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Original article

Insulin and/or dexamethasone regulation of lactate
production and its relationship to glucose utilization

by ovine and bovine adipose tissue explants
incubated for 7 days
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Laboratoire sous-nutrition des ruminants, Inra, Theix, 63122 Saint-Genès-Champanelle, France

(Received 19 December 1996; accepted 20 April 1997)

Summary &horbar; This study investigated the hormonal regulation of lactate production and the lactate
production/glucose utilization ratio in sheep and cow adipose tissue (AT) explants. The effects of insulin
(2 mU/mL) and/or dexamethasone (DEX, 100 nM) were measured in perirenal AT of adult non-
lactating non-pregnant cows (n = 5) or ewes (n = 5) given a restricted diet followed by overfeeding.
The AT explants were incubated for 7 days. Under basal conditions, the lactate production was two
times greater in sheep than in cow AT. Insulin increased lactate production in the two species,
whereas DEX decreased it. DEX, in the presence of insulin, increased lactate production from day 3
to day 7. The lactate production/glucose utilization ratio was about two times greater in sheep than
in cow AT. The presence of insulin increased, and that of DEX decreased this ratio in sheep AT,
whereas it was not changed in cow AT. DEX, in the presence of insulin, increased this ratio in the two
species after 4 or 5 days.

ruminant / adipose tissue / lactate / insulin / dexamethasone

Résumé &horbar; Effets de l’insuline et/ou de la dexaméthasone sur la production de lactate et son rap-
port avec l’utilisation de glucose par les tissus adipeux ovin et bovin maintenus en culture pen-
dant 7 jours. La régulation hormonale de la production de lactate et du rapport production de lac-
tate/utilisation de glucose dans le TA est étudiée chez les ovins et les bovins. Les effets de l’insuline
(2 mUI/mL) et/ou de la DEX (100 nM) sont mesurés sur du TA périrénal provenant de cinq vaches
et de cinq brebis adultes, taries et non gravides, sous-nutries puis réalimentées. Les explants de TA
sont cultivés pendant 7 jours. Dans les conditions basales, la production de lactate est deux fois plus
importante avec le TA ovin qu’avec le TA bovin. L’insuline augmente la production de lactate chez
les deux espèces alors que la DEX la diminue. L’addition de DEX dans un milieu supplémenté en insu-
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line n’a d’effet qu’à partir du 3e jour de culture. Par ailleurs, le rapport production de lactate/utilisa-
tion de glucose est environ deux fois plus important chez la brebis que chez la vache. L’insuline
augmente et la DEX diminue ce rapport dans le TA ovin mais pas dans le TA bovin. La DEX en pré-
sence d’insuline augmente ce rapport chez les deux espèces après 4 ou 5 jours de culture.

ruminant / tissu adipeux / lactate / insuline / dexaméthasone

INTRODUCTION

While numerous metabolic similarities exist
between sheep and cow adipose tissue (AT),
Chilliard and Faulconnier (1995) have doc-
umented differences in the effects of adding
insulin and/or dexamethasone (DEX) on
glucose utilization between cow and sheep
perirenal AT explants incubated for 7 days.
Indeed, the effect of insulin was greater in
cow than in sheep AT on the first day of
incubation, then the relationship was
reversed from day 4. Moreover, the addi-
tion of DEX to the insulin-supplemented
medium significantly increased glucose uti-
lization in sheep AT, whereas it had no
effect in cow AT. Smith and Prior (1986)
also noted pronounced differences in glu-
cose utilization between sheep and cow sub-
cutaneous AT, depending on the presence
or absence of acetate and lactate in the incu-
bation medium. The products of glucose
metabolism in ruminant AT are carbon diox-

ide, NADPH and acylglycerol glycerol (Ver-
non, 1980), but glucose is also recycled as
lactate both in vivo (Khachadurian et al,
1966) and in vitro (Khachadurian et al, 1967;
Robertson et al, 1982). In order to better
understand the metabolic significance of the
differences in glucose utilization between
cow and sheep AT, additional measurements
were carried out comparing the effects of
insulin and/or DEX on lactate production
and lactate production/glucose utilization

’ 

ratio (LP/GU ) in the AT of these two
species.

MATERIALS AND METHODS

Animals and diets

Adult non-lactating non-pregnant Holstein cows
(n = 5, 7-9 years old) and ewes of the synthetic
INRA-401 breed (Romanov x Berrichon du
Cher) (n = 5, 4-6 years old) after their third to
fifth lactation were used. They were fed for 8
(ewes) and 10 (cows) days a restricted diet (that
provided 20 and 22% of the estimated metabo-
lizable energy requirement for maintenance for
ewes and cows, respectively; Inra, 1989) of straw
( 1 kg/day) and hay (1.5 kg/day) for cows or straw
only (400 to 500 g/day) for ewes. Then they were
overfed for 10 (ewes) and 21 (cows) days before
slaughter, with ad libitum access to hay and water
plus defined amounts of concentrate. The com-
position and distribution of concentrate mix for
the cows (Faulconnier et al, 1994) and the ewes
(Chilliard and Faulconnier, 1995) have been
described previously. The voluntary intake was
188 and 228% of the metabolizable energy
requirement for maintenance for cows and ewes,
respectively; Cows were killed with a captive-
bolt humane killer and ewes were exsanguinated.
After death, samples of perirenal AT were
excised aseptically and immediately placed into
an incubator vessel containing sterile Hank’s s
buffer (Gibco/BRL, France), pH 7.4 at 37 °C.

Adipose tissue incubation

The samples of perirenal AT were finely cut
(10-15 mg pieces), transferred to plastic flasks
and placed in an incubator at 37 °C with an atmo-
sphere of 95% °i5%COz (v/v). The AT explants
(1-1.5 g) were incubated in sterile Medium 199
(30 mL) containing Earles salts, L-glutamine and
25 mM HEPES (pH 7.5; Gibco/BRL, France)
supplemented with 7 mM acetate (final concen-



tration 7.6 mM), antibiotics and hormones as
described previously (Faulconnier et al, 1994;
Chilliard and Faulconnier, 1995). The AT
explants were incubated for 7 days. For each ani-
mal, AT explants were incubated in duplicate
for each kind of medium (eg, control without
added hormones, insulin (2 mU/mL), DEX
(100 nM), insulin (2 mU/mL) plus DEX
(100 nM)) and for each incubation time (from
day 1 to day 7). The incubation medium was
replaced with fresh medium once daily. Samples
of each medium were retained after each 24-h
incubation and stored at -20 °C until their lactate
content was quantified.

Assay of lactate, and expression
of results

The amount of lactate released into the incubation
medium was determined by measuring lactate
concentration at the beginning and end of each
24-h incubation period for 7 days. The lactate
concentration was assayed on 8 pL of culture
medium, with lactate oxidase (Shimojo et al,
1989) using a multianalyser (Elan, Merck-
Clévenot, Nogent-sur-Marne, France) and a com-
mercial kit (BioMerieux, France, reference
no 61192). Repeatability and sensitivity of the
lactate measurement were evaluated. Standard
solutions at 25, 40, 100, 200, 400, 1 000, 2 000
and 4 000 pM were successively analysed with
five repetitions at each concentration. The SD

were, respectively, 3.6, 2.2, 4.1, 3.9, 5.3, 2.6,
14.4 and 20.9 pM, corresponding to coefficients
of variation of 11.3, 4.5, 3.4, 1.6, 1.1, 0.2 and
0.7%, respectively. The lower limit of detection
was calculated to be 14 pM. The range of lac-
tate concentration values in the culture media
from our study was 200-4 000 pM. The glucose
concentration remaining at the end of each incu-
bation period was always higher than 45 pmol
per well (ie, 1.5 mM), and thus was not limiting
for lactate production. The number of adipocytes
per gram of AT was determined previously. The
mean cell diameter at day 0 was 122 ± 1 pm in
cow and 111 ± 4 pm in sheep AT (Faulconnier et
al, 1996). Lactate production was expressed in
micromoles of lactate released into the incubation
medium/24 h/106 adipocytes. The amount of glu-
cose removed daily from the incubation medium
by the same AT explants was from data of Chill-
iard and Faulconnier (1995). The LP/GU was
expressed as the ratio of lactate carbons appear-
ing in the medium compared to the glucose car-
bons disappearing from the medium, expressed in
percent.

Statistical analysis

Data from both species and all incubation times
were analyzed together using the GLM proce-
dures of SAS (1987) (table I). The model
included the effects of species (a), individual
within species (b), insulin (c), DEX (d), insulin x



DEX (e), species x insulin (f), species x DEX
(g), species x insulin x DEX (h), within animal
profile of hormonal treatment (i), day of incu-
bation (j), species x day (k), insulin x day (I),
DEX x day (m), species x insulin x day (n),
species x DEX x day (o), insulin x DEX x day
(p), and species x insulin x DEX x day (q). The
effect of (b) was used as the error term for the
factor (a) (between animal variation). The effect
of (i) was used as the error term for the factors (c)
to (h) (within animal, between hormonal treat-
ment variation). The residual error for the model
was used as the error term for the factors (j) to (q)
(within animal, within hormonal treatment vari-
ation). The species x DEX x day interaction was
not significant ( P > 0.12), so it is not presented
in the results.

When there was a significant day effect or
interactions involving day, their sums of squares
were partitioned (Winer, 1971) into sums of
squares for polynomial (ie, linear, quadratic and
cubic) contrasts (table II). For example, a ’species
x day’ significant linear contrast expresses the
effect of fitting two different linear relationships,
one for each level of the factor ’species’, instead
of a single overall linear contrast.

Data presented in figures 1 and 2 were also

analyzed for each species and each incubation
time with the GLM procedures of SAS (1987)
according to a mathematical model taking the
animal effect into account, and comparing the
four treatments (control, insulin, DEX, and
insulin + DEX). The differences between treat-
ments were tested using the Student-Newman-
Keuls test with a probability of 0.10, 0.05 or
0.01.

The differences between two days of incuba-
tion were tested using the paired t-test (Snedecor
and Cochran, 1967) with a probability of 0.05
or 0.01.

RESULTS

Overall analysis

For lactate production, the main effects of
species, insulin, DEX and day of incuba-
tion were significant, as were several inter-
actions: insulin x DEX, species x insulin,
species x insulin x DEX, species x day,
insulin x day, DEX x day, species x insulin
x day, insulin x DEX x day and species x
insulin x DEX x day (table I). The effect of
day of incubation on lactate production was
complex, with significant quadratic and
cubic terms. Moreover, the linear, quadratic
and cubic terms were changed significantly
by interactions with insulin or with species
x insulin. The linear effect of day also was
changed significantly by interactions with
DEX (table II).

For LP/GU, the day of incubation was
significant, as were insulin x DEX and
insulin x DEX x day of incubation interac-
tions (table I). The effect of day was linear
and cubic (table II).

Lactate production by adipose
tissue explants

Under basal conditions, lactate production in
sheep AT (18.5 ± 5.0 pmol/24 h/106
adipocytes) was approximately two times



greater (P < 0.01) than in cow AT (7.9 ±
3.5 pmol/24 h/106 adipocytes), whatever
the incubation period. Moreover, in cow
AT, lactate production was higher (P < 0.01)
on day 3 of incubation than on day 1. After
this time, the lactate production decreased
until day 7 of incubation (24.2 and 11.5
pmol/24 h/106 adipocytes on day 2 and 7,
P < 0.01, in sheep AT and 13.3 and
3.0 gmol/24 h/106 adipocytes on day 3 and
7, P < 0.1, in cow AT, respectively; fig 1).

The addition of 2 mU/mL of insulin to
the incubation medium increased
(P < 0.001) lactate production in sheep and
cow AT explants (table I). However, the
effect of insulin in the two species differed
(P < 0.001) with incubation time (insulin x
day of incubation; table I). Indeed, insulin
increased lactate production on day 1 of
incubation (+ 56 and + 52%, in cow and

sheep AT, respectively) but more markedly
on day 2 of incubation (+ 89 and + 126%; on
day 2 in cow and sheep AT, respectively;
fig 1). Moreover, lactate production in the
medium supplemented with insulin
increased (P < 0.05 or P < 0.01 in cows and

ewes, respectively) from day 1 to day 2 for
the two species, but then it decreased
(P < 0.01) from day 2 to day 7 (21.1 I
and 7.9 pmol/24 h/106 adipocytes on days 2
and 7 in cow AT and 54.6 and
25.1 pmol/24 h/106 adipocytes on days 2
and 7 in sheep AT, respectively; fig 1 ).

The addition of DEX (100 nM) to the
incubation medium decreased (P < 0.06;
table I) lactate production but differently
according to the species (fig 1). In ovine
AT, the addition of DEX alone to the incu-
bation medium decreased (- 68%, P < 0.05)
lactate production during the first 5 days of



incubation, whereas the effect was less
marked (- 23%, and not significant) in cow
AT during the same period (fig 1 ).

The effect of the DEX addition to the

insulin-supplemented medium on lactate
production changed (P < 0.001) with incu-
bation time (insulin x DEX x day of incu-
bation; table I). The addition of DEX to the
insulin-supplemented medium did not
change lactate production on the first 2
(sheep AT) or 3 (cow AT) days of incuba-
tion, but it increased (P < 0.01 or P < 0.05)
this production from day 3 (+ 42% for ewes)
or 4 (+ 31% for cows) to 7 (+ 154 and +
172% for ewes and cows, respectively)
(fig 1). Moreover, lactate production in the
medium supplemented with insulin plus
DEX increased (P < 0.01) from days 1 to 3

for the two species, but then remained
unchanged from days 3 to 7 (fig 1 ).

Lactate production/glucose utilization
ratio in adipose tissue explants

The LP/GU in sheep AT (40, 45 and 52% in
basal conditions, in the presence of insulin
and in the presence of insulin plus DEX,
respectively) was approximately two times
greater than the LP/GU in cow AT (20, 23
and 34%, respectively).

The addition of insulin alone to the
medium increased (P < 0.01, on days 2 and
3) and the addition of DEX alone decreased
(P < 0.01, on days 3 and 5) LP/GU in sheep
AT (fig 2). However, these two hormones
had no significant effects in cow AT (fig 2). ).



The effect of DEX addition to the insulin-

supplemented medium differed (P < 0.08)
with incubation time (insulin x DEX x day
of incubation, table I). The addition of DEX
to the insulin-supplemented medium had no
significant effect on LP/GU during the first
3 (cow AT) or 4 (sheep AT) days of incu-
bation, but then it increased LP/GU at day 4
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and day 5 (cow AT) or at day 5 (sheep AT)
(fig 2). Moreover, this effect was greater in
cow AT (+ 69%, on day 5) than in sheep
AT (+19%, on day 5) (fig 2).

DISCUSSION

Although acetate is the major source of car-
bon for fatty acid synthesis in ruminant AT,
this tissue uses glucose to produce NADPH
by partial oxidation via the pentose phos-
phate cycle followed by the production of
ribose-5-phosphate for nucleic acids syn-
thesis. In addition, glucose also contributes,
with lactate, to glyceride-glycerol synthe-
sis (Vernon, 1980; Smith and Prior, 1982).
However, the major products of glucose
metabolism in ruminant AT are lactate and
carbon dioxide, especially in the presence
of high acetate concentration in the incuba-
tion medium (Smith and Prior, 1986). Some
lactate could be produced in AT from
endogenous glycogen or through gluconeo-
genesis from amino acids, but this has not
been studied in ruminant AT. However,
when no lactate is added to the incubation
medium (as in our study), most of the lactate
produced is derived from exogenous glu-
cose (Smith, 1983). Smith (1983) and Smith
and Prior (1986) demonstrated that glucose
utilization is dependent upon overall rate of
lipogenesis from acetate. Although we did
not measure lipogenesis from acetate in our
study, glucose utilization was closely related
to acetate utilization (table III), and the slope
of the regression was significantly
(P < 0.001) higher in sheep than in cow AT,
indicating a higher glucose utilization in
sheep AT for the same acetate utilization.

Lactate production was related to both
acetate and glucose utilization (table III),
but more closely to glucose than to acetate
utilization. Again, lactate production was
significantly (P < 0.001) higher in sheep
than in cow AT, for the same acetate or glu-
cose utilization.

Under basal conditions, lactate produc-
tion at day 1 was two times greater with
sheep (17.5 pmol/24 h/106 adipocytes) than
with cow (7.8 pmol/24 h/106 adipocytes)
AT. These results are consistent with the

greater glucose utilization by sheep
(40.4 pmol/24 h/106 adipocytes) than by
cow (23.5 pmol/24 h/106 adipocytes) AT,
on day 1 of incubation, using the same
experimental conditions and AT explants
(Chilliard and Faulconnier, 1995). Simi-
larly, after extended incubation, lactate pro-
duction was two times greater with sheep
(18.6 pmol/24 h/106 adipocytes) than with
cow (7.9 pmol/24 h/106 adipocytes) AT,
whereas glucose utilization was similar in
the two species (21.7 and 18.5 pmol/24 h/106
adipocytes in sheep and cow AT, respec-
tively) (Chilliard and Faulconnier, 1995).
As a consequence, at day l, the LP/GU in
cow (16.6%) and sheep (21.6%) AT were
similar, but they differed after extended
incubation. These results agree with those of



Plested et al (1987) who reported that lactate
release amounted to 25% of glucose uti-
lization by subcutaneous sheep AT explants
incubated for 24 h. To our knowledge, the
only study comparing directly LP/GU
between sheep and cow AT was that of
Smith and Prior (1986) with subcutaneous
AT incubated for 3 h. They reported that
the specific yield of lactate from glucose
was 30-32% in AT of both species in the
presence of 10 mM acetate plus 10 mM lac-
tate. Thus, there was no difference between
species after 3 h of incubation as in our study
after 1 day of incubation. However, their
values (30-32%) are higher than those of
our study ( 17-21 %). This difference might
be due to difference in incubation duration
and/or to the fact that all the flasks in their

study contained high lactate (10 mM) and
insulin (33 mU/mL) concentrations. We can
speculate that, in the present study, the cow
AT used more glucose carbons in the tri-
carboxylic acid cycle, or for nucleic acid
synthesis via the pentose-phosphate cycle,
and/or for glyceride-glycerol synthesis.
Indeed, these two latter pathways could be
related to glucose-6-phosphate dehydroge-
nase (Faulconnier et al, 1996) and glycerol-
3-phosphate dehydrogenase (Chilliard et al,
1991; Sebastian et al, 1993 ) activities that
were greater in cow than in sheep visceral
AT. However, glucose-6-phosphate dehy-
drogenase activity was similar in cow and
sheep subcutaneous AT (Smith and Prior,
1986). In rat AT, 5 to 60% of glucose car-
bons were converted to lactate depending
on the age of the animal (Grandall et al,
1983; Thacker et al, 1987), its nutritional
state (Thacker et al, 1987; Newby et al,
1990) and the adipose storage site (Fried et
al, 1982; Newby et al, 1988). The LP/GU
was all the higher as the de novo lipogene-
sis from glucose was low. This agrees with
the high LP/GU observed in cows and espe-
cially in ewes, since de novo lipogenesis
from glucose is low in ruminant AT. The
higher LP/GU in sheep AT from day 2 of
incubation may be related to its higher uti-

lization of glucose, relative to acetate
(table III), thus allowing a higher percentage
of recycling of glucose carbons to lactate.

Insulin (2 mU/mL) increased lactate pro-
duction in sheep and cow AT explants what-
ever the duration of incubation. This is con-
sistent with the fact that insulin also
stimulated glucose utilization by cow and
sheep AT under the same experimental con-
ditions (Chilliard and Faulconnier, 1995).
The magnitude of the increase (+ 52 and +
56% in sheep and cow AT, respectively)
after 24 h in vitro was similar to that
observed by Vernon and Taylor (1988) with
ovine subcutaneous AT. Similar results were
also noted with isolated rat adipocytes incu-
bated for 2 h (Fried et al, 1982). Moreover,
in the present study, insulin produced a more
marked stimulation of lactate production on
day 2 than on day 1 of incubation, which is
in agreement with Plested et al (1987) with
sheep subcutaneous AT explants. We also
observed that the basal LP/GU in sheep AT
was increased by insulin on day 1 (+ 34%,
not significant), day 2 (+ 30%, P < 0.01)
and day 3 (+ 22%, P < 0.01) of the incuba-
tion, whereas insulin had no effect on
LP/GU in cow AT. These results are con-

trary to those of Vernon and Taylor (1988),
who reported that insulin (2.5 mU/mL)
decreased (- 22%) LP/GU in sheep subcu-
taneous AT after 24 h in vitro. In fact, the
stimulative effect of insulin on glucose uti-
lization in our study (Chilliard and Faulcon-
nier, 1995) was smaller (+ 13%) than in the
study by Vernon and Taylor (1988)
(+ 100%), whereas insulin stimulated lac-
tate production in the two studies to a sim-
ilar extent (+ 50%).

The addition of 100 nM DEX to the incu-
bation medium decreased lactate produc-
tion, especially in sheep AT (- 68%), during
the first 5 days of incubation. This is con-
sistent with the fact that DEX also decreased

glucose utilization by sheep and cow AT
explants under the same experimental con-
ditions (Chilliard and Faulconnier, 1995).



An inhibitory effect of DEX on glucose uti-
lization was also noted to be greater in sheep
than in cow AT explants during the first 2
days of incubation (Chilliard and Faulcon-
nier, 1995). These results agree with those of
Plested et al (1987) and Vernon and Taylor
(1988) who reported that DEX (10 or
100 nM) decreased lactate production and
glucose utilization in sheep AT explants
after 24 or 48 h in vitro. We are not aware of

any report on the effect of DEX on lactate

production by cow AT.

The addition of 100 nM DEX to the

insulin-supplemented medium (2 mU/mL)
did not change lactate production in sheep
and cow AT during the first 2 or 3 days of
incubation. This is consistent with the fact
that it had no effect on glucose utilization
in these two species under the same exper-
imental conditions (Chilliard and Faulcon-
nier, 1995). It contrasts, however, with the
results of Plested et al ( 1987) who reported
that a DEX addition at a lower concentration

(10 nM) to an insulin-supplemented medium
(2.5 mU/mL) decreased the lactate produc-
tion and glucose utilization by subcutaneous
sheep AT after 48 h of incubation. From
days 3 or 4 to 7, DEX addition to an insulin-
supplemented medium significantly
increased lactate production by cow AT and
more markedly by sheep AT. This agrees
with the fact that it increased glucose uti-
lization by sheep AT but not by cow AT
(Chilliard and Faulconnier, 1995). It may
be that in cow AT, the DEX may change
the partition of glucose between lactate,
acylglycerol glycerol synthesis, C02 pro-
duction, or nucleic acid synthesis. As a con-
sequence, DEX addition to an insulin-sup-
plemented medium increased more lactate
production by cow AT (fig 1 ) than glucose
utilization (Chilliard and Faulconnier, 1995), ),
thus increasing the LP/GU (fig 2) after 3
days of incubation.

In conclusion, this study showed that lac-
tate production, and LP/GU were higher in
sheep than in cow AT during extended incu-

bation, and that insulin increased the lac-
tate production in sheep and cow AT, what-
ever the incubation period. However, the
effect of DEX addition to the insulin-sup-
plemented medium differed with incuba-
tion time. The lactate production was more
related to glucose than to acetate utilization.
However, the variations in lactate production
were not always similar to those observed
for glucose utilization, suggesting that
insulin and DEX may change metabolic
pathways other than glycolysis. Additional
in vitro studies on other products of glucose
metabolism are needed to better understand
these effects and the variations between

species in glucose utilization.
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