma membrane MCTs and lactate transport were
examined in giant sarcolemmal vesicles in control
and testosterone-treated animals. To obtain sufficient
quantities of these vesicles for transport studies, we
combined WG and WTA muscles, and RG and RTA
muscles to provide white and red giant sarcolemmal
vesicles, respectively. With testosterone treatment, the
rates of lactate transport were increased in both red
(+21%, P <0.05) and in white (+23%, P < 0.05)
giant sarcolemmal vesicles (Fig.6A). Testosterone
administration increased plasma membrane MCT1 in
both white (+39%) and red muscles (+40%, P < 0.05,
Fig. 6B). Similarly, plasma membrane MCT4 protein was
also increased in white (+48%) and red muscle (4+25%,
P<0.05, Fig. 6C).
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Figure 4. Relationship between testosterone-induced increases
(%) in MCT1 and MCT4 proteins in rat hindlimb muscles

For each muscle, the mean = s.e.m. of MCT1 and MCT4 are plotted
against each other. The data are from Fig. 3A and B.
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MCT4 protein was not detected in giant vesicle
plasma membranes prepared from the heart, in either
the control or testosterone-treated animals. Plasma
membrane MCT1 protein in the heart was reduced by
20% in the testosterone-treated group (P < 0.05, Fig. 6B).
Concomitantly, lactate transport was increased 58% in the
testosterone-treated group (P < 0.05, Fig. 6A).

Discussion

This is the first study to demonstrate that testosterone
treatment can induce MCT protein expression in skeletal
muscle but not in the heart. The novel observations
of this study are that following 7 days of testosterone
treatment: (a) skeletal muscle MCT1 and MCT4 protein
expression were increased, while MCT1 and MCT4 mRNA
abundances were generally not altered; (b) sarcolemmal
MCT1 and MCT4 were increased; (c) rates of lactate
transport were increased; (d) within the same muscle,
the changes in MCT1 and MCT4 expression were not
correlated; (e) among the metabolically heterogeneous rat
muscles there was no relationship between muscle fibre
composition and the increase in MCT1; (f) there was a
positive association between FG muscle fibre composition
and the changes in MCT4; (g) in the heart, neither
MCT1 expression nor its plasmalemmal content were
increased; and (h) rates of lactate transport were increased
in the testosterone treated animals. Thus, these studies
have shown that in skeletal muscle, but not in the heart,
testosterone regulates the expression of MCT1. Moreover,
muscles rich in FG fibres are particularly susceptible to
testosterone-induced up-regulation of MCT4.

Seven days of testosterone administration significantly
increased the circulating blood testosterone concentration,
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but not circulating glucose and lactate levels, nor
body weight. Increases in muscle weight (6—10%) were
observed in muscles with a large proportion of FG
fibres. No change in muscle mass was observed in
SOL, which is composed primarily of slow twitch fibres.
Others have shown that prolonged testosterone treatment
(3—20 weeks) did not alter muscle fibre composition in
slow- and fast-twich muscles in rats (Bricout et al. 1999) or
humans (Sinha-Hikim et al. 2002). Similarly, we observed
no changes in the fibre composition of the PL muscle
after 1 week of testosterone treatment (data not shown).
The different testosterone-susceptibility in muscles with
different fibre composition, in the present study, may be
related to the greater affinity (Bricout et al. 1999) and/or
number (Monks et al. 2006) of androgen receptors in
fast-twitch muscle fibres, which may affect responsiveness
to androgens. Others have observed that muscles rich
in fast-twitch fibres increase their androgen receptors
relatively more when exposed to an anabolic steroid
(Carson et al. 2002). Our study is in line with these
results, because, except for the EDL muscle, muscles rich
in fast-twitch fibres exhibit a greater gain in muscle mass
in response to testosterone treatment.

Recently Boussouar et al. (2003) reported that
testosterone inhibited MCT2 mRNA abundance in a
dose-dependent manner. However, protein expression
was not examined. This may be critical as there are
indications that MCT protein expression is regulated
via post-transcriptional mechanisms, at least in skeletal
muscle (Bonen et al. 2000b,c). Indeed, the present
results also indicate that MCT protein expression in
muscle is regulated via post-transcriptional mechanisms,
presumably a testosterone-induced net increase in protein
synthesis, due to a reutilization of intracellular amino
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Figure 5. Relationship between the fast-twitch glycolytic (FG) muscle fibre composition of rat hindlimb
muscles and the testosterone-induced increases (%) in MCT1 (A) and MCT4 (B) proteins

The MCT1 and MCT4 data are from Fig. 3 and the muscle fibre data are from Fig. 1. Data are mean =+ s.e.m. (in
some instances the error bars are smaller than the plotting symbol).

© 2006 The Authors. Journal compilation © 2006 The Physiological Society



440 T. Enoki and others

acids (Ferrando et al. 1998, 2002). Presently, there are no
other studies available that have examined the effect of
testosterone administration on MCT protein expression.
In comparing the results of the present study in skeletal
muscle and the heart, and the study of Boussouar
et al. (2003) in seminiferous tubules, it appears that the
effects of testosterone on MCT1 and MCT4 mRNAs are
different from the effects on MCT2 mRNA. Moreover,
tissue-specific responses to testosterone can also occur (i.e.
muscle versus heart: present study). There has also been
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Figure 6. Rates of lactate transport into giant sarcolemmal
vesicles (A) and plasmalemmal MCT1 (B) and plasmalemmal
MCT4 (C) proteins obtained from red and white skeletal muscle
and the heart

For each preparation of giant vesicles, the heart, white muscle (WTA
and WG) and red muscle (RTA and RG) from two rats were pooled.
Lactate transport rates and plasmalemmal MCT1 and MCT4
determinations were made in five independent experiments. ND, not
detected. For Western blotting, equal quantities of protein (10 xg)
were loaded for each muscle. pco.05 testosteroneus control
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previous evidence for tissue-specific and isoform-specific
regulation of MCTs (Bonen et al. 2000¢; Hatta et al. 2001;
Wang et al. 2003).

In general, the MCT1 protein isoform is abundantly
expressed in oxidative muscle fibres, whereas the MCT4
protein isoform predominates in muscles rich in glycolytic
fibre (Bonen et al. 2000b). In the present study
we have shown that testosterone treatment increased
both MCT1 and MCT4 expression in most muscles
examined. However, there was no correlation between
the testosterone-induced MCT1 protein increase and the
proportion of FG fibres in muscle. In contrast, a strong
positive correlation was found between the FG fibre
content of skeletal muscles and the testosterone-induced
MCT4 protein increment. This may be related to the
higher affinity of androgen receptors in these FG fibres
(Bricout et al. 1999). As the increased testosterone
susceptibility applies to MCT4, but not MCT1, in muscles
rich in FG fibres, it appears that the mechanisms
regulating the expression of MCT1 and MCT4 in
skeletal muscle may differ. We have previously observed
that protein expression of MCT1 and MCT4 occurs
via post-transcriptional regulation or a combination
of post-transcriptional regulation and pre-translational
mechanisms (Bonen et al. 2000b,c; Wang et al. 2003).
This would also seem to be the case in the present
study, as except for one muscle, no changes in MCT1
or MCT4 mRNA abundance was observed (we have no
simple explanation for this discrepancy in PL). Thus,
changes in mRNA abundance by themselves appear not to
provide a particularly good explanation for altered MCT1
and MCT4 protein expression. Models describing the
mechanisms that regulate gene expression have undergone
a number of revisions in the past 50 years. A recent series
of reviews have addressed the current understandings of
the complexities involved in regulating gene expression
(Baker & Parker, 2004; Chambeyron & Bickmore, 2004;
Dahlberg & Lund, 2004; Grewal & Rice, 2004; Huang &
Richter, 2004; Murchison & Hannon, 2004; Proudfoot,
2004; Van De Bor & Davis, 2004). These reviews clearly
show that there is not a simple concordance between the
rate of transcription, mRNA abundance and the changes
in protein levels. It is, however, the change at the level
of the protein that is physiologically most relevant, and
testosterone clearly induces the up-regulation of MCT1
and MCT4 proteins in skeletal muscle.

We also examined the effect of testosterone on lactate
transportinto giant sarcolemmal vesicles. For this purpose,
we used the giant sarcolemmal vesicle preparation, which
has been used by us (McCullagh et al. 1996a; Tonouchi
et al. 2002; Wang et al. 2003), and others (Juel, 1991;
Juel et al. 1991, 1994) to examine the rate of lactate
uptake across the plasma membrane. Because rodent
skeletal muscles express both MCT1 and MCT4, it is
difficult to examine lactate uptake in relation to either
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MCTI1 or MCT4 alone. Therefore, we examined lactate
transport at a low lactate concentration (1 mm), below
the K., of each MCT (K, for MCT1, ~5mm; K,
for MCT4, ~20 mm) (Broer et al. 1998; Dimmer et al.
2000; Manning Fox et al. 2000). The testosterone-induced
increase in the rate of lactate transport was associated
with concomitantly increased plasmalemmal MCT1 and
MCT4, presumablyasaresult of their increased expression.
However, the relative increase in lactate transport into
red (4+21%) and white vesicles (+23%) was less than
the increase in plasmalemmal MCT1 (red vesicles, +41%;
white vesicles, +39%) and plasmalemmal MCT4 (red
vesicles, +25%; white vesicles, +48%). Whether other
MCTs in muscle were down-regulated with testosterone
treatment is not known.

The increments in the protein expression of MCT1
and MCT4 were qualitatively similar to the increments
in the plasmalemmal MCT1 and MCT4, whereas
the quantitative increments in protein expression and
plasmalemmal content differed somewhat. There would
seem to be a relatively simple explanation for this latter
difference. We have previously shown that both MCT1
and MCT4 are present at the plasma membrane, the
mitochondria and the T-tubules (Bonen et al. 20005b;
Benton etal. 2004), and additionally, MCT4is present in an
intracellular depot (Bonen ef al. 2000b). By measuring the
total MCT1 or MCT4 proteins in muscle homogenates,
all the various compartments are included, but in the
giant vesicles only the MCTs in a single compartment
(i.e. the plasma membrane) are being measured. Given
that MCTs are probably not equally distributed between
each of the various compartments (i.e. plasma membrane,
T-tubules, mitochondria and intracellular depot), it is not
too surprising that the relative changes in muscle homo-
genate and plasma membrane are quantitatively, but not
qualitatively, somewhat dissimilar.

Testosterone treatment resulted in a markedly different
effect on MCT1 in the heart than in skeletal muscle. The
heart expresses MCT1, not MCT4, in mature rats (Bonen
et al. 2000b; Hatta et al. 2001). Whereas testosterone
treatment did not alter MCT1 protein expression, there
was, however, a reduction (—20%) in plasmalemmal
MCT1. It is perhaps possible that testosterone treatment
increased the mitochondrial pool of MCT1 (Brooks et al.
1999; Benton et al. 2004) in the heart at the expense of the
plasmalemmal MCT1 pool. This needs to be confirmed.
Clearly, the increased rate of lactate transport in the heart
in the testosterone-treated animals cannot be attributed
to the reduced plasmalemmal MCT1. The heart probably
expresses other MCTs (cf. Poole & Halestrap, 1993; Price
et al. 1998). One of these could have been up-regulated
by testosterone, and thereby account for the increase in
lactate transport into the heart.

In summary, we have shown that testosterone treatment
increased the protein expression and plasmalemmal
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content of MCT1 and MCT4 in skeletal muscles, whereas
MCT1 expression in the heart was not altered. The
magnitude of the testosterone-induced increases in MCT4,
but not MCT1, was highly correlated with the presence
of FG muscle fibres. Testosterone treatment also increased
the rate of lactate transport into giant sarcolemmal vesicles
prepared from red and white muscles, and from the heart.
This was associated with an increase in plasma membrane
MCT1 and MCT4 in skeletal muscle. In contrast, in the
heart, the testosterone-induced increase in the rate of
lactate transport could not be attributed to concomitant
changes in plasmalemmal MCT1, as this was reduced.
We surmise that testosterone treatment may have altered
the subcellular distribution of MCT1 and MCT4, and
that therefore the changes in plasmalemmal MCT1 and
MCT4 and their expression within skeletal muscle were
qualitatively but not quantitatively similar. In the heart,
however, the changes in plasmalemmal MCT1 and MCT4
protein expression were very different.
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