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Body weight gain in UCP1-KO mice

Fig. 2. Body weight and energy intake dur-
ing cafeteria feeding and CL treatment. WT
and UCPI-KO mice of both sexes were fed
on laboratory chow or cafeteria diets for 8
wk and then injected sc with CL (0.1
mg-kg~'-day™!) or saline for an additional
2 wk. Mean body weights of female WT and

Saline/CL
UCP1-KO mice at week 0 were 21.1 = 0.5
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UCP expression. The mRNA expression levels of UCPI,
UCP2, and UCP3 were examined by real-time PCR. As shown
in Fig. 5, the effects of cafeteria feeding and CL treatment were
considerably different among the UCP isoforms and also
among the tissues. In inguinal WAT of WT mice, UCPL
mRNA was increased slightly by cafeteria feeding and mark-
edly by CL treatment, keeping with the appearance of mul-
tilocular adipocytes in this depot (Fig. 4B). Such changes were
not seen in perigonadal WAT (Fig. 4C). These results confirm
the previously reported results of the 3-AR agonist-induced
ectopic expression of UCP1 in WAT (10, 12, 16). As expected,
no UCP1 mRNA was detected in any tissue of UCP1-KO mice.
Nevertheless, abundant multilocular adipocytes were present in
inguinal WAT of UCP1-KO mice, as also seen in Liu et al.
(13), regardless of whether they were treated with CL or not.

UCP2 mRNA in BAT of UCP1-KO mice was upregulated
by cafeteria feeding and CL treatment, being much higher than
that of WT mice. On the contrary, UCP2 mRNA in WAT
seemed to be downregulated. UCP3 mRNA was expressed at
comparable levels in BAT and WAT, being increased in BAT
and perigonadal WAT of WT mice by cafeteria feeding and CL
treatment, respectively.

DISCUSSION

The purposes of the present study were to determine whether
UCP1 is involved in the long-term regulation of adiposity and
the anti-obesity effect of Bs-adrenergic stimulation. For this,
we examined the effects of hyperphagia induced by feeding
cafeteria diets and treatment with the selective Ps-adrenergic
agonist CL on the adiposity in UCP1-KO mice and compared
them with those of WT mice. The principal findings of the
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it — (n = 12) and 203 = 03 g (n = 12),
respectively, and those of males were 24.4 +
02 (n = 12) and 245 = 0.6 g (n = 12),
respectively. A and B: mean body weight
changes from week O were calculated for
each group, which consisted of 4 males and
4 females. Difference between values of caf-
eteria- and laboratory chow-fed WT mice
was significant (P < 0.05) at week 5 and
thereafter, as well as the difference between
values of CL- and saline-treated WT mice at
week 9 and thereafter. There was no signif-
icant difference between the groups of
UCP1-KO mice. C: energy intake during the
last 2-wk period was calculated from the
amount of intake of laboratory chow and
snacks (Mire-Fry and ChocoCrisp). All val-
ues are means * SE for § mice. *P < 0.05
vs. laboratory chow group.

Week

present study were as follows: 1) prolonged hyperphagia by
cafeteria feeding produced obesity in both WT and UCP1-KO
mice, and 2) daily treatment with CL ameliorated the diet-
induced obesity in WT mice but not in UCP1-KO mice.
UCP1-KO mice have been proved to lack Bs-adrenergically
activated thermogenesis and to be cold intolerant (5). In fact,
we confirmed that oxygen consumption and the temperature of
BAT and rectum were increased in response to a single
injection of CL in WT mice, but these responses were absent or
greatly blunted in UCP1-KO mice. CL injection increased
oxygen consumption by 46% in WT mice but not in UCP1-KO
mice. These results seem to be a little different from some
previous reports (5-8) of substantial increases in oxygen con-
sumption in WT mice (+90-110%) and even in UCP1-KO
mice (+30-50%). Although the precise reason for these dif-
ferences is not clear at present, it may be due to the different
doses of CL (0.1 and 1 mg/kg in the present and previous
studies, respectively). Moreover, mice had been acclimated at
26°C and underwent the measurement of oxygen consumption
at the same temperature in our study, whereas mice had been
acclimated at 24-25°C and underwent the measurement of
oxygen consumption at higher temperatures (28—30°C) in the
previous studies. It is likely that mice acclimated at lower
temperatures have more UCP1 and higher activities of some
other thermogenic mechanisms, if any, and thereby greater
responsiveness to acute adrenergic stimulation. In contrast, the
plasma free fatty acid concentration was increased similarly in
UCP1-KO and WT mice. These results indicate that UCP1-KO
mice are incapable of increasing BAT thermogenesis and
energy expenditure in response to acute Bs-adrenergic stimu-
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lation, although they can respond normally in lipid mobiliza-
tion from WAT.

The anti-obesity effect of B3-AR stimulation has been well
documented in various animal models of obesity, including
those induced by cafeteria feeding (10, 12, 15, 16). In this
study, we also confirmed the marked fat-reducing effect of the
highly selective Bs-adrenergic agonist CL in obesity induced
by feeding cafeteria diets; that is, WT mice fed on cafeteria
diets gained more body and WAT weights than those on
laboratory chow, but a 2-wk treatment with CL completely
prevented the obesity induced by cafeteria feeding. In contrast
with WT mice, the fat-reducing effect of CL was absent in
UCP1-KO mice. Because the total energy intake during the
2-wk period was not affected by CL treatment in either WT or
UCP1-KO mice, the different effects of CL treatment are due
not to the difference in energy intake but to the impaired
response of energy expenditure to CL in UCPI1-KO mice.
Histological examinations revealed that CL treatment seemed
to reduce the lipid droplets remarkably in brown adipocytes of
WT mice but little in those of UCP1-KO mice. Moreover, CL
treatment reduced the adipocyte size of WAT remarkably in
WT mice but little in UCP1-KO mice. Thus chronic treatment

with CL reduces WAT in WT mice but not in UCP1-KO mice,
although CL can stimulate lipid mobilization from WAT sim-
ilarly in the two types of mouse. All these results suggest that
the fat-reducing effect of CL is largely attributable to UCP1-
dependent thermogenesis and degradation of fatty acids re-
leased from WAT.

CL treatment induced considerable expression of UCP! in
inguinal fat pad, which was usually thought of as WAT. Such
ectopic expression of UCP1 has been demonstrated in animals
that were acclimated to cold environments and those treated
with Bs-adrenergic agonists and/or leptin (3, 10, 12, 15-17,
23). In contrast to UCP1, the effect of CL treatment on UCP2
and UCP3 was rather complicated; that is, UCP2 mRNA was
upregulated in BAT but downregulated in WAT of UCP1-KO
mice. UCP3 expression was not changed in BAT and inguinal
WAT and was increased in perigonadal WAT of WT mice.
Collectively, no consistent relationship between the UCP2 and
UCP3 expression levels and the fat-reducing effect of CL was
found. UCP2 and UCP3 have been suggested to be involved in
the regulation of cellular energy levels and/or oxidation of fatty
acids (4). However, our results indicate that most of the
fat-reducing effect of CL disappeared in the UCP1-KO mice
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Fig. 4. Histological features of BAT and WAT. Interscapular
BAT (A4), inguinal WAT (B), and perigonadal WAT (C) of

female mice treated as in Fig. 2 were stained with hematoxylin

and eosin.
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despite the considerable expression levels of UCP2 and UCP3,
suggesting the minor role of these UCP isoforms for the effect
of CL. This view is quite consistent with a report (14) that
adrenergically induced thermogenesis in brown fat cells is fully
UCP1 dependent and not substituted by UCP2 or UCP3.
Granneman et al. (8) reported that acute activation of $3-AR
with CL significantly increased oxygen consumption and body
temperature, even in UCP1-KO mice, and that chronic activa-
tion increased basal and CL-stimulated metabolic rates in
WAT, suggesting the presence of B3-AR-mediated but UCP1-
independent thermogenesis in WAT. However, we could not
detect any significant increase in oxygen consumption in

UCP1-KO mice after a single injection of CL. In contrast to
oxygen consumption, body and BAT temperatures were
slightly but apparently increased after CL inmjection in
UCP1-KO mice. Because the temperature response is a con-
sequence of changes in heat loss as well as heat production, our
results may suggest some CL-induced changes in heat loss,
such as vasoconstriction and piloerection.

The present study clearly indicates the indispensable role of
UCP1 for the anti-obesity effect of Bs-AR stimulation. Ener-
back et al. (5) and Liu et al. (13) demonstrated that UCP1-KO
mice are cold intolerant but do not become any more obese
than WT mice on either normal or high-fat diets. In the present
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study, we also found that hyperphagia induced by cafeteria
feeding produced obesity in both WT and UCP1-KO mice.
UCP1-KO mice were originally predicted to be more suscep-
tible to diet-induced obesity than WT mice because of their
lack of ability to use increased UCP1-mediated thermogenesis,
but, as shown here, they are only equally susceptible. One of
the likely explanations is, as proposed by Liu et al. (13), that in
the absence of UCP1, some alternative, calorically more costly
pathways of metabolism are used for thermogenesis to main-
tain body temperature and that these pathways also contribute
to the regulation of adiposity. UCP1-KO mice are known to be
able to acclimate to mild cold and to maintain their body
temperature by using shivering thermogenesis (6). Thus it is
conceivable that the importance of UCP1 in the development
of hyperphagia-induced obesity is dependent on the environ-
mental temperature and the possibility that compensatory shiv-
ering is occurring. In fact, when UCP1-KO mice are kept at a
thermoneutral temperature when they do not need to activate
the shivering thermogenesis to any major extent, they become
obese under certain experimental regimens (Jan Nedergaard,
personal communication). This would be in keeping with the
very similar development of obesity in cafeteria-fed UCP1-KO
and WT mice kept at 26°C in our experiments. Indeed, the
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previous study showed a relative resistance to high-fat diet-
induced obesity in UCP1-KO mice compared with WT mice at
20°C but similar development of obesity at 27°C (13). In this
previous study (13), abundant multilocular adipocytes ap-
peared in inguinal WAT of UCP1-KO mice given a high-fat
diet at 20°C but not when they lived at 27°C. A similar increase
was seen in our mice living at 26°C whether they were treated
with CL or \not. However, in the absence of UCPI, these
multilocular adipocytes do not appear to contribute to UCP1-
independent thermogenesis evoked by B3-AR stimulation, as
judged by the complete absence of thermogenic response to CL
as assessed by indirect calorimetry. Thus our results do not
support the concept (8) of UCP1-independent (35-AR-mediated
thermogenesis in WAT.

In conclusion, the anti-obesity effect of Bs-adrenergic
stimulation is largely attributable to UCP1 in BAT and
ectopically expressed in WAT, but less to UCP2 and UCP3
and thereby to UCP1-dependent degradation of fatty acids
released from WAT.
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