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The metabolic capacity of interscapular brown adipose tissue of hypoinsulinemic (diabetic) rats is

decreased and a reduced g-oxidative capacity contributes to this metabolic alteration. It was thus of

interest to compare, in diabetic and in chronically (8 days) insulin-infused rats, the S-oxidative capacity

and indices of the thermogenic state (GDP-binding and 32000 M, protein) in this tissue. Mitochondrial

GDP-binding and 32000 M, protein were both decreased in diabetic rats compared to appropriate controls
and markedly increased as was also the G-oxidative capacity in hyperinsulinemic rats.

Brown adipose tissue Mitochondria

1. INTRODUCTION

Brown adipose tissue (BAT) is now recognized
as the main effector of regulatory thermogenesis in
rodents [1]. It plays an important role in cold-
induced thermogenesis and under conditions where
diet-induced thermogenesis occurs [2]. BAT ther-
mogenesis is under the control of its sympathetic
innervation [3]. Recent findings have shown that
the response of BAT to various stimuli can be
modified by insulin [4-6]. In streptozotocin-
diabetic rats, the interscapular BAT (IBAT) is
atrophied and its basal and norepinephrine-
stimulated total heat production rates, as well as its
capacity to degrade fatty acids, are all markedly
decreased [5]. This correlates with the observation
that, in streptozotocin-diabetic rats, cold tolerance
is decreased and the feeding of a palatable high
energy diet (cafeteria diet) fails to increase the
metabolic rate [4]). Conversely, in lactating
cafeteria fed rats receiving insulin, hypertrophy of
the IBAT occurs [6] and, as was shown recently,
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insulin injection increases the metabolic rate of
fed, fasted or cafeteria fed rats [7].

The high BAT thermogenic capacity depends on
both an adequate supply of substrate and on a uni-
que mitochondrial pathway by which electron flow
can be reversibly uncoupled from respiratory con-
trol. Fatty acids released from endogenous
triglyceride stores or from circulating lipoproteins
constitute the main substrate supply. The specializ-
ed mitochondrial mechanism involved is a
regulated proton conductance pathway that can be
blocked by purine nucleotides of which guanosine
diphosphate (GDP) is the most potent, with conse-
quent recoupling of the mitochondria [8]. The
purine binding protein is a polypeptide with a
molecular mass of 32000 (32000 M, protein) which
is a major component of the mitochondria inner
membrane [8—10].

The aim of this study was:

(i) to further characterize the defective ther-
mogenic IBAT response in insulinopenia by
measuring the mitochondrial proton conduc-
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tance pathway in streptozotocin diabetic rats;

(ii) to analyze the effects of a chronic increase in
circulating insulin concentration on rat IBAT
metabolism.

2. MATERIALS AND METHODS

Male Wistar rats weighing 250—330 g and fed
laboratory chow containing 71% carbohydrate,
22% protein and 7% fat (by calories) were used.
Rats were made diabetic with streptozotocin [5] or
were infused with insulin through a chronically im-
planted jugular vein catheter [11]. In insulin-
infused rats the amount of hormone required to
achieve a plasma glucose of approximately
40 mg/dl was less than 5 ml/24 h (1.2 units/ml).
At the onset of the infusion the plasma insulin con-
centration was about 17—-20 ng/ml. The amount of
insulin required to maintain the plasma glucose at
40 mg/dl decreased with time and the plasma in-
sulin at the end of the 8-day infusion period was
about 10 ng/ml [12]. Control animals received i.v.
saline (plasma insulin 1.6 ng/ml).

The rats were killed by decapitation and both
IBAT pads were excised. One pad, along with its
nerve supply consisting of 5 intercostal nerves, was
placed in a thermoregulated chamber (30°C) and
perifused with a Krebs-Ringer bicarbonate buffer
solution containing 5 mM glucose (pH 7.4) for
spectrophotometric studies. The other pad was
used for tissue analysis or enzymatic determina-
tions.

On each neuroadipose preparation a non-
destructive technique was used to record changes
in redox state of the NAD(P) in response to
various stimuli. The redox state was measured by
surface-emitted fluorescence (>400 nm) obtained
with an excitation light of 366 nm as in [13]. Elec-
trical stimulation of the nerve supply was perform-
ed with pulse trains (60 V, 2 ms) of increasing
frequency.

Mitochondria were isolated by differential cen-
trifugation of IBAT homogenate as in [14]. The
mitochondria recovery was quantified by compar-
ing the activity of succinate dehydrogenase
(EC 1.3.99.1) in the total homogenate with that in
the mitochondria. The succinate dehydrogenase
recovery in control rat mitochondria pellet was 49
+ 3% (7 = 12) and was not significantly different
from that of treated rats. The recovery value being
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measured in each preparation, the corrected value
for the total mitochondria of the IBAT of one rat
could be calculated. The succinate dehydrogenase
activity was measured spectrophotometrically as in
[15]. Proteins were determined as in [16]. The
GDP-binding to isolated mitochondria was
measured using equilibrium  dialysis  with
[8-*H]GDP (spec. act. 11.3 Ci/mmol) as in [17].
The amount of the 32000 M, protein in isolated
mitochondria was calculated from the den-
sitometric traces of sodium dodecyl sulfate-
polyacrylamide gel electrophoresis as in [9].

The fatty acid F-oxidative activity of the 1300 x
g homogenate, measured as the production of
[1-**Clacetyl CoA from [1-'*C]palmitoyl CoA,
and tissue composition were obtained as in [5].

Student’s unpaired ¢-test was used to determine
the statistical significance. All organic and in-
organic chemicals were of analytical grade and
were purchased from E. Merck (Darmstadt).
Streptozotocin was a gift from Dr W.J. Dulin, the
Upjohn Company (Kalamazoo, MI), Actrapid in-
sulin was supplied by Novo Industri (Copenhagen)
and L-norepinephrine (arterenol) by Hoechst AG
(Frankfurt). [8-*H]GDP was obtained from the
Radiochemical Center (Amersham), and
[1-"*C]palmitoyl CoA from New England Nuclear
(Boston, MA).

3. RESULTS

3.1. GDP-binding and percentage of 32000 M,
protein in IBAT mitochondria

The upper part of table 1 shows that, in IBAT
mitochondria of diabetic rats, the total GDP-
binding was decreased by 84.6% and the 32000 M,
protein by 34.5% as compared to controls. The
lower part of table 1 shows that chronic hyperin-
sulinemia produced opposite effects: the total
GDP-binding was increased 4.4-fold and the % of
32000 M; protein 1.4-fold as compared to the
controls.

3.2. IBAT wet weight and composition

As can be seen in table 2, the wet weight of
IBAT of hyperinsulinemic rats as compared to the
controls was increased 2-fold, the lipid concentra-
tion was increased 1.9-fold, the protein and DNA
concentrations were decreased by 35.3 and 37.5%,
respectively, and succinate dehydrogenase activity
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Table 1

IBAT mitochondria: GDP-binding and 32000 A,
protein

GDP-binding 32000 M; protein

(nmol/IBAT) as % of total
protein
Controls (6) 2.08 + 0.20 8.4 + 0.3
Streptozotocin-
diabetic (6) 0.32 + 0.05* 5.5 = 0.2%
Controls (6) 1.06 = 0.10 6.2 + 0.3
Insulin-infused (5) 4.70 + 0.64* 8.8 +0.2*

# p < 0.001 as compared to appropriate controls

The results are the means + SE of the number of

experiments indicated in parentheses and are expressed

in nmol of GDP bound in the total mitochondria of the

IBAT of one rat obtained by multiplying the specific

value by the total amount of mitochondria (see section

2). The 32000 M, protein values are expressed as % of
the total mitochondrial proteins

Table 2

Wet weight, lipid, protein, DNA concentrations and
succinate dehydrogenase activity in IBAT of control and
hyperinsulinemic rats

Control rats Insulin-infused
(n=25) rats (n = 6)

Tissue wet wt (mg) 212 =+ 16 432 =+ 277
Lipids concentration
(mg-g7Y) 229 +18 427 +25°
Protein concentration
(mg-g™") 170
DNA concentration
(mg-g™h 3.60 + 0.15 225+ 0.14
Succinate dehydro-
genase
(#zmol-g~'-min~!) 55

10 110 + 6

H

112

H
[=,}

88

H+

2 p < 0.001

Values are means =+ SE. Statistical analysis:
hyperinsulinemic vs control rats

was increased 1.6-fold. Fig.1 shows that the tissue
weight, the lipid and protein content and the total
succinate dehydrogenase activity per IBAT ex-
pressed as % of control values changed in opposite
direction in diabetic or hyperinsulinemic rats. The
DNA content was not affected by either condition.
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Fig.1. Wet wt, lipid, protein, DNA contents and

succinate dehydrogenase (SDH) activity in IBAT of

diabetic or insulin-infused rats expressed as % + SE of
appropriate controls. n = 5—6 experiments.

3.3. IBAT NAD(P) redox state level under
electrical nerve stimulation, norepinephrine
or octanoate additions

In the IBAT of both control and hyperin-
sulinemic rats, electrical stimulation of the nerve
supply caused a similar increase of the emitted

fluorescence; i.e., of the NAD(P) reduction as a

function of the stimulation frequencies.

Norepinephrine (100—1000 nM) or octanoate

(5§ mM) additions produced a similar NAD(P)

reduction in IBAT of both control and hyperin-

sulinemic rats (fig.2).

3.4. IBAT fatty acid @-oxidation

B-Oxidative specific activities were similar in the
IBAT 1300 x g homogenates of both control and
hyperinsulinemic rats (690 + 60 and 610 =+
100 pmol of reaction product formed -min~!.mg
protein™!, respectively; mean of 5-6 experi-
ments + SE). Total #-oxidative activity was in-
creased in the IBAT homogenate of hyperinsuline-
mic rats compared to that of controls: 15.3 + 2.0
and 7.8 + 1.2 nmol of reaction product form-
ed-min~! per tissue, respectively (p < 0.001).
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Fig.2. Pyridine nucleotide redox level at steady state in IBAT as measured by surface-emitted fluorescence in response
to nerve stimulation, to norepinephrine or octanoate additions. Controls (O and open columns), hyperinsulinemic rats
(e and dotted columns). The results are the means + SE of 8 (control) and 7 (hyperinsulinemic rats) experiments.

4. DISCUSSION

The results show that in the IBAT of the diabetic
rat previously found to be atrophied and in which
the G-oxidative capacity was markedly decreased
[5], there is also a defect at the level of the
mitochondrial proton conductance pathway. In
fact, in the IBAT mitochondria of diabetic rats, as
compared to the controls, the total GDP-binding
as well as the percentage of 32000 M; protein were
decreased. Thus the reduced IBAT thermogenic
capacity and the consequent decrease of cold
tolerance and norepinephrine-stimulated
metabolic rate observed in streptozotocin-diabetic
rats [4] would not only result from the described
decrease in the @-oxidative capacity [5] but also
from a decrease in the proton conductance
pathway. In contrast to what was observed in the
chronic insulinopenic state, in insulin-infused rats,
the total IBAT SF-oxidative activity, the total GDP-
binding, and the percentage of 32000 M, protein of
the mitochondria were increased as compared to
the controls. The responses to nerve stimulation,
norepinephrine or octanoate addition on NAD(P)
redox state were only slightly greater in IBAT of
insulin-infused rat than in those of the controls.
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This is in contrast to what was observed in the
IBAT of diabetic rats where the responses were
markedly different from those of the controls; i.e.,
the same stimuli induced a NAD(P) oxidation in-
stead of a reduction {5].

It is generally accepted that the GDP-binding
and to a lesser extent the 32000 M, protein content
of the mitochondria are indices of the thermogenic
capacity of the BAT. The GDP binding sites are in-
creased in high thermogenic states like cold ac-
climation [18] or spontaneous overfeeding [19] and
decreased in low thermogenic states like warm-
adaptation [20] or genetic or experimentally induc-
ed obesity [21,22]. The 32000 M protein is increas-
ed in cold acclimation [9,10,18] and decreased in
warm adaptation [9,23] and in experimentally in-
duced obesity associated with overfeeding [22]. In
diabetes, a state where BAT thermogenesis is
reduced [5], both GDP-binding and 32000 M, pro-
tein are significantly decreased as compared to the
control which is another indication that these two
parameters are indices of the thermogenic capacity
of BAT.

The modifications observed in IBAT of hyperin-
sulinemic rats indicate that this tissue is in a high
thermogenic state. These results raise the question
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whether the observed effects of hyperinsulinemia
are due to a direct action of insulin on BAT
metabolic activity or are secondary to the increased
sympathetic activity induced by either insulin or
hypoglycemia. It was reported that insulin exerts a
direct stimulatory action on the sympathetic ner-
vous system independent of hypoglycemia in the
rat [7], in the dog [24] and in man [25]. In insulin-
infused rats, the plasma levels of catecholamines
were slightly increased [12] but this was probably
insufficient in itself to account for the observed ef-
fects on IBAT since the highest levels measured in
the plasma are still about two orders of magnitude
lower than those required to stimulate IBAT
metabolism [3]. It cannot be excluded, however,
that in hyperinsulinemic rat norepinephrine tur-
nover in the IBAT would be enhanced. If this were
the case, part of the effects of hyperinsulinemia
could be attributed to some interactions between
insulin and the sympathetic nervous system, even
though the hyperplasia of IBAT observed under
conditions of increased norepinephrine secretion
like in cold acclimation or cafeteria feeding, was
not observed here. Indeed, in IBAT of hyperin-
sulinemic rats, the DNA content was not modified,
the main alterations consisted in lipid accumula-
tion and in an increase of the mitochondrial con-
tent of this tissue.

The results obtained indicate that in hypo- and
hyperinsulinemic states both the @F-oxidative
capacity and the proton conductance pathway are
modified in opposite directions.
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