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Received 11 November 2003; revised 6 October 2004; accepted 18 November 2004

Abstract

Sertoli cells support spermatogenesis both spatially and energetically; for this reason, these cells have important adaptations. The

energetic metabolism of Sertoli cells was adapted to provide lactate and pyruvate to developing germ cells, because these substrates are

essential for spermatocytes and spermatids. In this study, we investigated whether Sertoli cells use alanine, leucine, valine, and glycine as

energetic substrates and whether the simultaneous addition of other nutrients, such as glucose and glutamine, might affect the metabolism of

these amino acids. Alanine, leucine, valine, and glutamine are almost totally oxidized to CO2 by these cells. In contrast, glycine has been

demonstrated to be a poor energetic substrate, being mainly incorporated into proteins, and their metabolism did not change in the presence of

palmitic acid, glucose, and/or glutamine. The metabolism of the 3 other amino acids was modified by palmitic acid; besides, glucose changed

alanine, leucine, and valine oxidation. Glutamine decreased the oxidation of alanine, leucine, and valine to CO2. Conversely, both alanine and

leucine decreased the oxidation of glutamine. Our present findings show that Sertoli cells can adapt its energy metabolism to the oxidative

substrates available to fulfill their role in spermatogenic energetic supply.

D 2005 Elsevier Inc. All rights reserved.
1. Introduction

Sertoli cells are the somatic cells of the testis that are

essential for testis formation and spermatogenesis. Sertoli

cells facilitate the progression of germ cells in spermatozoa

via direct contact and by controlling the environmental milieu

within the seminiferous tubules [1-3]. It has been demon-

strated that Sertoli cells can use glucose aerobically at a high

rate and secrete lactate and pyruvate; lactate and pyruvate are

essential for the maintenance of germ cells [4-6]. A small

percentage of glucose is oxidized to CO2 and even less is

converted to other intermediates. Thus, it seems that glucose

is not the major fuel for Sertoli cells.

Little is known about the oxidation of energy substrates

other than glucose by Sertoli cells. Jutte et al [7] reported

that Sertoli cells incubated with palmitic acid oxidized 66%

of this substrate to CO2, and they suggest that fatty acids

seem to be a major energy substrate for Sertoli cells. In other

experiments, Sertoli cells were incubated with valine,

leucine, and isoleucine; these amino acids were selectively
0026-0495/$ – see front matter D 2005 Elsevier Inc. All rights reserved.

doi:10.1016/j.metabol.2004.11.005

* Corresponding author. Fax: +55 51 3316 5535.

E-mail address: elenbern@vortex.ufrgs.br (E.A. Bernard).
taken up by the cells, but their metabolic pathways were not

investigated. Branched chain amino acid aminotransferase

activity was found in Sertoli cells, and 15% to 30% of the 4-

methyl-2-oxopentanoate formed by transamination of leu-

cine was released, taken up by germ cells and converted to

2-hydroxy-4-methylvalerate [8,9]. However, this is not an

energy-producing reaction and its physiological significance

is unknown.

Furthermore, Grootegoed et al [10] have shown that

besides glucose and fatty acids, the single oxidation of

glutamine and leucine can yield much of the required energy

by Sertoli cells. Nevertheless, the relative importance of the

endogenous metabolism of these substrates on the bioener-

getic balance of Sertoli cells, when more than one fuel is

present in the culture medium, has not been investigated. The

aim of the present work is to study the use of different amino

acids as energy substrates by Sertoli cells and to determine if

Sertoli cell metabolism can be influenced by the presence of

other exogenous substrates. Thus, we studied the effect of

alanine, glycine, leucine, valine, and glutamine on Sertoli

cell metabolism. The substrates alanine, glycine, valine, and

glutamine were chosen because of energy potential of the

citric acid cycle and leucine for lipid formation. There are no
xperimental 54 (2005) 515–521



Table 1
14C-amino acid metabolism in Sertoli cells

Glycine Alanine Valine Leucine Glutamine

CO2 134 F 17 3776 F 226 3523 F 270 3804 F 605 3949 F 466

Lipids 200 F 21 582 F 126 612 F 76 298 F 140 341 F 43

Proteins 1314 F 72 2923 F 377 3698 F 278 1159 F 84 809 F 51

The Sertoli cells were incubated for 1 hour in KRb with 14C-amino acids (0.25lCi per 0.2 mmol/L). Results expressed as picomoles of amino acids oxidized to

CO2, converted to lipids, or incorporated to proteins per milligram protein per hour. Values are mean F standard error. Representative data from 4 independen

experiments.
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reports about the use of alanine and glycine by Sertoli cells.

Furthermore, glutamine is known to decrease branched chain

amino acid oxidation and to produce lactate in the nervous

system [11] and enterocytes [12]. Lactate is one of the most

important products secreted by Sertoli cells for maintenance

of germinative cells during spermatogenesis [4]; therefore,

we studied the possibility that in Sertoli cells, glutamine can

also be used to produce lactate. The study of biochemical

interactions among essential energy substrates required to

support the high metabolic demand of Sertoli cells may lead

to a better understanding of the metabolic cross-talk between

Sertoli and germ cells.
2. Materials and methods

2.1. Materials

Hyamine hydroxide was purchased from the JT Baker

Chemical Company, Phillisburg, NJ, and l-[U-14C]leucine

(315 mCi/mmol), l-[U-14C]alanine (157 mCi/mmol),

[U-14C]glycine (57 mCi/mmol), l-[U-14C]valine (266

mCi/mmol), and l-[U-14C]glutamine (277 mCi/mmol) were

from Amersham International, Berkinghamshire, UK. Opti

Phase Tri safe 3 was from Wallac HisafeR Cocktail. All

other chemicals were reagent grade.

2.2. Cell culture

Sertoli cells were prepared from Wistar rats aged 16 to 18

days, as previously described [13], according to the
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Fig. 1. Effect of the addition of palmitic acid, glucose, and/or glutamine on the metabolism of glycine. The Sertoli cells were incubated for 1 hour in KRb with

[U-14C]glycine (0.25lCi/0.2 mmol/L) in the presence or absence of palmitic acid (0.5 mmol/L), d-glucose (5 mmol/L), and/or glutamine (2.0 mmol/L)

The oxidation to CO2, the conversion to lipids, and the incorporation into protein were measured. Data are expressed as means F SEM (4 differen

cell preparations).
t

modification of Tung and Fritz [14]. Sertoli cells were

plated (2.5 � 105 cells/cm2) in Dulbecco’s Modified Eagle’s

Medium/Nutrient Mixture F-12 HAM (DMEM/F12) sup-

plemented with 1% fetal calf serum. Cells were cultured in a

humidified 5% CO2 atmosphere. After 24 and 48 hours, the

cellular monolayer was washed and fresh medium was

added. On the third day after plating, the medium was

discarded and the attached Sertoli cells were harvested by

centrifugation, after treatment with 0.125% trypsin/0.05%

EDTA. The harvested cells were washed with DMEM/F12

supplemented with 5% fetal calf serum, and the concentra-

tion of protein was determined by the Lowry method [15].

Cell viability, as judged by trypan blue exclusions, was

regularly higher than 90%.

2.3. Substrate oxidation and incorporation into lipids

and proteins

Sertoli cells (approximately 6 � 106 cells, corresponding

to 2.0 mg of protein), were incubated in 1 mL of Krebs-

Ringer bicarbonate (KRb) with the specified concentrations

of [14C]-labeled substrates, in the absence or presence of

other compounds, which might be used by Sertoli cells as

energy-yielding substrates (as described in the legends of

figures). Incubation was carried out in flasks after the

content was gassed with a 95% O2/5% CO2 mixture for 1

minute and then sealed with rubber stopper. The suspension

of Sertoli cells was incubated at 348C for 1 hour in a

Dubnoff metabolic shaker (60 cycles/min) according to

Dunlop et al [16]. Incubation was stopped by adding
.
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Fig. 2. Effect of the addition of palmitic acid, glucose, and/or glutamine on the metabolism of alanine. The Sertoli cells were incubated for 1 hour in KRb with

l-[U-14C]alanine (0.25lCi/0.2 mmol/L) in the presence or absence of palmitic acid (0.5 mmol/L), d-glucose (5 mmol/L), and/or glutamine (2.0 mmol/L). The

oxidation to CO2, the conversion to lipids, and the incorporation into protein were measured. Values are expressed as means F SEM (four different cell

preparations). Different letters indicate statistically significant differences. a different from c, P b .05; a different from b, P b .01; aV different from bV, P b

.01; aU different from bU, P b .01.
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0.25 mL of 50% trichloroacetic acid (TCA) through the

rubber stopper. Hyamine hydroxide (1 mol/L, 0.25 mL) was

then injected into the central wells. The flasks were shaken

for an additional 30 minutes at 348C to trap CO2.

Subsequently, the content of the central well was transferred

to vials and assayed for CO2 radioactivity in a liquid-

scintillation counter. The contents of the flask were

homogenized and transferred to tubes. After centrifugation,

the precipitate was washed 3 times with 10% TCA, and

lipids were extracted with chloroform-methanol (2:1). The
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Fig. 3. Effect of the addition of palmitic acid, glucose, and/or glutamine on the me

l-[U-14C]valine (0.25lCi per 0.2 mmol/L) in the presence or absence of palmitic

The oxidation to CO2, the conversion to lipids, and the incorporation into protei

preparations). Different letters indicate statistically significant differences. a differ

.05; aU different from bU, P b .05.
chloroform-methanol phase was evaporated in vials and

radioactivity was measured. The lipid-free protein pellet

was dissolved in concentrated formic acid and radioactivity

was measured. All results were expressed considering the

initial specific activity of the incubation medium. Assays

were linear with respect to time of incubation.

2.4. Statistical analysis

Differences among groups were evaluated with analysis

of variance, followed by the Duncan multiple range test,
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Fig. 4. Effect of the addition of palmitic acid, glucose and/or glutamine on the metabolism of leucine. The Sertoli cells were incubated for 1 hour in KRb with

L-[U-14C]leucine (0.25 lCi/0.2 mmol/L) in the presence or absence of palmitic acid (0.5 mmol/L), glucose (5 mmol/L) and/or glutamine (2.0 mmol/L). The

oxidation to CO2, the conversion to lipids and the incorporation into proteins were measured. Values are expressed as means F SEM (four different cell

preparations). Different letters indicate statistically significant differences. a different from c P b .05, a different from b P b .01, aV different from bV P b .01.
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as appropriate. A probability level of P b .05 was

considered significant.
3. Results

Table 1 shows basal amino acid metabolism by Sertoli

cells. [U-14C]glycine showed the lowest CO2 production. In

contrast, the incorporation of leucine and glutamine into

protein was lower than that of the other amino acids.

Alanine and valine were mainly converted to lipids.

Figs. 1-5 show the effect of addition of other possible

energy substrates upon the metabolism of these amino acids.

Glucose, palmitic acid, and glutamine had no effect on the

metabolism of glycine (Fig. 1). Neither did palmitic acid

affect the metabolism of any amino acid tested (Figs. 2-5).

Both glucose and glutamine (separately or together) de-

creased CO2 production and protein synthesis from [U-14C]

alanine; however, glucose increased lipid synthesis (Fig. 2).

Fig. 3 shows that glucose increased the oxidation of

valine to CO2. Conversely, glutamine, with or without

glucose, diminished this CO2 production. Glucose also

increased lipid and protein synthesis.

With respect to [U-14C]leucine metabolism, glucose and

glutamine decreased CO2 production; however, glucose,

but not glutamine, increased the metabolism of leucine to

lipids (Fig. 4).

Because it was shown that glutamine decreases CO2

production from alanine, valine, and leucine, we determined

the effect of these amino acids on the metabolism of

[U-14C]glutamine. Fig. 5A shows that alanine and leucine

decreased the oxidation of glutamine to CO2, but did not

alter either lipid or protein synthesis. Glucose, palmitic acid,

and glycine did not affect glutamine metabolism (Fig. 5B).

To investigate if glutamine can be converted to lactate, we

plated Sertoli cell and cultured it for 24 hours at 328C with
[U-14C]glutamine in the absence of glucose. Incubation

medium after elution from Dowex 1-X8 ion-exchange

column chromatography was analyzed by thin layer

chromatography, and radioactivity was found in the region

corresponding to authentic lactic acid (data not shown).
4. Discussion

Our results indicate that glucose is not the major fuel for

Sertoli cells. These cells may use other energy substrates

when presented alone to the cells, but there are no studies

about how these cells satisfy their energy requirements by a

mixture of substrates.

The primary aim of the present investigation was to test

whether one or other amino acid is the preferred substrate

for the bioenergetic balance of the Sertoli cell. Glutamine is

reported to be the main energy substrate for proliferating

cells [17]. In many tissues, it is mainly oxidized to CO2, but

it also enters the gluconeogenic pathway in liver and kidney.

Moreover, in cultured astrocytes, 33% of the glutamate

entering Krebs cycle as a-oxoglutarate is converted to

lactate [18]. It was reported that cultured Sertoli cells can

also use glutamine as an energy substrate [8]. The present

paper shows that alanine, leucine, and valine oxidation may

also be very important for Sertoli cells. In contrast, glycine

does not seem to be an adequate energy substrate, but it is

more effectively incorporated into proteins and partially

converted to lipids.

In vertebrates, the cleavage of glycine has been

demonstrated to be the main pathway by which glycine

and serine are catabolized [19]. In the central nervous

system (CNS), glycine is tightly linked to intermediary

metabolism and can be easily obtained from serine through

the withdrawal of one carbon atom by serine hydroxymethyl

transferase [20]. This route is also the main pathway for



A)

a

b

b 

a
a 

0

500

1000

1500

2000

2500

3000

3500

4000

4500

5000

B) 

0

1000

2000

3000

4000

5000

6000

7000

CO2

pm
ol

/m
g 

pr
ot

ei
n 

x 
h

pm
ol

/m
g 

pr
ot

ei
n 

x 
h

control palmitic acid glucose

LIPIDS PROTEINS

CO2 LIPIDS PROTEINS

control glycine alanine leucine valine

Fig. 5. A and B, Effect of the addition of glycine, alanine, leucine, valine, glucose, and palmitic acid on the metabolism of glutamine. The Sertoli cells were

incubated for 1 hour in KRb with l-[U-14C]glutamine (0.25lCi per 2.0 mmol/L). A, In the presence or absence of glycine (1.0 mmol/L), alanine (1.0 mmol/L),

leucine (1.0 mmol/L), and valine (1.0 mmol/L). B, In the presence or absence of palmitic acid (0.5 mmol/L) and glucose (5 mmol/L). The oxidation to CO2, the

conversion to lipids, and the incorporation into protein were measured. Values are expressed as means F SEM (4 different cell preparations). Different letters

indicate statistically significant differences (a different from b, P b .05).
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glycine oxidation in different regions of the rat CNS, where

this amino acid can also be converted to serine and

incorporated into phospholipids [21]. We have previously

observed that [1-14C]glycine is converted to serine in Sertoli

cells, and then incorporated into phospholipids (data not

shown). However, the oxidative metabolism of glycine has

not previously been investigated in Sertoli cells.

In this work, we observed that Sertoli cells has insignif-

icant capacity for oxidized glycine to CO2; however, creatine

that is crucial for providing energy to spermatogenic cells is

synthesized in the Sertoli cells from glycine and arginine

[22]. Moreover, in Sertoli cells, glycine is used for

glutathione (GSH) synthesis, which in turn is released by

these cells and may provide GSH as a source for cysteine, as

well as reducing power for the spermatogenic cells. In
addition, the biosynthetic rate of protamine production is

very high during the spermiogenic process, and large

amounts of cysteine are required for these cells [23]. The

present study shows that the glycine cleavage system in

Sertoli cells seems to have other function than that in the

CNS, because besides it is to be converted to serine and

incorporated into phospholipids, glycine was poorly oxidized

to CO2, and it is likely that the enzymatic activities of the

glycine oxidative pathway are not significant in Sertoli cells.

Because alanine, leucine, and valine are preferentially

oxidized to CO2 in Sertoli cells, we investigated whether the

presence of glucose could change the catabolism of these

amino acids. Sertoli cells do not use glucose as a main

energy substrate; as was cited above, Robinson and Fritz [5]

showed that only a small fraction of the pyruvate produced
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from glucose is used by Sertoli cells via the Krebs cycle.

Instead, the pyruvate is converted to lactate and both are

secreted by these cells [4,9]. However, glucose modified the

metabolism of alanine, leucine, and valine. The oxidation of

valine to CO2, its incorporation into proteins, and its

conversion to lipids were increased by glucose, whereas

the synthesis of lipids from alanine and leucine was

increased, and oxidation to CO2 was decreased by glucose.

Incorporation of alanine into proteins also decreased in the

presence of glucose. It is possible that low amounts of

acetyl-CoA arising from glucose modify alanine and leucine

oxidation to CO2 by competing with the acetyl-CoA

produced by these amino acids. In the case of valine

oxidation, the acetyl-CoA reacts with oxaloacetate, which

can be produced from valine, to form citrate, which could

stimulate the Krebs cycle.

The stimulation of the conversion of valine to lipids by

glucose may be the result of stimulation of the pentosis

cycle, which has been shown to be an important destination

for glucose in Sertoli cells [5]. The oxidation of valine and

leucine is dependent upon a-ketodehydrogenase, which is

regulated by covalent modification. Glucose, however, has

different effects upon the oxidation of valine and leucine to

CO2; thus, it is possible that different a-ketodehydrogenases
are present in Sertoli cells, as described in bovine liver [24].

In the CNS of 14-day-old rats, glucose (5-10 mmol/L)

stimulates the incorporation of leucine and glycine into

proteins [25]. The decrease in the incorporation of l-

[U-14C]alanine and the increase in the incorporation of l-

[U-14C]valine into proteins in the Sertoli cells, however, are

difficult to explain.

It was previously demonstrated that the oxidation of fatty

acids is a major energy source for cultured Sertoli cells

[7,10]. Nevertheless, it was observed that addition of

palmitic acid did not modify the metabolism of any of the

amino acids tested.

We postulated that alanine, valine, leucine, or glutamine

play an important role as substrates for Sertoli cell energy

metabolism. We investigated a possible preference of these

cells for one of them. Glutamine inhibited the oxidation of

leucine, valine, and alanine, without modifying the conver-

sion of these amino acids to lipids. Glutamine also

decreased the incorporation of alanine into proteins. The

decreased oxidation of alanine, valine, and leucine may be

related to the oxidation of glutamine, which can compete in

the transamination reactions, decreasing the formation of

ketoacids from these amino acids.

To understand the role of glutamine in the metabolism of

alanine, valine, and leucine, we studied the action of these

amino acids on glutamine metabolism. In addition, we also

studied the effect of glucose and palmitic acid upon this

metabolism. Glucose, palmitic acid, and valine did not

modify the metabolism of glutamine. However, alanine and

leucine decreased glutamine oxidation, possibly because of

the transamination reaction previously cited. Pyruvate is

formed from alanine via a transaminase reaction and can
inhibit the oxidation of glutamine because glutamine is an

important source of lactate via transformation of malate to

pyruvate by malic enzyme.

The most important finding of the present work is the

observation that glycine is not an adequate energy-yielding

substrate for Sertoli cells, but it seems probable that glycine

may have some physiological significance in protein and

phospholipid synthesis in addition to the precursor for

creatine and glutathione synthesis. Moreover, it is important

to note the 3- to 4-fold decrease in leucine, valine, and

alanine oxidation in the presence of glutamine, and the

well-known stimulatory effect of exogenous glucose upon

lipid synthesis, because glucose replaces the vital citric acid

cycle intermediates.

Comparison of data obtained using the various amino

acids tested here and the influence exerted by the presence

of other energy substrates is crucial for a better understand-

ing of the most important pathways of energy metabolism in

the Sertoli cells, as well as the relationship of this

metabolism with the development of germinal cells, such

as in lactate formation from glutamine, which is essential for

the maintenance of germ cells.
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