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**Department of Anatomy, Hokkaido University of Dentistry,
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Abstract In rats treated chronically with norepinephrine and thyroxine,
enhanced nonshivering thermogenesis was observed, with a concomitant
increase in the utilization of plasma free fatty acids (FFA). The increased
utilization of plasma FFA was characterized by a more preferential in-
crement in the oxidation of FFA in tissues rather than that in the uptake
of FFA by tissues. These biochemical findings were accompanied by an
increased mitochondrial mass in red fibers of skeletal muscle, Both bio-
chemical and morpholegical changes of a similar nature were found in
cold-acclimated rats.

Enbanced nonshivering thermogenesis (NST) is one of the characteristics of -
cold acclimation in small animals such as rats. In a previous study (MoORIvA
et al., 1977}, we showed that an elevated NST in cold-acclimated animals is expli-
cable more directly by an increase in oxidation of plasma free fatty acids (FFA),
an important substrate for NST, rather than by an elevated uptake by tissues.
Moreover, we showed in confirmation of an earlier report (LEBLANC and VILLE-
MAIRE, 1970) that chronic treatment of rats with norepinephrine and thyroxine
resulted in simulation of cold acclimation: an increase in both NST and uptake of
FFA was demonstrated in response to the infusion of norepinephrine, a major me-
diator of NST (MoR1vaA et ¢l., 1975). In this study, the effects of norepinephrine
and thyroxine on the enhanced utilization of FFA were estimated by simultaneous
assessment of the uptake and oxidation of plasma FFA in rats. In addition,
changes in mitochondria which are the intracellular site of FFA oxidation and res-
piration were studied. Changes in mitochondria of skeletal muscles have been
observed in animals acclimated to cold (HmMs-HAGEN ef al., 1975; YAHATA and
KurosHmMA, 1977) and in animals treated chronically with thyroxine (GUSTAFSSON
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668 K. MORIYA, M. KOBAYASHI, and T. HIROSHIGE

et al., 1965) but so far not in animals treated chronically with norepinephrine,

MATERIALS AND METHODS

Animals and experimental design. Male Wistar rats aged 30 to 45 days were
divided into the following five groups. The first group was a control in which rats
were injected subcutaneously with an olive oil vehicle. The rats of the second
group were injected with norepinephrine (NE) suspended in olive oil in a daily dose
of 70 ug/100 g body weight (NE group). Rats of the third group were injected with
thyroxine (T,) in a dose of 3 or 5 ug/100 g (T,-1 and T,-2 groups, respectively).
Rats of the fourth group were injected with both NE and T, simultaneously in doses
of 35 and 2.5 ng/100 g, respectively, or 47 and 34 ug/100 g, respectively (NE-
T,-1 and NE+T;-2 groups). The fifth group consisted of cold-acclimated rats
exposed to a temperature of 5°C. These treatments were continued for 4 to 6 weeks
until the day before the experiment. The animals were provided with tap water
and rat chow (Oriental MF, Oriental Yeast Co., Tokyo) ad libitum.

Estimation of rates of uptake and oxidation of plasma FFA invivo. After 18 hr
fasting, rats were moved from the rearing rooms to an experimental room kept at
a temperature of 25°C 1 hr prior to anesthesia with pentobarbital (70 mg/kg body
weight, i.p.). CO. output as an indicator of thermogenesis was measured. Plasma
FFA taken up by tissues and its oxidation were estimated using a constant intrave-
nous infusion method; *C-1-palmitate divided by the specific activity (SA) of FFA
represented the rate of uptake of plasma FFA. The oxidation rate of FFA was
calculated from respiratory CQ, output and the fraction of COQ, derived from the
immediate oxidation of plasma FFA. To obtain the CQ, fraction, recovery of
NaH"*CQ; infused intravenously as **CO, was estimated according to the pro-
cedures described in a previous study (MORIYA et al., 1977). Eguations for cal-
culating uptake and oxidation of plasma FFA are as follows:

(1) Uptake () (=FFA produced and taken up by tissues )(pEq/min)
Ue I(nCi/min)
~ SA of FFA (nCi “C/uEq of FFA) ’
I rate of *C-palmitate infused intravenously.

(2) Ocxidation (O) (uEq/min)
O=Fxtotal CO; output (zmol/min)x1/17,
F: fraction of CQ, derived from the oxidation of FFA,
Fee SA,_., of CO,(nCi “C/umol of CO,) %17
SA of FFA(nCi **C/uEq of FFA) ’
measured SA of CO;
SAs= of CO= o7 of NaH 4CO, recovered as #*CO; 100.

Electron microscopic study. The tissue blocks of diaphragm were fixed with -
0.1 M cacodylate-buffered 4 %, paraformaldehyde (pH 7.4) for 2 or 3 days and then
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FFA OXIDATION IN SIMULATED NST 669

fixed in 0.1 M cacodylate-buffered 2%, glutaraldehyde (pH 7.4) for 2 hr at 4°C
respectively. They were postfixed with 1% osmium tetroxide in 0.1 M cacodylate
buffer (pH 7.4) for 90 min at room temperature. After dehydration with graded
ethanol, they were embedded in Epon-812. In transverse sections, red fibers were-
distinguished from white or intermediate fibers according to the histological charac-
teristics described by GauTrHER (1977). Ultrathin sections of the red fiber were
cut on a Porter Blum MT-2 ultramicrotome using a glass knife. The sections were
stained with uranyl acetate and lead citrate and examined in a Hitachi electron
microscope (HU-11DS or 12A). The number of mitochondria was counted in an
area, chosen at random, of the red fiber in the electron micrographs at a magni-
fication of x7,000. At the same time, the size of the cross-sectional area of mito-
chondria was measured. Different portions of 6 to 12 red fibers were examined in
each group.

Drugs. Norepinephrine bitartrate (Wako Chem. Co.) and sodium thyroxine
(Wako Chem. Co.) were used. '*C-I-palmitate and NaH"“CO, were purchased
from New England Nuclear Co.

Statistics. Student’s -test was used to determine the significance of differences
between the means.

RESULTS

Body weight changes

Body weight was an average of 136 g at the beginning of the treatments. After
the first 4 weeks, it increased from 126 to 284 g (percent increase: 261179,
mean+S.E., n=135) in the controls; from 135 to 309 g (242-+-12%, n=12) in the
NE group; from 159 to 353 g (2294159, n="6) in the T,-1 group; from 123 to
310 g (2704-16 %, n=10) in the T,-2 group; from 132 to 287 g (227+11%, n=10)
in the NE-T,-1 group; from 156 to 330 g (2124-6 %, n=">5) in the NE+4T,-2 group;
and from 145 to 260 g (1794159%, n=12) in cold-acclimated rats. The increment
in the cold-acclimated rats was significantly smaller than that in the controls.

Thermogenic responses fo norepinephrine infusion

CO, outputs in response to norepinephrine infusion at a rate of 2 ug/min for
20 min increased significantly in all groups (Table 1). CO, output before norepine-
phrine infusion (initial CO, outputs) in the T,, NE4-T,, and cold-acclimated groups
were higher than that of the controls. Although no difference was observed in the
initial CO. outputs between the NE group and the controls, the net increase of the
NE group wassimilarin magnitude to that of the cold-acclimated rats. Thevalueafter
norepinephrine infusion in the T, group was higher than in the controls, but the net
increase in both groups did not differ. In the NE--T, group, incremental responses
to norepinephrine higher than in the controls were observed and the net increases
were similar in magnitude to the increase occurring with the cold-acclimated rats,
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Table 1. Effect of norepinephrine infusion {2 p#g/min for 20 min) on the respiratory
CO, outputs in rats treated chronically with norepinephrine (NE}
and thyroxine (T,) under pentobarbital anesthesia.

oiNr(;:ts Before After diIi,Tilrl:gce P

Controls 15 2012 4313 2343 <0.001

NE group 12 204-3* 724-6% 5244 <0.001
P vs. controls N. 8. <0.001 <0.001

T1 group 6 3342 6142* 284 2** <0.001
P vs. controls <0.01 <0.01 N. 8.

T2 group 10 3545 641 5%+ 284 2%* <0.001
P vs. controls <0.01 <0.001 N. 8.

NE+T,-1 group 10 40+3 8043 4044 <0.001
P vs. controls <0.001 <0.001 <0.01

NE-+T,-2 group 5 3643 8546 4943 <0.001
P vs. controls : <0.001 <0.001 <0.001

Cold-acclimated 12 3144 9448 6347 <0.001
P vs, controls <<0.05 <0.001 <0.001

Means+8S.E. of the mean, e:ipressed as pmol/(min - 100 g body weight). P values are
given in the last column for the paired difference. *P<0.05, **P<0.01, ***P<0.001 vs.
cold-acclimated rats. N.S.: not significant. Each group was treated as described in the
text,

1 before nore -n‘?mrine

after infusion
FFA uptake Sl

qulminIIOOEJ

controls  NE

group acclimated

group

Fig. 1. Changes in plasma free fatty acids (FFA) taken up by tissues due to norepinephrine
infusion at a rate of 2 pg/min for 20 min. Bars on the tops of columns represent S.E.
of the means. Fach group was treated as described in the text. NE: norepinephrine.
T,: thyroxine. )
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Table 2. Effect of norepinephrine infusion (2 pg/min for 20 min}) on the
oxidation of plasma free fatty acids (FFA) in rats treated chronically
with norepinephrine (NE) and thyroxine (T,) under
pentobarbital anesthesia.

otl‘\I r%ts Before After diIi,T%efgce P

Controls 15 0.09+0.01 0.86+0.10 0.7740.09 <0.001

NE group 12 - 0.1440.02 2.3540.30 2.21210.25 <{(.001
P vs. controls <0.05 <0.001 <0,001

Ta1 group -6 0.204£0.02 2.064-0.23 1.8340.18 <0.00%
P vs. controls <0.001 <0.001 <0.001

T2 group i0 0.28+0.07 2.1740.33 1.3910.29 <0.001
P ys. controls <0.01 <0.001 <0.001

NE--T,-1 group 10 0.2040,02 2.1340.19 1.9340.18 <0.00%
P vs. controls <0.001 <0.001 <0.001

NE+T,-2 group 5 0.2240.01 2.1640.22 1.9440.22 <0.001
P vs. controls <0.001 <0.001 <0.001

Cold-acclimated 12 0.2140.03 2.40+0.24 2.2040.22 <0.001
P vs. controls <0.001 <0.001 <0.001

Means+-S.E. of the mean, expressed as #Eq/(min-100 g body weight). P values
are given in the last column for the paired difference. Each group was treated as described
in the text. ‘

Table 3. Effect of norepinephrine infusion (2 xg/min for 20 min) on the
ratio of oxidation to uptake rate of plasma free fatty acids (FFA) in rats
treated chronically with norepinephrine (NE) and thyroxine (Ty)
under pentobarbital anesthesia.

otNr(;.ts Before After dil:’filrreet?ce P

Controls 15 8+1 3214 2443 <0.001

NE group 12 8+1 7344% 65414* <0.001
P vs. controls N. S. <0.001 <0.001

Te1 group 6 84-1 4145 3314 <0.001
P vs. controls N.S. N.S. N. S.

T2 group 10 134-2* 6415 5144 <0.001
P vs. controls <0.05 <0.001 <0.,001

NE+T,-1 group 10 8+t 5244 4444 <0.001
P vs. controls . N. 8. <0.01 <0.001

NE-+T,-2 group 5 10+1 5745 4743 <0.001
P vs. controls N. S. <0.01 <0.001

Cold-acclimated 12 741 5148 4447 <0.001
P vs. controls N. S. <0.05 <0.01

Means+8S.E. of the mean, expressed as %. P values are given in the last column
for the paired difference. *P<0.05 vs. cold-acclimated rats. N.S.: notsignificant. Each
group was treated as described in the text. :
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Changes in the utilization of plasma FFA during norepinephrine infusion

Changes in plasma FFA uptake by tissues are illustrated in Fig. 1. The FFA
uptake significantly increased in response to norepinephrine in all groups. The
FFA uptake before and after norepinephrine infusion in the T,-1, NE+T,1 and
cold-acclimated groups was higher than that of the controls, but there was no dif-
ference between the NE group and the controls. The oxidation rate of FFA was
clevated by norepinephrine in all groups (Table 2), As shown in Table 2, the values
before and after infusion of the hormone and the incremental response in the NE,
T., NE+T, and cold-acclimated groups were higher than those of the controls.
Table 3 shows that similar fractions of plasma FFA taken up by tissues were oxi-
dized in the state existing before norepinephrine infusion in these groups, however,
there was a higher value for the T,-2 group. During norepinephrine infusion, the
percentage of oxidation of FFA taken up by tissues was significantly elevated in all
groups. The increase in the NE, T,-2 and NE4-T, groups was significantly greater
than that in the controls and similar in magnitude to that in the cold-acclimated
rats.

Relationship between thermogenesis and FFA utilization

The CO, expiration rate, as an indicator of thermogenesis, increased linearly
with the increase in the oxidation rate of plasma FFA in all groups. The regres-
sion coefficients did not differ among the groups, except that of the T, group (Table
4): regression cPeﬂicients for the T, group were significantly smaller than those for

Table 4. Interrelationship between the oxidation rate of plasma free fatty acids
(FFA) (X) and the heat production estimated as CO; output (¥) in rats
treated chronically with norepinephrine (NE) and thyroxine (T,)
under pentobarbital anesthesia.

n e 7 Regression Regression Correlation P
equation coefficient  coefficient

Controls 30 0.47 32 Y=24X+20 24 0.735 <0.01

NE group 24 1.31 46 ° Y=19X1+20 19 0.830 <0.01
P vs. controls N. S.

T,-1 group 12 1.13 47 Y=16X432 16 0.925 <0.01
P vs. controls <0.05

T.-2 group 20 1.23 50 Y=13X134 13 0.722 <0.01
P vs. controls <0.05

NE~+T,~1 group 20 1.17 60 Y=19X4-38 19 0.929 <0.01
P vs. controls N. S.

NE+T,2 group 10 1.19 61 ¥Y=25X+31 25 0.972 <0.01
P vs. controls N. S.

Cold-acclimated 24 1.30 62 Y=22X+34 22 0.697 <0.01
P vs. controls N. S.

n: number of variables. ¥ and ¥': average of Xand ¥. P values in the last column
for correlation coefficient. N.S.: not significant. Each group was treated as described
in the text.
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Table 5. The number and size of mitochondria in red fibers of diaphragm muscle
in rats treated chronically with norepinephrine (NE) and thyroxine (7%).

Number Pous

o Bizeof P Tissue Pys.
mitochondria controls mitochondria controls weight controls
Controls (12) 11546 10.0+0.35 244424
NE group (9 16648 <0.001 11.24-0.59 N.S. 2431429 N. S.
T2 group (7D 205410 <0.001 8.540.55 <0.05 269-4-25 N. 8.
NE+T;-2 group ( 6) 191118 <0.601 8.340.63 <0.02 276433 N.S.
Cold-acclimated ( 8) 168112 <0.001 10.1L10.68 N. S. 243410 N. S.

Means4-S.E. of the mean, expressed as the number of mitochondria/mm? of fiber, u?
(< 10~2%) of mitochondrial area, and mg of diaphragm weight/100 g body weight. Numbers
in parentheses show the number of muscle fibers used in the study. *P<0.05 vs. cold-
acclimated rats. N.S.: not significant, Each group was treated as described in the text.

the controls.

Changes in the number and size of mitochondria in skeletal muscle

As shown in Table 5, the number of mitochondria increased in the red fibers of
diaphragm muscle of the NE, T,-2, NE4T,-2 and cold-acclimated groups. The
diaphragm weight did not differ among these groups. The percentage of red fibers
to total fibers in diaphragm muscle was about 60 in all groups. The mean size of
mitochondria was smaller in the T,-2 or NE-}T,-2 group than in the controls, but
there was no difference between NE group or the cold-acclimated rats and the con-
trols.

DISCUSSION

Both norepinephrine and thyroxine are essential for the production and
maintenance of nonshivering thermogenesis (NST) in cold acclimation. Norepi-
nephrine secretion is markedly stimulated in animals acutely and chronically ex-
posed to cold (LEDUC, 1961; SHUM et al., 1969), whose thyroidal activities and pe-
ripheral deiodination of thyroxine to triiodothyronine are also increased (HErOUX
and BRAUER, 1965; SCAMMELL ef al., 1980). 'The daily dose used in this study, nor-
epinephrine: 70 xg/100 g body weight, thyroxine: 5 ug/100 g, is close to the maxi-
mum secretion rate in cold-exposed rats (SwansoN, 1957; Lepuc, 1961). When
norepinephrine and thyroxine were simultancously given, similar effects on FFA
utilization were induced by smaller doses than the maximum secretion of these hor-
mones. This suggests that the hormone doses used in this study are not necessarily
non-physiological. '

In rats treated chronically with both norepinephrine and thyroxine, norepi-
nephrine infusion induced a greater increase of heat production than in the controls.
The incremental response to norepinephrine in heat production was also greater
in the cold-acclimated rats than in the controls. It appears that the incremental
heat production due to norepinephrine is a good measure of NST in cold-accli-
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mated animals. The enhanced heat production was accompanied by an increase
in the FFA uptake and its oxidation in each group. The increased utilization of
FFA in rats treated chronically with norepinephrine and thyroxine was character-
ized by a more preferential increment in the oxidation of FFA rather than by an
enhanced FFA uptake (Fig. I and Table 2): the incremental change, under norep-
inephrine infusion, of FFA uptake in rats treated with norepinephrine and thyrox-
ine did not differ from that of the controls, whereas there was a greater increase in
the FFA oxidation in parallel with a more enhanced heat production induced in the
former than in the latter. The findings in Table 3 support this: the percentage of
FFA oxidized which had been taken up by tissues in response to norepinephrine
increased more markedly in rats treated with norepinephrine and thyroxine than in
the conirols. From these results, it is inferred that the magnitude of the oxidation
rate rather than of the rate of uptake of plasma FFA may be of direct importance in
NST in rats treated with norepinephrine and thyroxine. A more preferential
increase in FFA oxidation rather than in the FFA uptake, in line with a greater heat
production, was also observed in the cold-acclimated rats. Thus, as far as the utili-
zation of plasma FFA and NST are used as criteria, we were able to simulate cold
acclimation in rats by treating them chronically with both norepinephrine and
thyroxine. It appears that cold-acclimated rats could only partially be simulated
by rats treated with norepinephrine or thyroxine alone with respect to heat produc-
tion (Table 1) and percentage of oxidation of FFA taken up by tissues (Table 3).

NST increased linearly with elevations of oxidation rate of plasma FFA in
all groups (Table 4). The relationship between both variables did not differ among
the groups, with the exception of the T, group in which more FFA was oxidized as
energy substrate at a heat production level similar to that of other groups. How-
ever, in these groups, the maximum percent of CO; derived from the immediate
oxidation of plasma FFA remained at nearly 50% during norepinephrine infusion
(unpublished data). This indicates simultaneous stimulation of oxidation of
substrates other than plasma FFA. Although the percentage of FFA oxidation to
total oxidative metabolism increases progressively with the passage of time after
administration of **C-palmitate, the increase is seemingly due to the oxidation of
labeled compounds in other compartments which are not on the direct pathway of
FFA oxidation. The same inference was previously gained from the study of
controls and cold-acclimated rats (MORIYA ef al., 1977).

Oxidation of free fatty acids occurs in mitochondria. Carnitine acyltransferase
which is associated with mitochondrial membrane has been implicated as a rate-
limiting step (ORAM et al., 1973). The number of mitochondria in the red fibers of
diaphragm muscle was significantly greater in rats treated with norepinephrine and
thyroxine and cold-acclimated rats than in the controls. The diaphragm was
chosen, because skeletal muscle is one of the important thermogenic sites of NST
(JaNsKY, 1973). It is thought that the increase in NST and FFA utilization is ac-
companied by an increase in the number of mitochondria in skeletal muscles. In
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fact, significant increases in the number of mitochondria were demonstrated in the
present study. The size of mitochondria in diaphragm muscle decreased more in
rats treated with thyroxine or with both norepinephrine and thyroxine than in the
controls, but there was no difference in this respect between the norepinephrine-
treated or cold-acclimated rats and the controls. In rats treated with thyroxine or
with both norepinephrine and thyroxine, the number of mitochondria increased by
up to 709, whereas the size of mitochondria decreased by less than 209, as com-
pared with the controls. Thus, the total mass of mitochondria in the red fibers of
diaphragm muscle could be larger in rats treated with the hormones, as well as cold-
acclimated rats, than in the controls. In addition, the appearance of the mitochon-
drial cristae of these red fibers was more striking than that of the controls (un-
published data). It is thus inferred that mitochondrial activities are enhanced by
chronic treatment of rats with norepinephrine and thyroxine as well as by cold ac-
climation.

A question arises here as to whether or not these mitochondrial changes are
due primarily to an clevated respiration independent of enhanced NST. The
total wet weight of diaphragm muscles remained the same in these groups (Table
5). The number of mitochondria was not necessarily related to CO, output before
norepinephrine infusion, especially in rats treated chronically with norepinephrine
(Tables 1 and 5). However, possible effects of augmented respiration could not be
excluded completely since physical training also increased mitochondrial numbers in
skeletal muscles (GoLLNick and KNG, 1969). In cold-acclimated rats, increased
numbers and decreased size of mitochondria in the semitendinosus muscle relate to
mitochondrial biogenesis (HiMMs-HAGEN et al., 1975). Thyroxine promotes the
mitochondrial biogenesis (GUSTAFSSON et al., 1965). In the present study, chronic
treatment with thyroxine as well as cold acclimation resulted in an increased number
of mitochondria in the red fibers of the diaphragm. The effect of norepinephrine
on mitochondrial biogenesis has not been reported. Since norepinephrine was
administered in vive in the present study, it is not obvious whether the increased
number of mitochondria was induced by norepinephrine per se, or by other hor-
mones, the secretion of which is enhanced under these conditions. The possibility
that norepinephrine increases deiodination of thyroxine to triiodothyronine has
been shown (GALTON, 1965; HiLLIER, 1968 ; HARDVELD et al., 1979).

The present study shows, after all, that we can simulate both biochemical and
morphological changes of cold-acclimated rats by treating rats chronically with
norepinephrine and thyroxine. However, we know neither the precise time course
of changes in plasma levels and metabolism of the two hormones given, nor the
existence of any parallelism between these changes and the actual dynamics of the
hormones during cold acclimation.
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