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Viperin is an interferon (IFN)-inducible multifunctional protein.
Recent evidence from high-throughput analyses indicates that
most IFN-inducible proteins, including viperin, are intrinsically
expressed in specific tissues; however, the respective intrinsic
functions are unknown. Here we show that the intrinsic expres-
sion of viperin regulates adipose tissue thermogenesis, which is
known to counter metabolic disease and contribute to the febrile
response to pathogen invasion. Viperin knockout mice exhibit
increased heat production, resulting in a reduction of fat mass,
improvement of high-fat diet (HFD)-induced glucose tolerance,
and enhancement of cold tolerance. These thermogenic pheno-
types are attributed to an adipocyte-autonomous mechanism that
regulates fatty acid g-oxidation. Under an HFD, viperin expression
is increased, and its function is enhanced. Our findings reveal the
intrinsic function of viperin as a novel mechanism regulating ther-
mogenesis in adipose tissues, suggesting that viperin represents a
molecular target for thermoregulation in clinical contexts.

metabolism | fatty acid p-oxidation | innate immunity | viperin |
thermogenesis

any interferon (IFN)-inducible proteins play roles in de-

fense against viral infection (1, 2). The mechanisms un-
derlying the induction of these proteins are well established (3).
Recently, technological advances in high-throughput analyses,
such as RNA sequencing and proteomics, have enabled the
generation of gene or protein expression profiles in various tis-
sues. Unexpectedly, most IFN-inducible proteins, including Mx
proteins (MX dynamin-like GTPases), GBPs (guanylate-binding
proteins), ISG15 (IFN-stimulated gene product of 15 kDa),
ISG20 (IFN-stimulated exonuclease of 20 kDa), IFITs (IFN-
induced proteins with tetratricopeptide repeats), IFITMs (IFN-
induced transmembrane proteins), BST2 (bone marrow stromal
cell antigen 2), and viperin (virus-inhibitory protein, endoplasmic
reticulum-associated, IFN-inducible), are expressed without any
stimulation in certain tissues (4-7), suggesting that they may
have novel and unexpected functions in such tissues.

Viperin (also known as RSAD2, cig5, or vigl) is an IFN-
inducible multifunctional protein (8) that exhibits antiviral prop-
erties (9-12), mediates signaling pathways or Th2 cell development
(13, 14), and regulates cellular metabolism (15, 16). The mecha-
nisms by which viperin plays multiple roles in various cell types are
well known. Viperin blocks the transport of soluble proteins from
the endoplasmic reticulum to the Golgi apparatus (17). It also
inhibits fatty acid p-oxidation in mitochondria, which in turn re-
duces ATP generation and enhances cellular lipogenesis (15, 16).

Adipose tissue is a central metabolic organ in the regulation of
energy balance and homeostasis (18). There are 2 main types of
adipose tissue: white adipose tissue (WAT) and brown adipose
tissue (BAT). WAT functions to store fat, and BAT functions
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mainly to burn fat for thermogenesis (19, 20). BAT has multiple
mitochondria and multilocular lipid droplets, which are critical
for heat generation by the induction of mitochondrial uncoupling
protein 1 (UCP1) (21). WAT can also contribute to heat gen-
eration by a process known as browning, where it takes on char-
acteristics of BAT (22-24). Activation of thermogenesis increases
energy expenditure and improves metabolic complications such as
obesity, insulin resistance, and type 2 diabetes (25-27). Induction of
thermogenesis also requires adipose fatty acid $-oxidation (28-32).
Similar to the phenotype of UCP1-deficient mice, the loss of adi-
pose fatty acid p-oxidation in mice alters adiposity and causes
sensitivity to cold (31, 32), suggesting that fatty acid p-oxidation
is implicated in the control of thermogenesis and adipose tissue
differentiation. However, it is not clear how fatty acid p-oxidation-
mediated thermogenesis and differentiation are regulated.

Here we show that the intrinsic expression of viperin regulates
thermogenesis in adipose tissues by inhibiting fatty acid p-oxidation.
Viperin is naturally expressed in the adipose tissues of both specific
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pathogen-free (SPF) and germ-free (GF) mice. We show that
viperin deficiency reduces fat mass, increases lean body mass,
improves high-fat diet (HFD)-induced glucose tolerance, and in-
creases heat production. Viperin deficiency also up-regulates the
expression of thermogenesis- and fatty acid p-oxidation-related
genes in adipose tissues. Furthermore, cold exposure and a f3-
adrenergic receptor (ADRB3)-agonist promotes thermogenic phe-
notypes in viperin knockout (KO) mice. Finally, viperin regulates
fatty acid p-oxidation-mediated thermogenesis in an adipocyte-
autonomous manner. The expression of thermogenic genes is re-
duced only in viperin-deficient adipocytes after treatment with an
inhibitor of fatty acid f-oxidation, etomoxir or ranolazine. Our data
indicate that the natural expression of the IFN-inducible protein
viperin plays a critical role in adipose tissue thermogenesis, and that
viperin might be a molecular target for the activation of thermo-
genesis in metabolic disease prevention.

Results

Intrinsic Expression of Viperin Regulates Fat Metabolism and Heat
Production. We hypothesized that intrinsic expression of the
IFN-inducible protein viperin might provide a novel function in
specific tissues. In this regard, we initially screened viperin ex-
pression in various tissues of SPF mice and GF mice (Fig. 14).
Viperin was expressed in the liver, heart, epididymal WAT
(eWAT), inguinal WAT (iWAT), and BAT, but not in the brain.
A comparison of tissue sizes in wild-type (WT) and viperin KO
mice revealed larger eWAT and iWAT in the WT mice com-
pared with the viperin KO mice (Fig. 1B). These results suggest
that the intrinsic expression of viperin in adipose tissues could be
involved in a regulatory function in metabolism. Increased ex-
pression of this protein in response to certain stimuli augments
its intrinsic function, putatively leading to obesity.

To test this hypothesis, WT and viperin KO mice were fed
either regular chow (RC) or an HFD from age 15 wk to 30 wk
(15 wk on the diets; long period) (Fig. 1C). Unexpectedly, there
was a slight difference in body weight between WT and viperin
KO mice fed RC, but not between those fed an HFD (Fig. 1C).
However, according to body composition analysis, the fat mass
was decreased in viperin KO mice fed RC or an HFD (Fig. 1D).
Except for the weight of adipose tissues, there was little differ-
ence in the weight of other tissues, spleen, kidney, and testis
between WT and viperin KO mice (SI Appendix, Fig. S1A4). This
suggests that viperin exerts tissue-specific effects. Viperin ex-
pression was increased in the adipose tissues of WT mice after
feeding an HFD (Fig. 1E). Therefore, viperin deficiency reduced
the size of adipocytes (Fig. 1F and SI Appendix, Fig. S1B). In
addition, it resulted in a decrease in the size of hepatic lipid
droplets that accumulated in HFD-fed mice (Fig. 1F and SI
Appendix, Fig. S1B). Viperin deficiency also reduced total cho-
lesterol levels in serum of mice fed RC or an HFD, decreased
aspartate aminotransferase (AST) and alanine aminotransferase
(ALT) levels in serum of mice fed an HFD, and improved HFD-
induced glucose tolerance (Fig. 1 G and H).

We analyzed the metabolic phenotypes of WT and viperin KO
mice by performing indirect calorimetry (Fig. 1/ and SI Appendix,
Fig. S1C). Interestingly, viperin deficiency significantly increased
the rates of heat production, oxygen consumption, and carbon
dioxide production. Given that adipose fatty acid p-oxidation is
required for thermogenesis (28-32), this finding suggests a pos-
sible role for viperin in thermogenesis in adipose tissues.
Moreover, the high rate of food intake in viperin KO mice
suggested that their decreased fat phenotype was possibly caused
by active thermogenesis.

We also compared the phenotypes of WT and viperin KO
mice fed RC or an HFD at different ages and periods. Mice were
fed RC or an HFD from age 6 wk to 21 wk (15 wk on the diets)
(8I Appendix, Fig. S2) or from age 16 wk to 20 wk (4 wk on the
diets; short period) (SI Appendix, Fig. S3). The phenotype
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comparisons were repeated in all mice, except those fed an HFD
for a short period (SI Appendix, Fig. S2 A-F and S3 A-E). The
results indicate that viperin-mediated phenotypes are dependent
on duration of the feeding period rather than on the age of mice.

Viperin Deficiency Promotes Thermogenic Gene Expression in Adipose
Tissues. To determine whether viperin expression is involved in
fatty acid p-oxidation—-mediated thermogenesis, we measured the
expression levels of canonical thermogenesis-related genes, such
as Ucpl, Pgcla, and Cidea, and fatty acid p-oxidation-related
genes, such as Ppara, Pparf/5, and Cptl, in adipose tissues
(Fig. 24 and SI Appendix, Figs. S4 and S5). The expression levels
of these genes were significantly increased in adipose tissues,
especially the eWAT and iWAT of viperin KO mice fed RC (Fig.
2A4 and SI Appendix, Figs. S44 and S54). These genes were also
significantly up-regulated in the iWAT and BAT of viperin KO
mice fed an HFD for an extended period, but not in those fed an
HFD for a short period (Fig. 24 and SI Appendix, Figs. S4B and
S5B). UCP1 protein expression was increased in the adipose
tissues of viperin KO mice fed RC or an HFD (Fig. 2 B and C).
Viperin expression was increased in the adipose tissues of WT
mice fed an HFD (Fig. 2B and SI Appendix, Fig. S64). Moreover,
viperin localized to the mitochondria in the BAT of WT mice fed
RC or an HFD (Fig. 2D). The data indicate that viperin down-
regulates thermogenesis in adipose tissues, possibly by inhibiting
fatty acid p-oxidation in the mitochondria of adipocytes. Cyto-
kines, including IL-10 and IL-13, from immune cells such as
macrophages and eosinophils reportedly regulate thermogenesis
in adipose tissues (33-35). We recently showed that viperin de-
ficiency promotes the secretion of proinflammatory and anti-
inflammatory cytokines from completely differentiated bone
marrow-derived macrophages (36). However, viperin was not
detected in macrophages in the BAT of mice fed RC. We ob-
served only a small number of viperin-expressing macrophages in
the BAT of mice fed an HFD, although the number of macro-
phages infiltrating the BAT increased after feeding an HFD (S/
Appendix, Fig. S6B). Except for the BAT of mice fed RC, there
was little difference in the expression levels of cytokine genes in
adipose tissues between WT and viperin KO mice fed RC or an
HFD (SI Appendix, Fig. S6 C and D).

Viperin Deficiency Enhances Thermogenesis and Leads to Cold
Tolerance. To confirm the requirement of viperin for the regu-
lation of thermogenesis in adipose tissues, we kept WT and
viperin KO mice fed RC at 4 °C for 7 d and measured their core
body temperature at different time intervals. Body temperature
was higher in viperin KO mice compared with WT mice during
chronic cold exposure for 7 d (Fig. 34), indicating that viperin
deficiency promotes cold tolerance. Adipose tissue mass de-
creased in viperin KO mice exposed to cold (Fig. 3B), suggesting
that thermogenesis is more active in viperin KO mice than in WT
mice during cold exposure. The expression of thermogenesis-
and fatty acid p-oxidation-related genes was highly elevated in
the adipose tissues of viperin KO mice exposed to cold (Fig. 3C).
Viperin protein expression was increased in the BAT of WT
mice after cold exposure (Fig. 3D); however, the increases in
expression levels of UCP1 protein in the BAT and the adipocytes
were greater in viperin KO mice compared with WT mice ex-
posed to cold (Fig. 3 D and E). The data indicate that the in-
creases in viperin expression enhance its inhibitory function in
thermogenesis under cold conditions and thus reduce cold tol-
erance. Therefore, viperin is required for the regulation of cold-
induced thermogenesis in adipose tissues.

Viperin Deficiency Facilitates Cold-Induced Thermogenesis via the
Adrenergic Signaling Pathway. Next, to determine whether the
phenotype of cold-induced thermogenesis in the adipose tissues
of viperin KO mice is mediated by the adrenergic signaling
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Fig. 1. Intrinsic expression of viperin in adipose tissues regulates fat metabolism and heat production. (A) Expression of viperin in various tissues of SPF and
GF mice. (B) Gross morphology of the adipose tissues eWAT, iWAT, and BAT of WT and viperin KO mice. (C-/) WT and viperin KO mice were fed RC or an HFD
from age 15 wk to 30 wk (15 wk on diet). Body weight (n = 4-7) (C); body composition (n = 4-7) (D); expression of viperin in adipose tissues (n = 3) (E);
representative H&E-stained sections from adipose tissues and liver (Scale bar: 200 um) (F); serum metabolites (HDLC, TG, TCHO, and GLU), AST, and ALT
(n = 4-7) (G); i.p. glucose tolerance test, including area under the curve (n = 7-8) (H); and heat production rates (n = 4-7; indirect calorimetry) (/) of WT
and viperin KO mice fed RC or an HFD. Data are presented as mean + SEM of biologically independent samples. *P < 0.05; **P < 0.01; ***P < 0.001 vs. WT
on the same diet.
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0.001 vs. WT on the same diet.

pathway, mice were stimulated with the ADRB3 agonist CL-
316243 for 3 d. Indirect calorimetry showed that the rates of heat
production, oxygen consumption, and CO, production were
significantly increased in CL-treated viperin KO mice (Fig. 44
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and SI Appendix, Fig. S7). However, there was no difference in
the rate of food intake between CL-treated WT and viperin KO
mice (SI Appendix, Fig. S7). These results indicate that viperin
regulates thermogenesis in adipose tissues independent of food
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intake. Glucose tolerance was improved, and the adipose tissue
mass was reduced in CL-treated viperin KO mice (Fig. 4 B and
(), suggesting that thermogenesis is highly active in CL-treated
viperin KO mice. The expression levels of thermogenesis- and
fatty acid p-oxidation-related genes were highly elevated in the

Eom et al.

adipose tissues of CL-treated viperin KO mice (Fig. 4D). Viperin
protein expression was increased in the iWAT of CL-treated WT
mice (Fig. 4F). Like in mice exposed to cold, the increases in
expression levels of UCP1 protein in adipose tissues were greater
in CL-treated viperin KO mice compared with CL-treated WT
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Fig. 4. The ADRB3 agonist promotes thermogenic phenotypes in viperin KO mice. WT and viperin KO mice were administrated i.p. with CL-316243, an
ADRB3 agonist (1 mg/kg body weight/d) for 3 d. (A-F) Heat production rates (n = 6; indirect calorimetry) (A), i.p. glucose tolerance test (n = 6) (B), gross weight
of adipose tissues (n = 6) (C), relative mRNA levels of thermogenesis- and fatty acid p-oxidation-related genes in the adipose tissues (n = 6) (D), protein
expression levels of viperin and UCP1 in iWAT (n = 3) (E), and immunohistochemical staining for UCP1 in adipose tissues (Scale bar: 200 pm) (F) of CL-treated
mice. Data are represented as mean + SEM of biologically independent samples. *P < 0.05; **P < 0.001 vs. WT for the same treatment.

mice (Fig. 4 E and F). These findings indicate that the cold-
induced phenotype of viperin KO mice is mediated by the ad-
renergic signaling pathway.

HFD-Induced Viperin Expression Augments the Phenotypes of Cold-
Induced Thermogenesis. Since viperin expression was increased in
the adipose tissues of WT mice after feeding an HFD or cold
exposure, we monitored thermogenic phenotypes of WT and
viperin KO mice fed an HFD after cold exposure or CL treat-
ment. Mice were fed HFD at 4 °C for 7 d and measured their
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core body temperature at different time intervals (SI Appendix,
Fig. S8 A-C). Similar to the results from mice fed RC after cold
exposure, body temperature was higher in viperin KO mice fed
an HFD compared with WT mice during chronic cold exposure
for 7 d (SI Appendix, Fig. S8A4). Viperin expression was highly in-
creased in the BAT of WT mice fed an HFD after cold exposure
(SI Appendix, Figs. S8B and S9). The increased UCP1 expression
levels in the BAT and the adipocytes were more significant in
viperin KO mice fed an HFD compared with WT mice fed an
HFD exposed to cold (SI Appendix, Fig. S8 B and C). The findings
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indicate that HFD- and cold-induced viperin expression amplifies
its inhibitory function in thermogenesis and augments the ther-
mogenic phenotypes of WT and viperin KO mice. We also de-
termined whether the phenotype of cold-induced thermogenesis
in the adipose tissues of viperin KO mice fed an HFD is medi-
ated by the adrenergic signaling pathway. Mice fed an HFD were
stimulated with the ADRB3 agonist CL-316243 for 3 d (SI Ap-
pendix, Fig. S8 D-G). HFD-induced glucose tolerance was im-
proved, suggesting that thermogenesis is highly active in CL-
treated viperin KO mice fed an HFD (SI Appendix, Fig. S8D).
Viperin protein expression was increased in the iWAT and BAT
of CL-treated WT mice fed an HFD (SI Appendix, Fig. S8 E and
F). The increases in UCP1 expression levels in the adipose tis-
sues were greater in CL-treated viperin KO mice fed an HFD
compared with CL-treated WT mice fed an HFD (SI Appendix,
Fig. S8 E-G). These findings indicate that the cold-induced
phenotype of viperin KO mice fed an HFD is mediated by the
adrenergic signaling pathway. Taken together, our data demon-
strate that viperin is required for the regulation of thermogenesis
in adipose tissues, and that its function is accelerated under an
HFD and/or cold conditions.

Viperin Regulates Fatty Acid p-Oxidation-Mediated Thermogenesis in
an Adipocyte-Autonomous Manner. To test the cell-autonomous
function of viperin in adipose tissues, the stromal vascular frac-
tion (SVF) was isolated from BAT or eWAT and differentiated
into mature brown or white adipocytes (Fig. 5 and SI Appendix,
Figs. S10 and S11). Viperin deficiency was found to enhance the
expression of adipogenesis-related genes, such as Adiponectin,
Fabp4, and C/ebpa , and thermogenesis- and fatty acid p-oxidation—
related genes in mature brown adipocytes (Fig. 54 and SI Ap-
pendix, Fig. S104) and mature white adipocytes (SI Appendix,
Fig. S114). This finding suggests that the up-regulation of fatty
acid p-oxidation facilitates both adipogenesis and thermogenesis
in adipocytes.

To exclude the possibility that cytokines from immune cells in
adipose tissues affect the thermogenic phenotypes in the adi-
pocytes, we measured the expression levels of cytokines in the
SVF isolated from BAT of the WT and viperin KO mice as well
as in the SVF-differentiated brown adipocytes (SI Appendix, Fig.
S10B). Since SVF contains immune cells as well as preadipocytes,
the cytokines are likely to be derived from the immune cells in the
culture. There was little difference in cytokine expression between
WT and viperin KO SVF or adipocytes. These data indicate that
viperin regulates thermogenesis in an adipocyte-autonomous man-
ner. The increase in thermogenesis-related gene expression in
response to CL treatment was significantly augmented in viperin
KO brown adipocytes, since viperin expression was increased in
the WT brown adipocytes in response to CL treatment (Fig. 5B).
This finding indicates that viperin inhibits thermogenic activity in
the BAT.

Finally, to identify the potential mechanism by which viperin
regulates thermogenesis in adipose tissues, we measured the
expression levels of the thermogenesis-related genes in adipo-
cytes treated with an inhibitor of fatty acid B-oxidation, either
etomoxir or ranolazine (Fig. 5C and SI Appendix, Fig. S11B). The
expression of thermogenesis-related genes was significantly re-
duced only in viperin KO adipocytes after inhibitor treatment.
These observations indicate that viperin deficiency induces the up-
regulation of thermogenesis by facilitating fatty acid p-oxidation in
adipocytes.

Analysis of extracellular flux showed an increased oxygen
consumption rate (OCR) in viperin KO brown adipocytes. Mito-
chondrial parameters, including basal respiration, ATP pro-
duction, proton leak, and maximal respiration, were also calculated
from the OCR before and after the addition of mitochondrial
respiratory chain inhibitors. Proton leak (uncoupled respiration), a
key component of thermogenesis, and the other parameters were
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increased in viperin KO brown adipocytes. Moreover, the increase
in proton leak in response to CL treatment was augmented in
viperin KO brown adipocytes (Fig. 5D). Conversely, the proton
leak was reduced only in viperin KO brown adipocytes after eto-
moxir treatment (Fig. 5D). Our data indicate that viperin ex-
pression inhibits fatty acid p-oxidation and thus negatively
regulates adipogenesis and thermogenesis in adipocytes.

Discussion

Viperin is induced in various cell types by IFNs (types I, II, and
IIT), double-stranded (ds) B-form DNA, dsRNA, poly I:C, li-
popolysaccharides, and infection with many viruses (8). Here we
identified the intrinsic expression of viperin without any stimu-
lation in specific tissues. Our data identify the intrinsically
expressed viperin as a pivotal regulator of thermogenesis in ad-
ipose tissues. Furthermore, in response to certain stimuli, viperin
expression is increased, and its intrinsic function is exaggerated.

The 3 types of adipose tissue—eWAT, iWAT, and BAT—
differ at the phenotype level between WT and viperin KO
mice. Viperin deficiency reduces the size of adipocytes in these
adipose tissues. Notably, eWAT and iWAT of viperin KO mice
are smaller and have a reddish-brown tint. Moreover, viperin
deficiency elevates the expression of thermogenesis- and fatty
acid p-oxidation-related genes in eWAT, iWAT, and BAT.
Given that WAT contributes to browning and thermogenesis and
develops BAT-like characteristics (22-24), our data suggest that
viperin deficiency may increase browning of WAT. In addition,
viperin deficiency decreases the size of hepatic lipid droplets
accumulating in the liver and the levels of AST and ALT in se-
rum of mice fed an HFD. These findings suggest that viperin
deficiency may reduce hepatic steatosis in HFD-induced non-
alcoholic fatty liver disease.

Viperin deficiency increases the rate of food intake. This ob-
servation suggests that viperin may regulate the production of
orexigenic factors, such as neuropeptide Y, in the brain (37, 38).
Its possible role in the brain needs further elucidation. Despite a
high rate of food intake, the fat mass is decreased in viperin KO
mice. The rates of activity and fecal energy loss do not differ
between WT and viperin KO mice; however, the rate of heat
production is significantly higher in viperin KO mice. The data
suggest that viperin deficiency actively induces thermogenesis in
adipose tissues and thus overcomes lipid accumulation from the
high rate of food intake, resulting in a reduction of fat mass.
Moreover, viperin deficiency activates thermogenesis in adipose
tissues independent of food intake, as confirmed by the aug-
mented thermogenic phenotype of viperin KO mice when ex-
posed to cold or CL treatment, without differences in rates of
food intake.

Diet- or cold-induced activation of adipose tissues, especially
BAT, increases lipolysis and fatty acid p-oxidation, resulting in
the generation of heat via UCP1 at the expense of stored lipids
(39). Diet- or cold-induced activation of thermogenesis is a
means of preventing obesity (40, 41). On HFD stimulation or
exposure to cold, an increase in viperin expression has an in-
hibitory role in the activation of thermogenesis. There is no
difference in the thermogenic phenotypes between WT and
viperin KO mice fed an HFD for a short period, suggesting that
the level of HFD-induced activation of thermogenesis is higher
than that of viperin-mediated inhibition of thermogenesis for a
short period. However, the difference in thermogenic pheno-
types is augmented in mice fed an HFD for an extended period,
since viperin expression is increased and the level of viperin-
mediated inhibition of thermogenesis is elevated during this
period. Similarly, the thermogenic phenotypes in WT and viperin
KO mice exposed to cold could be explained by the levels of
cold-induced viperin expression and viperin-mediated inhibition
of thermogenesis. Cold exposure up-regulates the expression of
thermogenesis- and fatty acid f-oxidation-related genes/proteins,
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Fig. 5. Viperin regulates fatty acid p-oxidation-mediated thermogenesis in an adipocyte-autonomous manner. SVF is isolated from the BAT and differen-
tiated into mature brown adipocytes. (A) Relative mRNA levels of adipogenesis-, thermogenesis-, and fatty acid p-oxidation-related genes in brown adi-
pocytes during differentiation. (B and C) Relative mRNA levels of thermogenesis-related genes in CL-treated brown adipocytes (B) and etomoxir (ETO; Left)-
or ranolazine (RAN; Right)-treated brown adipocytes (C). (D) OCR and mitochondrial parameters (basal respiration, ATP production, proton leak, and maximal
respiration) in WT and viperin KO brown adipocytes after CL treatment (Top) or ETO treatment (Bottom). Data are presented as mean + SEM of 2 in-
dependent experiments. *P < 0.05; **P < 0.01; ***P < 0.001 vs. WT for the same treatment.
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resulting in active thermogenesis in both WT and viperin KO
mice. However, cold-induced viperin suppresses the expression of
these genes/proteins, and thus the increase in thermogenesis is
lower in WT mice compared with viperin KO mice during cold
exposure. This suggests that viperin may function as a brake on
an uncontrolled increase in thermogenesis. Our results indicate
that increased viperin expression in response to certain stimuli
enhances its intrinsic function in adipose tissues.

Viperin is expressed in SVF-differentiated adipocytes. Viperin
deficiency increases expression of adipogenesis-, thermogenesis-,
and fatty acid f-oxidation-related genes in these adipocytes.
Treatment with an inhibitor of fatty acid B-oxidation, either
etomoxir or ranolazine, reduces thermogenic phenotypes only
in viperin KO adipocytes. Moreover, viperin deficiency does
not affect HFD-induced inflammation in adipose tissues. There-
fore, our data show that viperin regulates fatty acid f-oxidation—
mediated thermogenesis in an adipocyte-autonomous manner.

Adipose tissue thermogenesis also contributes to the heat
production necessary to raise the core body temperature during
the febrile response to pathogen invasion (42-45). In viral or
bacterial infections, an increase in viperin expression may play an
inhibitory role in the febrile response as a host defense mecha-
nism. In contrast, increased viperin expression may also play a
protective role in the lethal febrile response to pathogens that
cause hemorrhagic fever, such as the Ebola, Marburg, Lassa fever,
and yellow fever viruses. Given the importance of thermoregula-
tion, our results demonstrate that the intrinsic expression of
viperin in adipose tissues plays a role in homeostasis of body
temperature in terms of the body’s defense mechanisms. Since
viperin expression is increased under certain circumstances that
disrupt homeostasis, viperin represents a molecular target for the
regulation of thermogenesis in clinical contexts. Overall, our re-
sults suggest that the intrinsic expression of IFN-inducible proteins
may exert their own intrinsic functions in specific tissues.

Materials and Methods

Animal Procedures. All animal experiments were conducted in accordance
with the guidelines of and approved by the Institutional Animal Care and Use
Committee of Yonsei University Health System. Mice were maintained under
a 12-h light/12-h dark cycle at 22 °Cin a SPF barrier facility, with free access to
water and chow.

Animals and Diets. The WT and viperin (Rsad2) KO C57BL/6 male mice were
used in this study have been described previously (14). The WT and viperin KO
mice were cohoused and fed RC or an HFD (i.e., 60% of the total calories
from fat, 20% from carbohydrate, and 20% from protein) (D12492; Research
Diets) from age 15 wk to 30 wk (15 wk on diet), from age 6 wk to 21 wk
(15 wk on diet), or from age 16 wk to 20 wk (4 wk on diet).

Tissue Isolation. The liver, heart, midbrain, eWAT, iWAT, and BAT were
collected from WT and viperin KO mice fed RC or an HFD. Tissues of GF C57BL/6
mice were kindly provided by Dr. Charles D. Surh (POSTECH).

Body Composition and Blood Chemistry Analysis. Fat and lean body mass
values were assessed by "H magnetic resonance spectroscopy (Bruker). Serum
was collected from all mice. High-density lipoprotein cholesterol (HDLC), tri-
glycerides (TG), total cholesterol (TCHO), glucose (GLU), AST, and ALT con-
centrations were measured calorimetrically using a Roche cobas c111 analyzer.

Glucose Tolerance Test. Mice were fasted for 16 h. Glucose (1 g/kg body
weight) was administrated i.p., and blood glucose levels were measured at 0,
15, 30, 45, 60, and 120 min with a glucometer (Allmedicus).

Indirect Calorimetry. Metabolic performance (energy intake and energy ex-
penditure) was measured with an automated combined indirect calorimetry
system (Phenomaster; TSE Systems). Before the experiment, the mice were
acclimated for 2 d in a metabolic chamber with chow and water. Then oxygen
consumption rate (VO,; mL/kg/h), carbon dioxide production rate (VCOy;
mL/kg/h), heat production rate (energy expenditure; kcal/kg/h), food intake
rate (kcal/kg/h), respiratory exchange ratio (RER; VCO,/VO,), and activity were
measured for 3 d. Heat production and RER were calculated from the gas
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exchange data. Activity was measured using infrared beams to count the
beam breaks during an indicated measurement period. The metabolic data
were normalized with respect to lean body weight. All mice were main-
tained under a 12-h light/12-h dark cycle at 22 °C.

Body Temperature and Cold Exposure. For thermoneutral adaptation, 20-wk-
old WT and viperin KO male mice (1 mouse per cage) were cohoused in an
animal incubator (Dae Han Bio Link) at 30 °C on a 12-h light/12-h dark cycle
with access to RC or an HFD for 2-3 d (46, 47). For the cold challenge, the
incubator was cooled to 4 °C, and the mice were kept in it with free access to
water and chow for 7 d. Core body temperature was measured rectally at
different time intervals during the cold challenge. In addition, the ADRB3
agonist CL-316243 (Sigma-Aldrich), 1 mg/kg body weight/d, was administered
i.p. to 21-wk-old WT and viperin KO mice fed RC or an HFD for 3 d.

Histological Analysis. Adipose tissues were harvested, fixed in 4% (wt/vol)
paraformaldehyde in PBS, and embedded in paraffin. The paraffin-embedded
tissue sections were deparaffinized with xylene and rehydrated with 100%,
95%, and 70% (vol/vol) ethanol. These samples were used for hematoxylin
and eosin (H&E) staining, immunohistochemistry, and immunofluorescence
analyses. Antigens were retrieved in target retrieval solution in a pressure
cooker (Dako Denmark). Endogenous peroxidase activity was blocked with
3% H,0; (vol/vol) followed by protein blocking in a serum-free, ready-to-use
protein block solution (Dako Denmark). For immunofluorescence, the sam-
ples were then treated with primary antibodies specific to viperin (MaP.VIP),
MFN-1 (Santa Cruz Biotechnology), and UCP1 (Abcam) and secondary Alexa
Fluor 488- or 555-conjugated antibodies (Invitrogen). Images were captured
with a confocal microscope system (LSM 700; Carl Zeiss).

Quantitative Image Analysis. Representative images were captured under
light microscopy (Olympus BX43). The size of adipocytes and hepatic lipid
droplets was analyzed by Toup view 3.7. For quantitation, 5 fields were
chosen at random for each sample, and the diameter of adipocytes and
hepatic lipid droplets was measured in the optical field at 200x magnifica-
tion. Mean diameter was calculated from the number of measured adipo-
cytes and hepatic lipid droplets.

Immunoblot Analysis. Adipose tissues collected from WT and viperin KO mice
were homogenized in 1x RIPA buffer with protease inhibitors (Complete
Mini; F. Hoffmann-La Roche) and phosphatase inhibitors (PhosSTOP;
F. Hoffmann-La Roche). All samples were centrifuged at 6,000 x g for 20 min at
4 °C, and the supernatants were collected. Protein concentrations were mea-
sured by a bicinchoninic acid assay (Thermo Fisher Scientific). The proteins were
separated by 10% SDS/PAGE gels and transferred to PVDF membranes. The
blots were blocked in 5% skim milk and 0.05% Tween in PBS for 1 h, incubated
with primary antibodies, probed with anti-lg horseradish-conjugated second-
ary antibodies, and incubated with enhanced chemiluminescence reagents
(Thermo Fisher Scientific). GRP94 (Abcam, Cambridge, UK) or a-tubulin was
used as a loading control.

RNA Extraction, cDNA Preparation, and Quantitative Real-Time PCR. The Qia-
gen RNeasy Mini Kit was used to isolate total RNA from cells or adipose
tissues. cDNA synthesis was performed with 1 ug of RNA using the Prime
Script First-Strand ¢cDNA Synthesis Kit (TaKaRa Bio) according to the manu-
facturer’s instructions. The cDNA was quantified by qRT-PCR using the SYBR
Green PCR Kit (Applied Biosystems). The reaction was performed at 95 °C for
10 min, followed by a 3-step PCR program of 95 °C for 30 s, 55 °C for 1 min,
and 72 °C for 30 s repeated for 50 cycles. The primers used in the PCR are
listed in SI Appendix, Table S1. CPT1 has 3 different isoforms: CPT1A, CPT1B,
and CPT1C. Primers for Cpt1b were used in this study. The PCR was per-
formed in triplicate for each sample. Quantitation was performed by the
comparative Ct (2722“") method. The Ct value for each sample was normal-
ized to that of the B actin gene. Two independent experiments were sta-
tistically analyzed for differences in their means, and the P values are
indicated in the figures.

SVF Isolation and Differentiation to Adipocytes. Brown and white adipose SVFs
were obtained from 3-to-6-wk-old male mice fed RC as described previously,
with some modifications (48). In brief, adipose tissue was minced and
digested for 50 min at 37 °C in Hanks’ balanced salt solution containing
1 mg/mL type 1 collagenase (Worthington Biochemical). The tissue suspen-
sions were filtered through a 45-pm cell strainer and centrifuged at 470 x g
for 15 min to pellet the SVF. The pellet was resuspended in adipocyte culture
medium supplemented with 10% FBS and 1% penicillin/streptomycin and
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then plated. Once confluence was reached, the primary brown adipocytes
were induced to differentiate with 500 uM of 3-isobutyl-1-methylxanthine
(IBMX), 0.5 pM dexamethasone, 20 nM insulin, 125 uM indomethacin, and
1 nM T3 (all from Sigma-Aldrich). Prewhite adipocytes were induced in
standard medium supplemented with 500 uM IBMX, 1 pM dexamethasone,
and 10 pg/mL insulin. Cells were fully differentiated by day 6 after induction
and transferred to a maintenance medium supplemented with 1 nM T3 and
20 nM insulin. Fully differentiated adipocytes were treated with 100 nM CL-
316243, 50 pM etomoxir, or 50 ug/mL ranolazine (all from Sigma-Aldrich) for
24 h. Cells were cultured at 37 °C in a humidified incubator under a 5% CO,
atmosphere. The medium was replaced every other day.

Cellular Respiration Analysis of Primary Brown Adipocytes. The cellular OCR of
the primary brown adipocytes was determined using a Seahorse XF96 ex-
tracellular flux analyzer (Seahorse Bioscience). Differentiated adipocytes
were plated at a density of 10,000 cells/well. The adipocytes were treated with
100 nM CL-316243 or 50 uM etomoxir for 24 h. The baseline cellular OCR
was measured in the untreated cells. The inhibitors of mitochondrial re-
spiratory chain complexes, 1 pM oligomycin (complex V inhibitor), 1 1M carbonyl
cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP; mitochondrial uncoupler),
and 0.5 pM rotenone/antimycin A (complex I/lll inhibitor) were treated se-
quentially. The mitochondrial parameters including basal respiration, ATP
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