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The effect of cold acclimation on brown adipose tissue (BAT) fatty acid synthesis was investigated in rats adapted to a
high-protein, carbohydrate-free diet. At an ambient temperature (25°C), rates of fatty acid synthesis in BAT from rats adapted
to the high-protein diet were reduced to 27% of rats fed the balanced diet and increased markedly after cold acclimation (10
days at 4°C), although the increase was smaller than in control rats. BAT weight increase induced by cold acclimation was
smaller in rats fed the high-protein diet (30%) than in controls (100%). When expressed per whole tissue, maximal activities
of BAT glucose-6-phosphate dehydrogenase, malic enzyme, adenosine triphosphate (ATP)-citrate lyase, and acetyl-coenzyme
A carboxylase were markedly reduced in high-protein diet-adapted rats at 25°C and increased after cold acclimation in BAT
from the 2 groups. However, when expressed per milligram protein, only acetyl-coenzyme A carboxylase showed an increase
in both controls and in rats fed the high-protein diet. G6P-dehydrogenase, malic enzyme, and ATP-citrate lyase increased (per
milligram protein) only in rats adapted to the high-protein diet and actually decreased in BAT from cold-acclimated control
rats. Initial (before activation) pyruvate dehydrogenase (PDH) complex activity was lower in BAT from rats fed the high-
protein diet at 25°C and increased in cold-acclimated rats from the 2 groups. Circulating levels of insulin decreased in the 2
groups after cold acclimation. The data suggest that the cold acclimation-induced increase in BAT lipogenesis in rats adapted
to the high-protein diet was due to a restoration of sympathetic activity, which induced both BAT hyperplasia and activation
of adipocyte free fatty acid (FFA) synthesis, with an important participation of acetyl-coenzyme A carboxylase and pyruvate
dehydrogenase.
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LTHOUGH THE MAIN function of brown adipose tissue mined in BAT from rats fed the high-protein or control diet,

(BAT) is to generate heat for thermal protection during cold-acclimated (4°C) or kept at ambient temperature. The
cold exposure (nonshivering thermogenesis), it is now wellactivities of IBAT G6P-dehydrogenase, malic enzyme, ATP-
established, at least in small rodents, that BAT also has amitrate lyase, acetyl-coenzyme A carboxylase, and of the mito-
important role in adaptive adjustments of overall body energychondrial pyruvate dehydrogenase (PDH) complex, not exam-
expenditure, not only to the level of energy intake, but also toined in our previous experiments with rats adapted to the
the macronutrient composition of the diet (diet-induced ther-high-protein diet, were also determined.
mogenesis}:2 We have previously shovirihat rats adapted to
a hi.gh-protei.n, carbohydrate-free diet have a reduced thermo- MATERIAL AND METHODS
genic capacity, as evidenced by a reduced response of inter-
scapular BAT (IBAT) temperature to norepinephrine infusion Animals and Treatment
and by decreases in IBAT weight, mitochondrial protein, cy- Two types of purified diets, previously described in detaitere
tochrome oxidase activity, and mitochondrial binding of used in this study. One of the diets (high protein) contained 70% casein,
guanosine diphosphate. These signs of reduced BAT thermd® carbohydrate, and 8% corn oil, while the other. (control) cpntained
genesis in rats adapted to the high-protein diet were accomp:}j% casein, 66% carbohydrate, and 8% corn oil. The 2 diets were

nied by a marked reduction in fatty acid synthesis, estimated inapprOX|mater isocaloric and contained equal amounts of vitamins and

. 3 24 . AP minerals. For cold acclimation, male Wistar rats weighing 90 to 110 g
vivo with "H,0.34 In agregr_nent with this finding, We havg were initially housed, 2 per cage, in suspended, wire-bottom cages in a
recently showfithat the activities of 4 enzymes associated With room kept at 25°C with a 12:12-hour light-dark cycle and were adapted

lipogenesis: glucose-6-phosphate dehydrogenase, malic efy either the high-protein or the control diet, with water ad libitum, for
zyme, adenosine triphosphate (ATP)-citrate lyase, and acetyl period of 12 days. After this period, the animals were housed
coenzyme A carboxylase are markedly decreased in IBAT fromindividually in a cold room (4°C), with an identical illumination cycle,
rats fed the high-protein diet. As previously discussete for another 10 days, with free access to the same diet of the initial
marked reduction in BAT weight and functional state in thesePeriod. Because rates of body weight gain decreased somewhat during
rats should be attributed to the composition of their diet and nof"® Period of cold exposure and to obtain animals of similar body
to a reduced energy intake. Indeed, the difference in energy
density between the purified high-protein and control diets was
less than 10%, and the rate of body weight gain did not differ From the Department of Biochemistry, School of Medicine, Univer-
in the 2 experimental groups. sity of S@ Paulo, Sa Paulo, Brazil.

It is well known that the activation of BAT thermogenesis  Submitted February 27, 2001; accepted April 26, 2001.
induced in normally fed animals by cold exposure is accom-_Supported by grants from the Fundacde Amparo’2Pesquisa do
panied by increased rates of tissue lipogenesise purpose of Estado de S@_Paulo (FAF"ESP No. 97/9974-0) and Conselho Nacional
the present study was to find out if the cold-induced activationde A%‘ésenvow'm?r;to C'em? etTe;nglg',\CA(.) (I.C'\.'P.q ',\\'A% 5é0923193'3)t' ¢
of BAT fatty acid synthesis is affected in situations, such as thaty; ., g;si:tr;fpgzh c:glqlé;fsl\j eé)i cinle,' 1 4lg4lg_rgg’o Rib’eirgr%?;mggo ©
of rats adapted to the high-protein diet, in which a decreaseg, o grazil.
BAT thermogenic capacity is accompanied by a marked reduc- copyrighte 2001 by W.B. Saunders Company
tion in fatty acid synthesis and in the activities of lipogenic  0026-0495/01/5012-0035$35.00/0
enzymes. To this end, rates of fatty acid synthesis were deter- doi:10.1053/meta.2001.27197
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weight (190 to 210 g) to use in the experiments, adaptation of thewas determined as described by Lowry et®aPlasma insulin was
nonacclimated groups of rats (male, 90 to 110 g) to the high-protein oidetermined by radioimmunoassay using a commercial kit from Amer-
control diet was started 4 to 5 days after the cold-acclimated groups andham (Little Chalfont, UK).
maintained at 25°C for 17 to 18 days.

Statistical Methods

In Vivo Fatty Acid Synthesis and IBAT Lipid Content Differences between groups were analyzed using analysis of vari-

Rats were injected intraperitoneally withi,O (5 mCiin 0.75 mL  @nce (ANOVA) withP < .05 as the criterion of significance.
saline) and killed by cervical dislocation 60 minutes after label injec- RESULTS
tion. The IBAT was rapidly removed, carefully cleaned free of adher-
ing fat and muscle, and weighed. IBAT total lipids were extracted with  Daily measurements of body temperature showed that, de-
2:1 chloroform-methanol by the procedure of Folch et #i,0 was  spite the diet-induced reduced thermogenic capacity, body tem-
removed f_rom the lower phase (predominantly chlorofprm) by washingperature of rats adapted to the high-protein diet was not af-
3 times with an upper phase mixtuiréfter each shaking, the tubes facted by cold acclimation, remaining within the range of rats

were briefly centrifuged to sharpen the phase boundary, and the UPPSLY the control diet (37.2°C to 37.5°C) until the end of the

phase was aspirated and d|sca_rded. The chloroform phase was CvaPReclimation period. The data in Table 1 show that at ambient
rated to dryness under,Nand triacylglycerols were hydrolyzed with

ethanolic potassium hydroxide (KOH) for 1 hour at 70°C. After ex- tempgrat.ure BAT weight was smaller 'r.' rats fed, the h'ghf
traction of nonsaponifiable lipids and acidificationfv@ N H,SO,, the ~ Protein diet than in controls, and that the difference increased in
3H-labeled fatty acids were extracted with petroleum ether, and thecold-acclimated rats, as the increase in BAT weight induced by
extract was evaporated to dryness in a scintillation vial and dissolved ircold acclimation was greater in control rats (100%) than in
toluene-2,5-diphenyloxazole (PPO) for counting in a LS Beckmanhigh-protein diet-adapted rats (30%). BAT protein content in-
spectrometer (Beckman Instruments, Palo Alto, CA). The specificcreased 2.5 times in cold-acclimated rats of the 2 groups,
radioactivity of body water was determined directly in aliquots of remaining 50% lower in rats fed the high-protein diet in the 2
plasma (10uL of a 1/20 dilution) dissolved in toluene-triton-PPO.  ayperimental conditions. Tissue total lipid content was about
Rgtes of fatty synthesis were calculated following the assumptions 050% lower in high-protein diet-adapted rats at ambient temper-
Windmueller and Spaeth. . ; L

ature and increased after cold acclimation in the 2 groups, but
the increase was more marked in BAT from control rats (Table
1). Plasma insulin levels were lower in rats fed the high-protein
Glucose-6-phosphate dehydrogenase, malic enzyme, and ATP-CHjet than in controls at ambient temperature and decreased

trate lyase activites were determined in 100,000 g supernatants O%ignificantly after cold acclimation in the 2 experimental
tained from IBAT homogenatesG6P-dehydrogenase was assayed asgroups (Table 1)

described by Leé,and malic enzyme was assayed by the method of
Ochoag with the modifications proposed by Hsu and LaPdiTP- In Vivo Fatty Acid Synthesis

citrate lyase was assayed as described by SPéter determination of

acetyl-coenzyme A carboxylase activity, IBAT was homogenized in 50 AS shown in Fig 1, rates of fatty acid synthesis frdr,O in
mmol/L phosphate potassium buffer, pH 7.3, containing 2 mmol/L BAT from rats adapted to the high-protein diet at 25°C were
EDTA, 4 mmol/L reduced glutathione, and albumin (10 mg/mL). The reduced to about 27% of rats fed the balanced diet and in-
assay was performed as described by Halestrap and Dérbgn  creased approximately 3 times in the 2 groups after cold accli-
measuring the incorporation of‘C] bicarbonate (3.Ci) into acid-  mation. However, in absolute terms, the cold-induced increase
stable material after incubation of 1,500 g supernatants of wholgp totg] fatty acid synthesis was lower in rats fed the high-

homogenate with citrate. For determination of pyruvate dehydmgenas%rotein diet. whose rates at 4°C remained lower than those of
mitochondria were prepared from a pool of IBAFL.5 g) in a buffer .

containing interconversion inhibitors (10 mmol/L dichloroacetate and
50 mmol/L sodium fluoride [NaF]), which maintains the PDH complex
in the in vivo state of activatio#? The mitochondria sediment obtained

was suspended in a small volume of isolation buffer and divided into 2
portions. One portion, used for determination of the initial enzyme
activity, was pelleted by centrifugation and immediately frozen in
liquid nitrogen. The other portion of mitochondria was washed free of

Measurement of Enzyme Activities

controls at 25°C.

Table 1. Weight, Protein, and Lipid Content of IBAT and Plasma
Insulin Levels in Cold-Acclimated Rats Adapted to a High-Protein,
Carbohydrate-Free (HP) or Control Diet

NaF by dilution followed by centrifugation and, after incubation for 30 Room Temperature Cold-Acclimated
minutes at 30°C in a medium containing carbonylcyanisgehloro- (25°C) (a°c)
phenylhydrazone, an uncoupler of oxidative phosphorylation, was pel- Control HP Diet Control HP Diet
leted by centrifugation, frozen in liquid nitrogen, and used for deter- |BAT weight
mination of total PDH activity. Mitochondria were extracted for assay = (mg) 291 +13 238+ 11% 605 = 21t 312 + 11*f
of enzyme and protein concentration by alternate thawing and freezing p;otein
(liquid nitrogen, 3 times) with extraction buffé?.PDH-complex ac- (mg/IBAT) 22+10 11+08* 54+28t 27+1.3t
tivity was determined spectrophotometrically following nicotinamide | g
adenine dinucleotide (NAD) reduction in a assay mixture containing (mg/IBAT) 103+ 7 67 = 5% 221 + 8t 89 + ot
oxamate, an inhibitor of lactate dehydrogentise. Plasma insulin

(umol/mL) 49 £ 5 30 * 4% 23 + 3t 15 = 11

Other Methods of Chemical Analysis NOTE. Values are means = SEM of 8 rats.

For the gravimetric determination of IBAT fat content, tissue lipids  *P < .05 v control.
were extracted by the procedure of Folch et Brotein concentration tP < .05 v 25°C.
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Fig 1. Effect of cold acclimation on fatty acid synthesis in inter-
scapular BAT from rats adapted to a high-protein, carbohydrate-free
(HP) or control diet. Data are means = SEM from 8 to 10 animals.
*P < .05 v controls; #P < .05 v 25°C.
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high-protein diet an increase in BAT total fatty acid synthesis,
which, however, is smaller in absolute terms than the increase
observed in control rats. As previously discusééide marked
reduction in BAT lipogenesis in high-protein diet-adapted rats
(at ambient temperature) is probably due to a combination of
neural and hormonal factors. Numerous studies, reviewed by
Himms-Hagert, suggest that chemical signs elicited by quali-
tative and quantitative changes in the diet modulate the activity
of sympathetic neurons in the ventromedial and other hypotha-
lamic areas that control BAT thermogenesis. Electrical stimu-
lation of ventromedial hypothalamus markedly increases lipid
synthesis in BAT®17 an effect that is almost completely
abolished by sympathetic denervation of the tissud/e have
recently showtf that norepinephrine turnover rate, which is
mainly dependent on sympathetic impulse traffic, is greatly
reduced in BAT from rats fed the high-protein diet, suggesting
that the decrease in fatty acid synthesis may be, in part, due to
a hypothalamic-mediated suppression of BAT sympathetic ac-
tivity. On the other hand, rats fed high-protein diets have low
levels of circulating insulin and high levels of glucagi®?!

The results of measurements of enzyme activities are shown
in Figs 2 and 3 and are expressed per milligram protein and by

whole IBAT. In rats fed the balanced diet, the activities of 030} C_JCONTROL 4 4.0

malic enzyme, G6P-dehydrogenase (Fig 2), and ATP-citrate -~ A CZIHP DIET 'JT

lyase (Fig 3) expressed per milligram protein, decreased by '_g 0.241 32

25%, 40%, and 25%, respectively, after cold acclimation. In o _E_ ’ _L ’%

contrast, the activity of acetyl-coenzyme A carboxylase (Fig 3) € ‘= 1 o %

increased by 40% in cold-acclimated control rats. Confirming E‘ D 0.18 24 5 &

previous result$, the activities of G6P-dehydrogenase and 8 g_ ﬁ o

malic enzyme (Fig 1) and of ATP-citrate lyase and acetyl- 2 o a

coenzyme A carboxylase (Fig 2) were markedly reduced in= € %12 163 3

IBAT from high-protein diet-adapted rats at ambient tempera- g s# i.

ture. Different from control rats, the activities of the 4 enzymes = 0.064 i > los

(per milligram protein) increased (by about 200%) after cold .

acclimation in rats fed the high-protein diet (Figs 2 and 3). On 71 —’-’7]

the other hand, because of the cold-induced BAT hypertrophy 0.00- 0.0

and increase in protein content, the activities of these enzymes,

when expressed per whole gland, increased several times in the 0.40- 72

2 groups of rats after cold acclimation, although remaining , B # o

lower in rats fed the high-protein diet than in controls at the end & <™ 1 6.3 c

of the acclimation period (Figs 2 and 3). & S 032 54 — O
The data in Table 2 show that the initial (before activation) % ,IE- i ' 5 $

PDH-complex activity (expressed per milligram of mitochon- 2 £ 44| L4.5 _‘_3—_- %

drial protein) was reduced in BAT from rats fed the high- -3 % g &

protein diet at ambient temperature and increased in botm:. s 36 — g

groups of rats after cold acclimation, but remained lower in ‘-;?’ g’ 0.164 P27 '34\¢_<:‘.

high-protein diet-adapted rats than in controls. Total PDH 2 = # - 58

activity was also reduced in rats fed the high-protein diet at § E oo 1.8 %

25°C and showed a tendency to increase after cold stimulationgp ~= L% 09 @

but statistical significance was not reachdédl < .10). Ex- *

pressed as percent of total activity, initial PDH activity was 0.00/ 250;: 20 ec 4% L0.0

lower in high-protein diet-adapted rats (25%) than in controls

(45%) at ambient temperature and increased to 45% after cold Fig 2. Effect of cold acclimation on the activities of malic enzyme
acclimation. (A) and glucose-6-phosphate dehydrogenase (B) in IBAT from rats
adapted to a high-protein, carbohydrate-free (HP) or control diet.

DISCUSSION Activity per IBAT (right side of the figure) was estimated by multi-

i plying the activity per milligram protein by cytosol protein content in
The data of the present work show that, as in rats fed thelvhole tissue. Data are means = SEM from 6 to 10 animals *P < .05

balanced diet, cold acclimation induces in rats adapted to the controls; #P < .05 v 25°C.
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Fig 3. Effect of cold acclimation on the activities of ATP-citrate
lyase (A) and acetyl-coenzyme A carboxylase (B) in IBAT from rats
adapted to a high-protein, carbohydrate-free (HP) or control diet.
Activity per IBAT (right side of the figure) was estimated by multi-
plying the activity per milligram protein by cytosol (ATP-citrate
lyase) or 1,500 g supernatant (acetyl-coenzyme A carboxylase) pro-
tein content in whole tissue. Data are means = SEM from 8 to 10
animals. *P < .05 v controls; #P < .05 v 25°C.

and it has been found that insulin stimulates BAT lipogenesi
both in vivo and in brown adipocytes in vitF8.:23 Thus, a low
insulin-to-glucagon ratio at the tissue level may also contribut

S,
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acid synthesis can be induced by intermitent electrical stimu-
lation of BAT sympathetic fibers, suggesting a direct control of
BAT lipogenesis by the sympathetic nervous system (SNS).
Although the biochemical mechanism of this direct effect of
SNS on BAT lipogenesis is not known, it is interesting to note
that it has been sho®nh2°that electrical stimulation of hypo-
thalamus and activation of SNS increases BAT glucose uptake
by a mechanism that seems to be independent of insulin,
apparently increasing the affinity of GLUT-4 for the hexose
without changing their number in the membr&feSpecific

B-3 adrenergic agonists have also been shown to stimulate
glucose uptake by BA¥! In addition to activating the cellu-

lar metabolic processes that accompany the increased ther-
mogenesis, the SNS has been shown to promote, with me-
diation by -1 adrenergic receptors, the differentiation of pre-
adipocytes and hyperplasia and hypertrophia of the tigsgfe.
Thus, both types of action probably contributed to cause the
marked stimulation of lipogenesis by cold in both high-protein
diet-adapted and control rats.

BAT fatty acid synthesis stimulation by cold was accompa-
nied in both experimental groups by increased activities of
enzymes associated with lipogenesis, either generators of re-
duced nicotinamide adenine dinucleotide phosphate (NADPH)
for lipid synthesis (G6P-dehydrogenase and malic enzyme) or
participants of fatty acid synthesis pathway (pyruvate dehydro-
genase, ATP-citrate lyase, and acetyl-coenzyme A carboxy-
lase). Interestingly, although the activity of the 4 cytosolic
enzymes investigated increased after cold acclimation when
estimated per whole tissue, only acetyl-coenzyme A carboxy-
lase showed an increase in specific activity (per milligram
protein) in both control and high-protein—fed rats. The spe-
cific activity of the other 3 (G6P-dehydrogenase, malic en-
zyme, and ATP-citrate lyase) increased only in rats adapted
to the high-protein diet and actually tended to decrease in
BAT from cold-acclimated rats fed the balanced diet (Figs
2 and 3). These findings can be interpreted as indicative
that in high-protein diet-adapted rats, which have markedly
low levels of enzyme activities, both hyperplasia and activa-
tion of cellular metabolism were important for the cold-in-
duced increase in the activity of the cytosolic enzymes ex-
amined, whereas in rats fed the control diet, this was true
only for acetyl-coenzyme A carboxylase, the increase in the

e

to the reduction in fatty acid synthesis in rats adapted to the
high-protein diet, Table 2. Initial and Total Activity of PDH Compl
The activation of BAT thermogenesis and the associated ave 2. ."'_'f an _1° al Aetivity o omerex
. L t L (nmol - mg protein~! - min~7) in IBAT From Cold-Acclimated Rats
marked increase in tissue fatty acid synthesis induced by cold

. . ) . . ’ Adapted to a High-Protein, Carbohydrate-Free (HP) or Control Diet
acclimation in animals fed balanced diets has been attributed

mainly to stimulation by cold of BAT sympathetic activity4 Room Temerretre ColdAeegeed
Accordingly, the cold-induced increase in fatty acid synthesis Control _HP Diet Control HP Dict
in BAT from rats adapted to the high-protein diet was probably pr———
. . - . .. . initia
due to a reactivation of tissue sympathetic activity. This con- activity 632424213+ 10% 78.8 + 3.3t 481 = 3.9%

tention is supported by our recent finding that exposure ofPercemagle of

high-protein diet-adapted to cold (4°C) for a short period (8 (414 activity 45 25 50 45
hours) induces a marked increase in IBAT norepinephrin€ppH total activity 139 + 6.2 82.3 + 3.8* 155.1 = 20.6 106.2 = 13.4
turnover rate:? C_onflrm_lng results O_bta”’.]ed by others in nor- NOTE. Values are means = SEM of 4 experiments, each with a pool
mally fed rats3 circulating levels of insulin actually decreased ¢ 15 g tissue.

after cold acclimation in both high-protein—adapted and control +p < 05 v controls.

rats (Table 1). It has been foutfdhat increased rates of fatty ~ tP < .05 v 25°C.
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activity of BAT G6P-dehydrogenase, malic enzyme, and ATP-an activation of cellular metabolism by the SNS, because
citrate lyase in these animals depending solely on the hypereirculating levels of insulin decreased during cold acclimation.
plasic effect of SNS. The present results support the view, In summary, despite the greatly reduced levels at ambient
derived from hormonal and nutritional studies, that the reactiontemperature, rates of fatty acid synthesis and activities of lipo-
catalyzed by acetyl-coenzyme A carboxylase, whose maximagjenic enzymes in BAT from rats adapted to the high-protein
activity is much lower than that of the other enzymes, is adiet increased significantly after cold acclimation, although less
rate-limiting step in fatty acid synthesis. The finding that the markedly than in BAT from normally fed controls. This in-
initial specific activity of the mitochondrial PDH was reduced crease in lipogenesis seems to be due to a restoration of BAT
(both in absolute values and as a percentage of total activity) isympathetic activity, which induces BAT hyperplasia and ac-
rats fed the high-protein diet at ambient temperature, with naivation of fatty acid synthesis, with an important participation
change of total enzyme activity, could be due, at least in partof acetyl-coenzyme A carboxylase and pyruvate dehydroge-
to the low levels of insulin in these animals. Indeed, insulin nase.

normally acts to dephosphorylate (and activate) pyruvate de-

hydrogenase, the phosphorylated (inactive) form of the enzyme

increasing in the absence of the horméfha: However, the ACKNOWLEDGMENT

increase in cold-acclimated high-protein diet-adapted rats in we thank Maria A.R. Gdifalo, Neusa M.Z. Resano, Victor D.
both initial and total BAT PDH activities was probably due to Galban, and Elza A. Fillipin for technical assistante.
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