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Abstract: The effects of hyperthyroidism and
hypothyroidism on brown adipose tissue (BAT)
thermogenesis and phospholipid fatty acid com-
position were investigated in rats. Chronic tri-
iodothyronine (Ts) treatment (hyperthyroidism) in-
creased the interscapular BAT pad weight, its tri-
acylglycerol content, and its DNA content. it did
not affect basal and noradrenaline-stimulated in
vitro oxygen consumption of BAT expressed per
ng DNA, although it significantly increased the
oxygen consumption of the whole BAT pad. Ts
treatment had little effect on phospholipid content
and phospholipid fatty acid composition. In con-
trast, chronic methimazole treatment (hypothy-
roidism) decreased the BAT pad weight and the
triacylglycerol content, but did not significantly
change the DNA content in comparison with the
control. It significantly decreased the noradrena-
line-stimulated BAT oxygen consumption ex-

pressed per ng DNA and per BAT pad, but did
not change the basal oxygen consumption. Me-
thimazole treatment significantly affected phos-
pholipid content and phospholipid fatty acid com-
position. Among the major fatty acids of BAT, it
decreased docosahexaenoic acid (DHA), arachi-
donic acid, palmitic acid, palmitoleic acid, and
oleic acid, and it increased linoleic acid, stearic
acid, and eicosapentaenoic acid. A regression
analysis revealed a positive relationship between
in vitro respiration and DHA levels in phospho-
lipids (r=0.404, p<0.05). These results suggest
that thyroid hormones have trophic action on
BAT and are necessary for BAT thermogenic ac-
tivity. This study also suggests that DHA is in-
volved in the regulation of BAT thermogenic ac-
tivity, as we previously indicated. [Japanese
Journal of Physiology, 48, 355—-364, 1998]
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Brown adipose tissue (BAT) is a thermogenic organ
in mammals that is activated by several physiological
conditions such as cold exposure, arousal from hiber-
nation, overfeeding, and nonthermal stress [1]. Bioen-
ergetics of BAT mitochondria is distinct from other
cells because the brown adipocytes have uncoupling
protein (UCP) in the mitochondria [2], which is re-
sponsible for transporting protons into the mitochon-
dria without concomitant ATP formation. Many neu-
ronal, endocrine, and humoral factors have been found

to be directly or indirectly involved in the BAT ther-
mogenesis. For example, the involvement of noradren-
aline, glucagon, thyroid hormones, adrenocortical
hormones, and nitric oxide have been investigated [1,
3, 4]. BAT is richly innervated with sympathetic
nerves that release noradrenaline under stimulation. It
is generally accepted that the noradrenaline is of pri-
mary importance for the peripheral activation of BAT
thermogenesis. On the contrary, the role of thyroid
hormones on BAT thermogenesis is not yet clear, al-
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though it is known that the thyroid hormones are in-
volved in cold-induced nonshivering thermogenesis
[5]. Thyroid hormones are known as lipogenic and
lipolytic hormones. These two metabolic events, that
is, lipogenesis and lipolysis, are closely related to
BAT thermogenesis. Nevertheless, conflicting reports
exist on the role of thyroid hormones on thermogene-
sis in BAT. It has been reported that GDP binding to
mitochondria as a criterion for UCP capacity (an
index of BAT thermogenesis) is suppressed in the
pharmacologically induced hyperthyroid rats [6, 7],
and that the stimulation of brown adipocyte respira-
tion by isoproterenol is markedly greater in cells from
the hyperthyroid rats in comparison with the euthyroid
(having a normally functioning thyroid gland) rats [§].
Some authors have found an enhanced BAT thermo-
genic activity in the pharmacologically induced hy-
pothyroid animals as estimated by BAT weight, its
DNA content, and mitochondrial components [9], but
we [10] and others [7, 11] did not. Therefore further
studies are necessary to clarify the role of thyroid hor-
mones in the regulation of BAT thermogenic activity.

Recent studies have emphasized the role of tissue
phospholipid fatty acid composition on cellular func-
tions. Particularly, n-3 polyunsaturated fatty acid do-
cosahexaenoic acid (DHA) in the cellular membranes
has been found to be a modulator of membrane func-
tions and mitochondrial bioenergetics [12]. BAT is
most active in the postnatal period and is activated by
thermal and nonthermal stress in adults. We have
shown that the thermal and the nonthermal stress, the
postnatal period, and the overfeeding state modify the
phospholipid fatty acid composition of BAT [13-18].
Furthermore, we and others have indicated that DHA
is involved in BAT thermogenesis [13, 19, 20]. How-
ever, reports on the effects of hyperthyroidism and hy-
pothyroidism on fatty acid composition are very
scanty, and none addressed the effect on the n-3
polyunsaturated fatty acids pattern. The main objec-
tive of the present study is to examine the role of thy-
roid hormones on BAT thermogenic activity by mea-
suring in vitro respiration (oxygen consumption),
DNA content, triacylglycerol, and phospholipid con-
tents and fatty acid composition, including n-3
polyunsaturated fatty acids (DHA and eicosapen-
taenoic acid).

MATERIALS AND METHODS

Animals and treatments. Eight-week—old male
Wistar rats were used in the experiments. We obtained
30 seven-week—old rats, weighing from 150 to 170 g
from Shizuoka Laboratory Animal Center, Hama-

matsu, Japan. After 1 week, the rats were divided into
3 groups matching their initial body weights. They
were housed in wire cages (5/cage) with free access to
food (laboratory rat biscuits; Oriental MF, Oriental
Yeast Co., Ltd., Tokyo, Japan) and tap water at 25=
1°C and about 50% RH on a 12-h light cycle. Hyper-
thyroidism was induced by injecting 3,3',5-triiodo-L-
thyronine sodium salt (T;; Aldrich Chem. Co. Milw.,
WI 53201) subcutaneously (S.C.), and hypothyroidism
was induced by injecting 2-mercapto-1-methylimida-
zole (methimazole; Sigma Chem. Co., St. Louis, MO
63178 USA) intraperitoneally (1.P.). The duration of
treatments was 31 d. A stock solution of T; (4%) was
prepared by dissolving T; in 0.1 N NaOH, and it was
diluted with saline before use. A daily single dose of
T3 was 20 wg/100 g bw (0.05ml/100 g bw S.C.) in the
first 17 d of the experiment. Two rats died on day 18;
the other rats of this group were apparently healthy.
From day 18, the dose was reduced to 5 ug/100 g bw
(0.05ml1/100 g bw S.C.) and was continued for the rest
of the experiment. Methimazole was directly dis-
solved in saline, and a daily single dose of 5mg/100 g
bw (0.1 ml/100 g bw 1.P.) was administered through-
out the experiment. The control rats were adminis-
tered vehicle (saline 0.1ml/100g bw) intraperi-
toneally. The rats were sacrificed by decapitation, and
interscapular BAT was excised and cleaned of adher-
ent tissues. The wet weight of the tissue was mea-
sured, the samples for in vitro oxygen consumption
were immediately transferred to the incubation
medium, and the samples for DNA and lipid analyses
were preserved at —70°C until analysis. The experi-
mental protocol was approved by the Institutional An-
imal Care and Use Committee.

Biochemical analysis.

DNA. The DNA content of BAT was measured
by a fluorometric method using bisbenzimidazole
(Hoechst 33258) after defatting [21]. About 20 mg of
interscapular BAT was defatted by homogenizing in
cold acetone in a high-speed disintegrator, followed
by shaking and centrifugation (1,800Xg, 10 min). The
defatted pellets were then homogenized in 10ml of
1% sodium dodecyl sulfate by use of a glass homoge-
nizer and incubated at 37°C for 1 h before measuring
the DNA content with a spectrofluorometer (650-40,
Hitachi Ltd., Tokyo). The incubated homogenate
(20 1) was aliquoted into the cuvette and mixed with
1,980 pl of dye solution (0.1 g Hoechst 33258/ml
TNE buffer consisting of 10mM Tris, 1 mM EDTA,
and 0.1 M NaCl). Calf thymus DNA (Sigma) was used
as the standard, and measurements were taken at exci-
tation and emission wavelengths of 365 and 460 nm,
respectively.
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In vitro respiration. In vitro respiration of the tis-
sue was determined by measurement of the oxygen
consumption rate of tissue blocks by use of a Clark
electrode (Rank Brothers, Cambridge, UK). About 50
mg of interscapular BAT was cut into fine blocks of
about 0.5 to 1 mm’. The tissue blocks were preincu-
bated for 1h at 37°C in Krebs-Ringer phosphate
buffer (pH 7.4) under slow shaking. The buffer con-
tained half the recommended concentration of CaCl,,
5mM glucose, and 4% bovine serum albumin (Ar-
mour Co., Fraction V, dialyzed for 48 h through cellu-
lose membrane against Krebs-Ringer phosphate
buffer, pH 7.4). About 25 mg of the preincubated tis-
sue blocks were added to a magnetically stirred elec-
trode chamber having a temperature of 37°C and con-
taining 2 ml of the same air-saturated buffer. The
chamber was closed, and basal oxygen consumption
was measured for Smin. After this, Noradrenaline
(0.19mg (—)-Arterenol bitartrate salt (Sigma)/mli
saline; 20 wl added to the chamber resulting in 1 g
Noradrenaline base/ml buffer) was added with a
Hamilton syringe through a small hole in the cover of
the chamber. This concentration of Noradrenaline has
been shown to produce maximal stimulation of BAT
from euthyroid rats in the same measurement condi-
tion [22]. The rate of oxygen consumption of elec-
trode itself in the presence of 2 ml buffer over a period
of 10 min was measured routinely before tissue blocks
were added. The buffer contained 217 nmol O,/ml. We
did not examine by using different dosages of nora-
drenaline the possible sensitivity changes of BAT cells
to noradrenaline under a different thyroid status, al-
though we have shown previously that even a dose 10
times larger than the one we have used in this study
produced no difference in the oxygen consumption of
BAT cells from euthyroid rats [22]. It has also been
demonstrated that the same dose of noradrenaline pro-
duced maximal stimulation of brown adipocytes from
hypothyroid and euthyroid rats [23].

Lipid analysis. The total lipids were extracted as
described previously [13]. About 50 mg of BAT was
homogenized in a glass homogenizer with 6 ml chlo-
roform-methanol (2:1 v/v) and centrifuged, followed
by reextracting the residue by homogenizing the pel-
lets with 2 ml of the same mixture of solvents. Phos-
pholipid and triacylglycerol contents in the complete
extract were determined by use of the PL-Test Wako
and TG-test Wako reagent kits (Wako Pure Chem.
Ind., Osaka, Japan). For fatty acid analyses, 6ml of
the complete extract was evaporated to dryness under
nitrogen gas in a water bath at 30°C. The dried extract
was taken up in 60 wl of chloroform-methanol (2:1
v/v) and applied to thin-layer chromatography for sep-

arating the phospholipids. The fractionated phospho-
lipids were then removed by scratching and transester-
ified by adding 5 ml BF;-methanol. The ester was ex-
tracted twice with pentane and dried under nitrogen
gas in a water bath at 40°C. The dried transesterified
phospholipids were taken up in 10 pl of chloroform-
methanol (2:1 v/v). Fatty acid analyses were per-
formed by using a Hitachi Model G-3900 gas chro-
matography equipped with a Hitachi Model D-2500
data processor. A bonded, flexible, fused silica column
(30mXx0.25mm L.D., polyimide film thickness<<0.25
wm, J & W Scientific, USA) was used. The tempera-
ture of the injection inlet and the detector FID were
set at 250°C, and the oven temperature was set at
140°C. The temperature program of the column was
10°C/min from 140°C at the initial injection to 240°C.
The hydrogen carrier. flow rate was 1.2 ml/min, the ni-
trogen make-up gas 15ml/min, and the airflow 400
ml/min. One microliter of sample was injected with a
split ratio of about 25: 1. The hold time was 30 min.
Quantitative standardization of the chromatograph
was based on the analysis of fatty acid methyl ester
standard mixtures (Funakoshi, Tokyo, Japan). Fatty
acid contents are expressed in terms of mol%. The un-
saturation index (the number of double bonds per fatty
acid molecule) was calculated by this formula:

Unsaturation index=(ZM;N;)/100 ,

where M, is mol% of each fatty acid and N, is the
number of double bonds of each fatty acid. The
arachidonate index was calculated in this way:

Arachidonate index
=arachidonate mol%/linoleate mol%.

Data analysis. Data were imported into Stat
View 4.0 for the Macintosh. Data were expressed as
mean+SE. The significance of differences between
different groups were analyzed by using ANOVA fol-
lowed by Fisher’s PLSD test. A linear regression of
peak values of noradrenaline-stimulated in vitro oxy-
gen consumption (per pg DNA) on fatty acid compo-
sition was performed on the data of euthyroid, hyper-
thyroid, and hypothyroid rats, and a t-test was used to
determine whether the mean slope deviated signifi-
cantly from 0. We considered differences significant at
p<0.05.

RESULTS

Thyroid status and food intake and body
weight

T; treatment increased daily food intake compared
with the control, and methimazole treatment de-
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p<0.01). An ANOVA run on the change in daily body weight indicated a significant difference between control and the Ts-
treated groups (p<<0.001), but the difference between control and methimazole-treated groups was significant only in the

second half of the experiment (day 15 to day 31) (p<0.05).

creased it (Fig. 1A). The average daily food intake in
~ the last week of the experiment was 70% higher (102
g/kg/d) in the Tj-treated group and 17% lower (50
g/kg/d) in the methimazole-treated group than in the
control group (60 g/kg/d). The food intake in the con-
trol group decreased with time, indicating, as previ-
ously reported [24], that food consumption per kg bw
decreases with age. An ANOVA run on the daily food
intakes of the control, Ts-treated, and methimazole-
treated groups indicated significant differences be-
tween groups (control vs. T;-treated group, p<<0.001,
and control vs. methimazole-treated group, p<<0.01).

The initial body weights of control, T;-treated, and
methimazole-treated rats were 192+2.7, 188%2.2,
and 194+1.7 g, respectively. Differences in the initial
body weights among the groups were not statistically
significant. The T; treatment and the methimazole
treatment both decreased the regular body weight gain
compared with the control. The decrease in the body
weight gain was more pronounced in the Ts-treated
group than in the methimazole-treated group (Fig.
1B). An ANOVA run on the changes in daily body
weight of the control, the Ts-treated group and the
methimazole-treated group indicated significant dif-
ferences between the control and the T;-treated
groups (p<0.001), but the difference between the con-
trol and the methimazole-treated groups was found to
be significant only in the second half of the experi-
ment (day 15 to day 31) (p<<0.05). The body weights
of control, Ts-treated, and methimazole-treated rats at
sacrifice were 271+7.3, 228+3.8g (16% lower than
the control, p<<0.001), and 247%=3.9 g (9% lower than
the control, p<<0.01), respectively.
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Effect of thyroid status on the tissue weights
and compositions

Despite a decrease in the body weight, the inter-
scapular BAT pad wet weight, its triacylglycerol, and
its DNA contents were greater in the Ts-treated group
than in the control group. The phospholipid content of
BAT was unchanged. On the other hand, interscapular
BAT pad wet weight, its phospholipid, and its triacyl-
glycerol contents were smaller in the methimazole-
treated group than in the control group. The DNA
content was unchanged (Table 1). Epididymal white
adipose tissue weight was smaller in both the T;-
treated (2.2*0.12g, p<<0.0001) and methimazole-
treated (3.1+0.10g, p<<0.0001) groups than in the
control group (4.4+0.20 g).

In vitro respiration of BAT

Neither T; treatment nor methimazole treatment
changed the basal in vitro oxygen consumption of BAT
expressed per wg DNA (76.3%11.22 pmol/min/pug
DNA with T; treatment, 77.9+10.16 pmol/min/pg
DNA with methimazole treatment, and 88.9+14.17
pmol/min/ug DNA with no treatment). To compare
relative thermogenic rates per BAT pad between rats
in different thyroid states with different body sizes,
values were corrected on the basis of body weight of
250 g. T treatment increased the basal in vitro oxy-
gen consumption of BAT (54.0%6.17 nmol/min/pad,
p<0.05), and no change was noted with methima-
zole treatment (32.0%4.33 nmol/min/pad) vs. 37.5*
5.45 nmol/min/pad without treatment. Noradrenaline
stimulated the oxygen consumption in all groups, and
the peak value was recorded from 10 to 15min after
stimulation. However, the noradrenaline-stimulated
increase in oxygen consumption when expressed per
g DNA was not affected in the Ts-treated group and
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Table 1. Effect of thyroid state on brown adipose tissue (BAT) weight and its components.
BAT pad weight (mg) Phospholipid (mg) Triacylglycerol (mg) DNA (p.Q)
Whole  Pad/250g /100 mg /pad /100 mg /pad /mg BAT /pad
pad bw BAT BAT
Control 173 161 414 7.45 70.12 122.64 2.7 461.9
*+7.9 +9.2 +0.324  *0.790 +1.928 +8.501 +0.15 *+17.18
iE 248 272 3.86 9.52 67.54 167.63 2.7 668.4
*6.0"" +8.9* +0.302 *0.770 +1.686 +7.175* *+0.13 +31.37*
Methimazole 115 117 4.05 4.35 50.21 58.50 3.7 409.6
£ 2 H g g +0.327  *0.459*# +3.486=* "  +5087# +0.26** +19.80%
* p<0.01, ** p<0.001 vs. control; * p<0.01, * p<0.001 vs. Ts-treated group.
: : Fig. 2. Noradrenaline-stimu-
g 1007 4 g 77 g lated rate of increase in in
kS b 60 ol ** _ vitro oxygen consumption per
§ ~ 80+ § ** 1ig DNA (A) and per brown adi-
£z &g 307 pose tissue (BAT) pad (B). Val-
2o 607 2< 40 ues are means=SE. T; or methi-
=1 £ .= L
8 % S E 304 mazole were administered to the
g E 407 fn " §¢ rats for 31d. The weights of BAT
=g #it # # N E 201 pad were corrected on the basis
§E - g * of body weight (expressed per
S~ b S 10+ h  wEE w
£ #H = * ittt 2509 rat). *p<0.05, **p<0.01
= 0 = 0- HH# L # i
= ; : . . & - i - i . vs. control; *p<0.05, ™ p<0.01,
< 0 5 10 15 20 < 0 5 10 15 20 ™ p<0.001 vs. Ta-treated group.
Time (min) after noradrenaline Time (min) after noradrenaline O control; V, Ty-treated; @, me-
administration administration thimazole-treated.

decreased in the methimazole-treated group compared
with the control (p<<0.05; Fig. 2A). When noradrena-
line-stimulated increase in the oxygen consumption
was expressed per interscapular BAT pad, it was
greater in the Ts-treated group (p<<0.01) and less in
the methimazole-treated group compared with the
control (p<<0.05; Fig. 2B).

Phospholipid fatty acid composition

Ts-treated rats showed no change in saturated, mo-
nounsaturated, and polyunsaturated phospholipid fatty
acid contents of BAT, nor did they show change in the
unsaturation index, the arachidonate index, or the
polyunsaturation-saturation ratio compared with the
control. In contrast, methimazole-treated rats showed
a decrease in the monounsaturated fatty acid content
concomitantly with an increase in the polyunsaturated
fatty acid content. The polyunsaturation-saturation
ratio was increased and the arachidonate index was
decreased compared with the control. The saturated
fatty acid content and the unsaturation index were un-
changed. These results are summarized in Table 2.

The results of fatty acid composition are shown in
Fig. 3. In BAT from all three groups, the major phos-
pholipid fatty acids were palmitate (C16:0), palmi-
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toleate (C16:1), stearate (C18:0), oleate (CI18:1),
linoleate (C18:2), arachidonate (C20:4), and docosa-
hexaenoate (C22:6). T; treatment caused no major
modification in these fatty acids compared with the
control. It caused decreases in eicosapentaenoic acid
(C20:5) and docosapentaenoic acid (C22:5) among
the fatty acids analyzed. On the other hand, methima-
zole treatment caused a significant modification of
phospholipid fatty acid composition of BAT compared
with the control. Myristate (C14:0), C16:0, Cl6:1,
C18:1, eicosadienoate (C20:2), C20:4, C22:5, and
(C22:6 were decreased, and C18:0, C18:2, and C20:5
were increased.

Relationships between phospholipid fatty
acids and BAT respiration

We have previously reported that n-3 polyunsatu-
rated fatty acid DHA (C22:6) is involved in the regu-
lation of in vitro respiration of BAT [13, 20]. When
noradrenaline-stimulated peak values of oxygen con-
sumption of BAT as expressed per pg DNA were plot-
ted against the proportion of DHA in phospholipids, a
positive relationship was evidenced (r=0.404, p<
0.05). No such significant relationship was found
when eicosapentaenoic acid and arachidonic acid pro-
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Table 2. Thyroid state and the state of saturation of phospholipids.

SA (mol%) MU (mol%) PU (mol%) ul PU/SA Al
Control 45.15+0.499 17.65+0.968  37.20+1.102 1.30+0.021  0.83+0.030 0.42+0.023
T, 44840372 17520479  37.64+0.604 1.29+0.014  0.84+0.019 0.39+0.013
Methimazole — 45.14+0.576 11.22+0.378% 43.63+0.531** 1.30+0.017 0.97+0.022**  0.25+0.011*#

*p<0.001 vs. control; * p<0.001 vs. Ts-treated group. SA, saturated fatty acids;, MU, monounsaturated fatty acids; PU,
polyunsaturated fatty acids; Ul, unsaturation index; Al, arachidonate index.
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Fig. 3. Phospholipid fatty acid composition of brown
adipose tissue. Values are expressed as means=*SE. T; or
methimazole was administered to the rats for 31d. O, con-

trol, @, Ts-treated; B, methimazole-treated. *p<0.05,
*p<0.01, ** p<0.001 vs. control. *p<0.05 * p<0.01,
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palmitate; C16:1, palmitoleate; C18:0, stearate; C18:1,
oleate; C18:2, linoleate; C18:3, linolenate; C20:1, gadoleate;
C20:2, eicosadienoate; C20:3, bis-homo-vy-linolenate; C20:4,
arachidonate; C20:5, eicosapentaenocate; C22.5, docos-
apentaenoate; C22:6, docosahexaenoate.
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Fig. 4. Correlation between oxygen consumption of brown adipose tissue (peak values) and docosahexaenoic
acid, eicosapentaenoic acid, and arachidonic acid levels of phospholipids. The “r” value is indicated in each. Data

from control (O), Tas-treated group (V

portions in phospholipids were related to the oxygen
consumption (Fig. 4).

DISCUSSION

This study shows that thyroid hormones are involved
in the regulation of several events closely related to
BAT thermogenesis. Thyroid hormones have the po-
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), and methimazole-treated group (@) were plotted for this analysis.

tential to indirectly influence BAT thermogenesis by
regulating the storage and supply of energy substrate
fatty acids (lipogenesis and lipolysis) for BAT thermo-
genesis. They also influence BAT thermogenesis by
regulating brown adipocyte respiration and membrane
phospholipid composition.

In this study, Ts treatment for 31 d mcreased the tri-
acylglycerol content of BAT (37% increase compared
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with the control) and decreased the white adipose tis-
sue weight (50% decrease compared with the control).
The decrease in white adipose tissue weight may re-
flect a decrease in its triacylglycerol content. Thyroid
hormone is known as a lipogenic hormone as well as a
lipolytic hormone. The responsiveness of thyroid hor-
mone-stimulated lipogenesis has been shown to be
organ-specific. However, the previous reports on adi-
pose tissues regarding responsiveness to thyroid hor-
mone are contradictory with one another. Some re-
ported that thyroid hormone treatment increased the
synthesis of fatty acids in white and brown adipose
tissue [25-27], whereas others observed the opposite
effect as assessed by the decrease in the activities of
fatty acid synthetase on white adipose tissue [28] and
no appreciable effect on brown adipose tissue [29].
For energy substrate, BAT does not depend solely on
its de novo lipogenesis; it also depends on a supply of
free fatty acids through blood. Besides the de novo
synthesis of triacylglycerol, BAT would probably de-
pend on the supply of free fatty acid through blood for
thermogenesis in the present chronic state of hyper-
thyroidism. T; treatment indeed elevates the blood
level of free fatty acids in warm-adapted and cold-
adapted rats, which has previously been demonstrated
[30]. It has also been shown that this lipolytic action
of T; can be partially blocked by a depletion of cate-
cholamines, indicating that white adipose tissue is the
main source of free fatty acids in blood. The decrease
in white adipose tissue in the Ts-treated rats may be
partially explained by this event. On the contrary, an
increased level of triacylglycerol content of BAT may
reflect active lipogenesis as well as BAT hyperplasia
under T; stimulation (Table 1).

Thyroid hormone-induced systemic thermogenesis
is well documented. However, confusing reports have
been made on the contribution of BAT in the thyroid-
stimulated systemic thermogenesis. Some reported
that T; treatment increased the basal oxygen con-
sumption of BAT (an index of BAT thermogenesis)
[31], whereas others reported that although T; treat-
ment increased the BAT mass and DNA content, it
suppressed BAT thermogenic activity as measured by
GDP binding to mitochondria [32]. Our study clearly
indicated that the interscapular BAT thermogenesis is
stimulated by T; treatment, as evidenced by increases
in the DNA content (cellularity) of BAT and the basal
oxygen consumption expressed per pad, corrected on
the basis of body size. Although the reasons for the
discrepancy are not clearly known, the discrepancy
observed in these findings may be due to the differ-
ences in the species and the ages of animals and to
the doses and durations of thyroid hormone treat-

ments. Furthermore, the noradrenaline-stimulated in-
crease in the rate of BAT thermogenesis expressed per
BAT was significantly higher in the Ts-treated group
than in the control group (Fig. 2). Although the nora-
drenaline-stimulated whole pad thermogenesis was
higher in the Ts-treated group, thermogenesis per pg
DNA (per BAT cells) was unchanged compared with
the euthyroid control. In contrast, the isoproterenol-
stimulated increase in the rate of BAT thermogenesis
expressed per BAT cells has been reported to be
higher in rats rendered hyperthyroid by T treatment
for 2d than in the control rats [8]. The discrepancy
may be explained by the differences in the agonists
and the duration of the T; treatment. Furthermore,
under the prolonged T; treatment the animals may
have responded to maintain homeostasis, thereby
maintaining the normal responsiveness of BAT cells
to agonist.

On the other side, it has been reported that hypothy-
roid rats have normal-sized BAT [7] and DNA content
[11]. In contrast, others have reported that hypothy-
roid rats have a large-sized BAT and DNA content [9].
In our study, the hypothyroid rats have smaller-sized
BAT and normal DNA content. These results are
consistent with our previous findings in the thy-
roidectomized rats [10]. Although the reasons for dis-
crepancies in the results are not readily understood,
one possibility may be the difficulty that sometimes
arises in judging the borderline between BAT and
white adipose tissue by eye inspection and thereby
causing a variation in the BAT wet weight. The
smaller size of BAT compared with the control in our
study, however, could be explained by the decreased
triacylglycerol content of BAT cells. In contrast with
another study showing an increase in the basal oxygen
consumption of interscapular BAT (whole pad) in hy-
pothyroid rats [9], the basal oxygen consumption of
BAT expressed per pg DNA and per whole pad and
corrected on the basis of body size were unchanged.
Moreover, using the same dose of noradrenaline to
stimulate BAT from methimazole-induced hypothy-
roid rats and euthyroid rats, we demonstrated that a
noradrenaline-stimulated increase in the rate of BAT
thermogenesis expressed per pg DNA and per BAT
pad was significantly lower in the methimazole-treated
group than in the euthyroid group (Fig. 2). The de-
crease in the noradrenaline-stimulated BAT thermoge-
nesis is consistent with our previous finding that thy-
roidectomy completely abolishes the glucagon-stimu-
lated increase in the free fatty acid (fuel for BAT ther-
mogenesis) concentration in Sulzer’s drainage vein
from BAT [10] and with another study showing that
hypothyroidism induced by a low-iodine diet plus 6-n-
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propyl-2-thiouracil diminished noradrenaline-stimu-
lated oxygen consumption of brown adipocytes [23].
Our study does not explain if the changes in BAT
thermogenic activity under different thyroid status
were secondary to the changes in food intake or vice
versa. In this regard, it should be mentioned that BAT
is established as the principal organ for diet-induced
thermogenesis and that excess food intake enhances
BAT thermogenic activity [33]. It has also been
demonstrated by cutting the excess food consumed
during cold acclimation that fully developed nonshiv-
ering thermogenic activity could still be acquired [34].
Summarizing all these results, it is concluded that thy-
roid hormones have trophic action on BAT and that
they are necessary for the normal thermogenic activity
of BAT.

It is known that living tissues favorably modulate
cellular functions by modifying the membrane phos-
pholipid composition, probably by modifying the un-
saturation state of the membrane lipids. In this study,
the hyperthyroidism rendered by T; treatment did not
change the state of membrane phospholipid unsatura-
tion as estimated by the levels of monounsaturated or
polyunsaturated fatty acids and by the unsaturation
index. Hypothyroidism rendered by methimazole
treatment, on the other hand, caused a decrease in mo-
nounsaturation and an increase in polyunsaturation
without changing the overall unsaturation state as esti-
mated by the unsaturation index in BAT phospholipids
(Table 2). We previously reported that the n-3 polyun-
saturated fatty acid DHA levels in BAT phospholipid
are closely related to the noradrenaline-stimulated in
vitro oxygen consumption of BAT cells [13, 20]. Sub-
sequently, it was demonstrated that GDP binding to
BAT mitochondria from rats fed n-3 polyunsaturated
fatty acid supplemented food is markedly stimulated
[19], although respiration of BAT cells is unchanged
possibly because of a concomitant depletion of n-6
unsaturated fatty acids [35]. It was noted here that the
hyperthyroid rats showed no changes in noradrena-
line-stimulated increase in in vitro respiration when
expressed per wg DNA and that DHA in BAT phos-
pholipids was unchanged compared with the control.
On the other hand, hypothyroid rats showed a decrease
in in vitro respiration when expressed per pg DNA,
and this was accompanied by decreased levels of
DHA and arachidonic acid and an increased level of
eicosapentaenoic acid in BAT phospholipids (Fig. 3).
Therefore the cause of the decrease in oxygen con-
sumption of BAT from hypothyroid rats may lie in the
change of these fatty acid levels, namely, DHA,
arachidonate, and eicosapentaenoate. However, a cor-
relation analysis revealed a positive relationship only

between the levels of DHA and oxygen consumption
(per g DNA). These results regarding phospholipid
fatty acid composition and in vitro respiration agree
with our previous reports, suggesting that the n-3
polyunsaturated fatty acid DHA plays a role in the
regulation of BAT thermogenesis as estimated by in
vitro oxygen consumption irrespective of the extent of
the total unsaturation of phospholipid fatty acids [13,
20]. These results also show that the suppression of
normal thyroid functions impairs BAT thermogenic
activity possibly by modifying phospholipid fatty acid
composition, most notably by depleting the DHA
level.

In tissues and cell lines other than BAT, it has been
indicated that the mode of action of DHA may involve
alteration of cell membrane permeability. Membranes
of the rod outer segment, known to be highly enriched
in DHA , are very permeable to K [36]. Stillwell et
al. [37], by using T27A tumor cells and Chow and
Jondall [38], by using JURKAT leukemia cells, have
reported that the presence of a sufficient amount of
DHA in membranes increases membrane permeabil-
ity. Recently, Stillwell er al. [39], have demonstrated
by incorporating DHA in hepatocyte mitochondria
from BALB/c mice that tightly coupled mitochondria
are uncoupled upon the accumulation of a small
amount of DHA in the mitochondria. BAT is the typi-
cal tissue in which a physiological uncoupling mecha-
nism exists. In brown adipocytes, heat is generated by
uncoupling oxidative phosphorylation from electron
transfer, facilitated by a high rate of proton movement
across the mitochondrial membrane (termed as “pro-
ton leak™); therefore fuel oxidation dissipates heat
without concomitant ATP formation. As brown
adipocytes are packed with mitochondria, mitochon-
drial phospholipids presumably constitute the major
fraction of total phospholipids of BAT in the present
study. Changes in membrane DHA levels under vari-
ous physiological conditions that demand varied levels
of heat production would perhaps influence brown
adipocyte respiration by changing the mitochondrial
membrane permeability with DHA [40]. This view
would explain the relationship between the noradrena-
line-stimulated BAT respiration expressed per g
DNA and the levels of DHA in phospholipids in the
present euthyroid, hypothyroid, and hyperthyroid
states.

In conclusion, the experiments presented here show
that chronic hyperthyroidism enhances noradrenaline-
stimulated BAT thermogenesis by increasing the cel-
lularity and that hypothyroidism decreases BAT ther-
mogenesis by decreasing the thermogenic ability of
individual cells. This implies that optimum levels of
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thyroid hormones are necessary for brown adipocytes
to show the maximum thermogenic activity under
adrenergic stimulation and in a basal state. This study
also shows that the suppression of normal thyroid
functions impairs BAT thermogenic activity possibly
by modifying the phospholipid milicu of the tissue,
most notably by depleting the DHA level of phospho-
lipids. Furthermore, a positive relationship between
DHA levels in BAT phospholipids and in vitro respi-
ration of BAT suggests a regulatory role of DHA in
BAT thermogenesis, regardless of the degree of unsat-
uration of membrane phospholipids.
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of Science under the program of postdoctoral fellowships
for foreign researchers.

REFERENCES

1. Kuroshima A: Brown adipose tissue thermogenesis as
physiological strategy for adaptation. Jpn J Physiol 43:
117-139, 1993

2. Ricquier D and Kader JC: Mitochondrial protein alter-
ation in active brown fat: a sodium dodecyl sulfate-
polyacrylamide gel electrophoretic study. Biochem Bio-
phys Res Commun 73: 577-583, 1976

3. Kuroshima A, Nagashima T, and Ohinata H: Involve-
ment of nitric oxide in the regulation of brown adipose
tissue, a thermogenic organ during cold acclimation.
In: Adaptation Biology and Medicine, ed. Sharma BK,
Takeda N, Ganguly NK, and Singal PK, Narosa Pub-
lishing House, New Delhi, Vol 1, pp 219-230, 1997

4. Saha SK, Ohinata H, and Kuroshima A: Effects of acute
and chronic inhibition of nitric oxide synthase on brown
adipose tissue thermogenesis. Jpn J Physiol 46: 375-
382, 1996

5. Doi K and Kuroshima A: Economy of hormonal require-
ment for metabolic temperature acclimation. J Therm
Biol 9: 87-91, 1984

6. Sundin U: GDP binding to rat brown fat mitochondria:
effects of thyroxine at different ambient temperatures.
Am J Physiol 241: C134-C139, 1981

7. Triandafillou J, Gwilliam C, and Himms-Hagen J: Role
of thyroid hormone in cold-induced changes in rat
brown adipose tissue mitochondria. Can J Biochem 60:
530-537, 1982

8. Sundin U, Mills |, and Fain JN: Thyroid-catecholamine
interactions in isolated rat brown adipocytes. Metabo-
lism 33: 1028-1033, 1984

9. Mory G, Ricquier D, Pesquies P, and Hemon P: Effects
of hypothyroidism on the brown adipose tissue of adult
rats: comparison with the effects of adaptation to cold.
J Endocrinol 91: 515-524, 1981

10. Kuroshima A, Doi K, and Ohno T: Effects of adrenalec-
tomy and thyroidectomy on in vivo action of glucagon
in brown adipose tissue. J Physiol Soc Jpn 39: 405-
408, 1977

11. Park IRA, Mount DB, and Himms-Hagen J: Role of Tz in
thermogenic and trophic responses of brown adipose
tissue to cold. Am J Physiol 257: E81-E87, 1989

12. Brand MD, Couture P, Else PL, Withers KW, and Hul-
bert AJ: Evolution of energy metabolism. Proton per-
meability of the inner membrane of liver mitochondria is
greater in a mammal than in a reptile. Biochem J 275:
81-86, 1991

13. Ohno T, Ohinata H, Ogawa K, and Kuroshima A: Fatty
acid profiles of phospholipids in brown adipose tissue
from rats during cold acclimation and repetitive inter-
mittent immobilization: with special reference to do-
cosahexaenoic acid. Jpn J Physiol 46: 265-270, 1996

14. Ohno T, Ogawa K, and Kuroshima A: Postnatal
changes in fatty acids composition of brown adipose
tissue. Int J Biometeorol 36: 30-35, 1992

15. Ohno T, Ogawa K, Ohinata H, Nozu T, and Kuroshima
A: Non-thermal stress-induced modifications of fatty
acids profiles in rat brown adipose tissue. J Therm Biol
17: 251-256, 1992

16. Ohno T, Ogawa K, Ohinata H, and Kuroshima A: Ef-
fects of noradrenaline and glucagon on fatty acid com-
positions of rat brown adipose tissue. Jpn J Biometeo-
rol 32: 83-91, 1995

17. Kuroshima A, Ohno T, Moriya M, Ohinata H, Yahata T,
and Ogawa K: Effect of sucrose-induced overfeeding
on brown adipose tissue—with special reference to in
vitro thermogenesis and fatty acids compositions. J
Therm Biol 20: 477-484, 1995

18. Ogawa K, Ohno T, and Kuroshima A: Effects of cold
acclimation on cold-induced changes in lipid metabo-
lism of rat brown adipose tissue. Jpn J Physiol 42: 63—
73, 1992

19. QOudart H, Groscolas R, Calgari C, Nibbelink M, Leray
C, Maho YLe, and Malan A: Brown fat thermogenesis
in rats fed high-fat diets enriched with n-3 polyunsatu-
rated fatty acids. Int J Obesity 21: 955-962, 1997

20. Saha SK, Ohno T, Ohinata H, and Kuroshima A: Effects
of nitric oxide synthase inhibition on phospholipid fatty
acid composition of brown adipose tissue. Jpn J Phys-
iol 47: 477-480, 1997

21. Saha SK, Moriya M, Ohinata H, and Kuroshima A: Lipid
interference with fluorometric assay of DNA in adipose
tissues under various conditions. Jpn J Physiol 44:
421-431, 1994

22. Kuroshima A, Ohno T, and Yahata T. Effect of low-iron
diet on in vitro thermogenesis of brown adipose tissue.
Jpn J Biometeorol 27: 27-31, 1990

23. Woodward JA and Saggerson: Effect of adenosine
deaminase, NO-phenylisopropyladenosine and hy-
pothyroidism on the responsiveness of rat brown
adipocytes to noradrenaline. Biochem J 238: 395-403,
1986

24. Oppenheimer JH, Schwartz HL, Lane JT, and Thomp-
son MP: Functional relationship of thyroid hormone-in-
duced lipogenesis, lipolysis, and thermogenesis in the
rat. J Clin Invest 87: 125-132, 1991

25. Freake HC, Schwartz HL, and Oppenheimer JH: The
regulation of lipogenesis by thyroid hormone and its
contribution to thermogenesis. Endocrinology 125:
2868-2874, 1989

26. Gnoni GV, Landriscina C, and Quagliariello E: Fatty
acid biosynthesis in adipose tissue and lung subcellu-
lar fractions of thyrotoxic rats. FEBS Lett 122: 37-40,
1980

Japanese Journal of Physiology Vol. 48, No. 5, 1998 363



27.

28.

29.

30.

31.

32.

33.

34.

364

S. K. SAHA et al.

Gnoni GV, Landriscina C, Ruggiero FM, and
Quagliariello E: Effect of hyperthyroidism on lipogene-
sis in brown adipose tissue of young rats. Biochim Bio-
phys Acta 751: 271-279, 1983

Ronkari DAK and Murthy VK: Effects of thyroid hor-
mones on enzymes involved in fatty acid and glyc-
erolipid synthesis. J Biol Chem 250: 4134-4138, 1975
Pillay D and Bailey E: Triiodothyronine-dietary interrela-
tionships in the modulation of brown adipose tissue
and liver lipogenesis in the rat. Int J Biochem 15: 953-
958, 1983

Kuroshima A, Doi K, and Kurahashi M: Cyclical effects
of triiodothyronine on blood-free fatty acid and glucose
concentrations in warm-adapted and cold-adapted
rats. Jpn J Physiol 25: 253-261, 1975

Klein AH, Jenkins JJ, Reviczky A, and Fisher DA: Thy-
roid hormone-sensitive brown adipose tissue respira-
tion in the newborn rabbit. Am J Physiol 241: E449-
E453, 1981

Abelenda M and Puerta ML: Brown adipose tissue
thermogenesis in Ts-treated rats. Horm metab Res 24:
60-62, 1992

Rothwell NJ and Stock MJ: A role for brown adipose
tissue in diet-induced thermogenesis. Nature 281: 31—
35, 1979

Kuroshima A and Yahata T. Effect of food restriction on
cold adaptability of rats. Can J Physiol Pharmacol 63:

35.

36.

37.

38.

39.

40.

68-71, 1985

Ohinata H, Saha SK, Ohno T, Hata N, Misawa Y, and
Kuroshima A: Effect of dietary docosahexaenoic acid
on in vitro thermogenesis and fatty acid compositions
of brown adipose tissue. Jpn J Physiol 48: 189-196,
1998

Hendricks TH, Klompmakers AA, Daemen FJM, and
Bonting SL: Biochemical aspects of the visual process
XXII. Movement of sodium ions through bilayers com-
posed of retinal and rod outer segment lipids. Biochim
Biophys Acta 433: 271-281, 1976

Stillwell W, Ehringer W, and Jenski LJ: Docosa-
hexaenoic acid increases permeability of lipid bilayers
and tumor cells. Lipids 28: 103-108, 1993

Chow SC and Jondal M: Polyunsaturated free fatty
acids stimulate an increase in cytosolic Ca?" by mobi-
lizing the inositol 1,4,5-triphosphate-sensitive Ca?’
pool in T cells through a mechanism-independent of
phosphoinositide turnover. J Biol Chem 265: 902-907,
1990 .

Stillwell W, Jenski LJ, Crump FT, and Ehringer W: Effect
of docosahexaenoic acid on mouse mitochondrial
membrane properties. Lipids 32: 497-506, 1997
Hulbert AJ and Else PL: Evolution of mammalian en-
dothermic metabolism: mitochondrial activity and cell
composition. Am J Physiol 256: R63-R69, 1989

Japanese Journal of Physiology Vol. 48, No. 5, 1998



