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Reduced hepatic bradykinin degradation
accounts for cold-induced BAT thermogen-
esis and WAT browning in male mice

Fei Xiao1,5, Haizhou Jiang 2,5, Zi Li2, Xiaoxue Jiang 1, Shanghai Chen 1,
Yuguo Niu1, Hanrui Yin 2, Yousheng Shu1, Bo Peng1, Wei Lu1, Xiaoying Li1,
Zhigang Li2, Shujue Lan3, Xiaoyan Xu 4 & Feifan Guo 1

An important role for liver in the regulation of adipose tissue thermogenesis
uponcold exposure has been suggested; however, the underlyingmechanisms
remain incompletely defined. Here, we identify elevated serum bradykinin
levels in response to acute cold exposure in male mice. A bolus of anti-
bradykinin antibodies reduces body temperature during acute cold exposure,
whereas bradykinin has the opposite effect. We demonstrate that bradykinin
induces brown adipose tissue thermogenesis and white adipose tissue
browning, and bradykinin increases uncoupling protein 1 (UCP1) expression in
adipose tissue. The bradykinin B2 receptor (B2R), adrenergic signaling and
nitric oxide signaling are involved in regulating bradykinin-increased UCP1
expression. Moreover, acute cold exposure inhibits hepatic prolyl endo-
peptidase (PREP) activity, causing reduced liver bradykinin degradation and
increased serum bradykinin levels. Finally, by blocking the breakdown of
bradykinin, angiotensin-converting enzyme inhibitors (ACEIs) increase serum
bradykinin levels and induce brown adipose tissue thermogenesis and white
adipose tissue browning via B2R. Collectively, our data provide new insights
into the mechanisms underlying organ crosstalk in whole-body physiology
control during cold exposure and also suggest bradykinin as a possible anti-
obesity target.

The ability to respond appropriately to cold exposure and maintain a
constant body temperature regardless of the ambient temperature is
essential for the survival of homeothermic vertebrates. Adipose tissue
plays an important role in protection against the cold through non-
shivering thermogenesis (NST)1. Generally, adipocytes can be cate-
gorized as white, brown and beige fat cells2. Some brown fat-like cells
may appear in the white adipose tissue (WAT) following external sti-
mulation. These cells are known as “beige cells” and this process is

known as white fat browning2. Both brown and beige fat cells express
the unique uncoupling protein 1 (UCP1), which is involved in heat
generation by uncoupling mitochondrial fatty acid oxidation from the
production of ATP1.

Cold exposure enhances brown adipose tissue (BAT) activity and
induces WAT browning to maintain body temperature. These pro-
cesses aremainly controlled by the sympathetic nervous system (SNS)
via noradrenaline3.Meanwhile,multiple signals fromperipheral tissues
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also regulate these processes3. Recent data suggest that the liver
contributes to thermogenesis through secreted factors or neural
signals4–10. For example, liver-derived acylcarnitines serve as fuel
sources for BAT thermogenesis during cold exposure4. Activin E is a
liver-secreted factor that regulates BAT activity and WAT browning6.
The hepatokine tsukushi (TSK) has also been suggested to affect
thermogenesis in brown fat5, but these results still need to be
confirmed11. Fibroblast growth factor 21 (FGF21) can promote brown
and beige fat thermogenesis7, and liver-derived FGF21 maintains core
body temperature during cold exposure8. Hepatic glucokinase and
c-Jun affect BAT thermogenesis via the vagus nerve9,10. However, the
crosstalk between liver and adipose tissue remains largely unknown,
and more research is needed to identify additional mechanisms that
drive thermogenesis during cold challenge.

In recent years, there has been an increase in the global pre-
valenceofmetabolic syndrome including obesity. Obesity results from
an energy imbalance, a situation where energy intake exceeds
consumption12. As methods to dissipate energy, stimulating BAT
activity and inducing WAT browning have been considered appealing
therapeutic strategies to combat obesity and related metabolic
diseases1,12. The identification of novel circulating factors that may
work as cold mimetics to promote energy expenditure is essential to
uncover new therapeutic targets for obesity.

Bradykinin (BK) is a circulating peptide hormone and a principal
effector of the kallikrein-kinin system (KKS), an endogenous proteo-
lytic system that when triggered results in the release of kinins from
kininogens13. Kinins include BK and kallidin/ kallidin-like peptide (Lys-
BK in humans/KLP or Arg-BK in rodents), and their metabolites des-
Arg9-BK and des-Arg10-kallidin (des-Arg10-KLP in rodents)13. BK is
derived from high-molecular-weight kininogen (HMWK) and acts via
the bradykinin receptor B2 (B2R). B2R is a member of the seven-
transmembrane G-protein-coupled receptor superfamily and is con-
stitutively expressed in a wide variety of tissues14. BK is implicated in
many physiological and pathological states, including vasodilation,
inflammation, and pain15. Limited studies also suggest that the BK is
involved in body temperature maintenance. For example, intracer-
ebroventricular (i.c.v.) injection of BK has been reported to promote
core temperature16. Considering these studies, the role of BK in adi-
pose tissue thermogenesis and body temperature during cold expo-
sure remains elusive.

In the present study, we identified elevated levels of serum BK in
response to acute cold stress. A bolus of anti-BK antibodies reduced
body temperature during acute cold, whereas BK had the opposite
effect. Further studies demonstrated that BK increased UCP1 expres-
sion, elevated BAT thermogenesis, and promoted WAT browning.
These effects were attenuated in adipose tissue-specific B2R knockout
mice. In addition, cold-induced free fatty acids inhibited hepatic prolyl
endopeptidase (PREP) activity to protect BK from degradation and
thus increased hepatic and serum BK levels. By blocking BK break-
down, the angiotensin-converting enzyme inhibitors (ACEIs) could
increase serum BK levels and had similar effects on adipose tissue as
BK. Our study provides new insights into crosstalk among different
tissues in the regulation of body temperature. These observations also
uncover a function of BK in thermogenesis and suggest it as a potential
target for therapeutic intervention in obesity.

Results
Serum bradykinin levels are increased and BK is required to
sustain the body temperature during acute cold
To elucidate the role of BK during acute cold exposure, mice were
placed at room temperature (25 °C) or under cold conditions (4 °C) for
different amounts of time, and the serum levels of BK as well as the
other three kinins including des-Arg9-BK, kallidin-like peptide (KLP,
Arg-BK) and des-Arg10-KLP were measured. We found that serum BK
levels of mice under cold exposure were higher than thosemaintained

at room temperature at each time point (examined as early as 2 h and
as late as 10 h, Fig. 1a, S1a). Consistently, the levels of its metabolite,
des-Arg9-BK, were also increased in response to cold exposure at these
time points (Fig. S1b). In contrast, the levels of the other two kinins
were either increased at the very late time point (10 h) or remained
unchanged following cold exposure (Fig. S1c, S1d), suggesting that
they are unlikely to contribute to the reduced body temperatureunder
conditions of acute cold exposure.

To assess the role of BK in the control of body temperature, we
first injectedwild-type (WT)micewithphosphate-buffered saline (PBS)
or 1mg/kgBK17 at room temperature.We observedmuch higher serum
BK levels in the BK-treated mice than that in the control mice 5min
after injection (Fig. S2a). We found that an intraperitoneal (i.p.) injec-
tion of BK acutely increased the body temperature at room tempera-
ture compared with control treatment (Fig. 1b). Moreover, BK
improved the ability to maintain body temperature following acute
cold exposure (Fig. 1c). To further confirm the role of BK during acute
cold exposure, we investigated whether anti-BK antibodies hampered
the ability to maintain body temperature during acute cold exposure.
As predicted, injection with a single dose of 10 μg anti-BK antibodies
per mouse accelerated the reduction in body temperature during
acute cold exposure (Fig. 1d).

As mice and humans age, loss of BAT function and increased
sensitivity to cold are observed18. Therefore, we compared serum
BK levels between 10-week-old and 18-month-old mice. We found
that serum BK levels were elevated in response to acute cold
exposure in 10-week-old mice, whereas no change was observed in 18-
month-old mice (Fig. S3a). Notably, older mice exhibited higher
basal BK levels at room temperature (Fig. S3a). Furthermore, BK
increased the body temperature at room temperature in aged mice
(Fig. S3b) and reversed cold sensitivity in aged mice placed at 4 °C
(Fig. S3c).

Bradykinin increases uncoupling protein 1 (UCP1) expression in
BAT and WAT
Adaptive changes are required to maintain the body temperature in
response to cold exposure; one such change is increased thermogen-
esis in BAT and browning inWAT1,3,19. Therefore, we next examined the
effects of 1mg/kg BK on BAT after a single injection. Infrared image
analysis and oxygen consumption rate (OCR) measurement revealed
that thermogenesis was higher in the BAT of mice treated with BK
compared with that in the control group at room temperature (Fig. 2a,
b) and under acute cold exposure (Fig. S4a, b). The mice rolled
themselves up into a ball following acute cold exposure (Fig. S4a). The
whole-body oxygen consumption was also increased in BK-treated
mice compared with that in control mice at room temperature (Fig.
S4d). UCP1 expression in adipose tissue is responsible for heat pro-
duction and we investigated the effects of BK on UCP1 expression.
Consistently, UCP1 was upregulated in the BAT of BK-treated mice at
room temperature and during acute cold exposure (Fig. 2c, S4c). The
direct effects of BK on brown adipose tissue were further tested by
treatment of primary brown adipocytes with BK or control vehicle. As
observed in vivo, UCP1 expression and OCR were also increased by BK
in vitro (Fig. 2d, e, S4e, S2b).

Additionally, we examined whether WAT browning was induced
following a single injection of 1mg/kgBK.We examined the expression
of genes related to WAT browning, including peroxisome proliferative
activated receptor gamma co-activator 1 alpha (Ppargc1α), cell death-
inducing DNA fragmentation factor, alpha subunit-like effector A
(Cidea), peroxisome proliferator activated receptor alpha (Ppara),
cytochrome c oxidase subunit 7A1 (Cox7a1), cytochrome c oxidase sub-
unit 8B (Cox8b) and elongation of very long chain fatty acids (FEN1/Elo2,
SUR4/Elo3, yeast)-like 3 (Elovl3)20,21. The mRNA abundance of these
genes was not altered by a single injection of 1mg/kg BK, either at
room temperature or during acute cold exposure (Fig. S4f, S4g).
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Probably, inducing WAT browning requires long-term treatment;
therefore, we tested the effects of long-term BK treatment on UCP1
expression inWAT andBATafter injectingmicewith 1mg/kgBKonce a
day for 14 days at room temperature. In these experiments, we
obtained different results from those observed immediately after a
single BK injection; the expression levels of WAT browning markers,
includingUcp1, Ppargc1α,Cidea, Ppara,Cox7a1,Cox8b and Elovl3, were
increased in the subcutaneous WAT (sWAT) of these mice (Fig.3a, b).
As expected, the OCR was increased in the sWAT of BK-treated mice
(Fig.3c). BK decreased the adipocyte size and weight of the sWAT
compared with those in control mice (Fig. 3d, e). The mRNA levels of
browning markers and OCR were increased in primary white adipo-
cytes treated with BK (Fig. 3f, g, S5a). We also assessed other physio-
logical parameters in mice treated with 1mg/kg BK once a day for
14 days at room temperature (Fig. S5b–j). Although the body weight
was slightly reduced in BK-treatedmice following injection for 14 days,
the difference between the two groups was not statistically significant
(Fig. S5b). We speculate that the differencemay becomemore obvious
if observed for a longer period. Besides sWAT, the weight of BAT was
decreased inmice treatedwith BK for 14 days (Fig. S5c). No differences
were observed in the blood glucose and serum insulin levels between
mice treated with or without BK for 14 days (Fig. S5d, e). BK treatment
for 5 or 10 days did not affect serum free fatty acids (FFAs) levels (Fig.
S5f). However, serum FFAs levels were decreased in mice treated with
BK for 14 days (Fig. S5f). In addition, O2 consumption was increased in
BK-treated mice in the absence of any changes in food intake and
locomotor activity (Fig. S5g, h). As was the case after a single BK
injection, the body temperature was higher in mice treated with BK
than in untreated mice throughout the study (Fig. S5i). UCP1 was also
upregulated in BAT of mice after BK injection for 14 days (Fig. S5j).

To confirm the role of UCP1 in BK-mediated effects, we first per-
formed time course experiments to elucidate changes in UCP1

expression and body temperature at room temperature.Wemeasured
the body temperature within 30mins post-injection of BK, and no
differences in body temperature were observed between the two
groups at 15min after BK injection (Fig. S6a). BK significantly increased
body temperature starting at 20min after injection (Fig. S6a). Addi-
tionally, UCP1 expression was not changed in the BAT at 10min after
injection (Fig. S6b), but increased at 15min after injection (Fig. S6c).
Therefore, changes in UCP1 expression preceded the BK-induced rise
in body temperature. Finally, WT and UCP1 null (Ucp1-/-) mice were
treated with a single injection of 1mg/kg BK. BK-treated WT mice
displayed a significantly higher body temperature at room tempera-
ture and under acute cold conditions, whereas these effects were
attenuated inUcp1-/- mice (Fig. 3h, S6d). These findings suggested that
UCP1 plays an important role in the BK-regulated body temperature.
Consistently with these results, UCP1 knockout attenuated BK-
increased oxygen consumption in primary brown adipocytes (Fig.
S6e, S6f).

Bradykinin upregulates uncoupling protein 1 (UCP1) via the
bradykinin receptor B2 (B2R)
BK exerts its action through the bradykinin B2 receptor (B2R). To
assess the functions of B2R, we treated mice with the B2R
antagonist icatibant22 upon acute cold exposure or at room
temperature. We found that UCP1 was downregulated in the BAT
of icatibant-treated mice in response to acute cold exposure (Fig.
S7a). Similar results were observed in the sWAT (Fig. S7b, S7c),
suggesting that icatibant protected against the cold-induced
browning of sWAT. The mRNA abundance of other genes related
to WAT browning was decreased in the sWAT of icatibant-treated
mice in response to acute cold exposure (Fig. S7b). Consistently,
a distinct histological morphology characterized by enlarged lipid
droplets was observed in the sWAT of icatibant-treated mice in
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Fig. 1 | Serum bradykinin levels are increased and bradykinin is required to
sustain the body temperature during acute cold exposure. a Serum BK levels of
maleWTmice exposed to 25 °C (RT) or 4 °C (Cold) for different amounts of time in
the absence of food and water. b Rectal temperature in male WTmice i.p. injected
with a single dose of PBS (–BK) or 1mg/kg BK ( + BK) at 25 °C (RT) in the absence of
food and water. c Rectal temperature during acute cold tolerance test in male WT
mice i.p. injected with a single dose of PBS (–BK) or 1mg/kg BK (+BK). d Rectal
temperature during acute cold tolerance test in male WT mice i.p. injected with a
single dose of 10μg/mouse IgG (–Anti-BK) or anti-BK ( + Anti-BK) antibodies. For

c andd, themicewereexposed to cold immediately after injection in the absenceof
food and water. For a, n = 7 (RT 1 h, 4 h, 10 h; Cold 1 h, 4 h, 6 h) and 6 (RT 2 h, 6 h;
Cold 2 h, 10 h) mice per group. For b, n = 7 in each group. For c, n = 5 (–BK) and 6
(+BK) mice per group. For d, n = 6 (–Anti-BK) and 7 (+Anti-BK) mice per group.
Mean ± SEM are representative of at least two independent experiments (a–d); two-
tailed unpaired Student’s t-test (a), or two-way RM ANOVA with Geisser-Green-
house’s correction followed by post hoc unpaired t-test (b-d). Source data are
provided as a Source data file.
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response to acute cold exposure (Fig. S7d). Accordingly, icatibant
reduced body temperature during acute cold exposure (Fig. S7e).
However, icatibant had no effect on these parameters at room
temperature (Fig. S7a–e). Some other physiological parameters
were also measured in these mice (Fig. S7f–i). There were no
differences in body weight or serum insulin levels among the four
groups at the end of the experiments (Fig. S7f, 7h). Serum FFAs
levels were increased in mice under acute cold exposure but not
affected by icatibant (Fig. S7i).

To further assess the function of B2R in adipose tissues, we gen-
erated mice ablating B2R selectively in the adipose tissue by crossing
Bdkrb2flox/flox mice with Ucp1-Cre lines to knockout B2R in BAT (B2R-
UKO, Fig. S8a–c) or Adipoq-Cre lines to knockout B2R in BAT andWAT
(B2R-AKO, Fig. S9a–c), respectively. We measured the body weight,
food intake, body temperature, and energy expenditure of B2R-UKO
mice at roomtemperature. Noneof theseparameters differedbetween
control and B2R-UKOmice (Fig. S8d–g).When challengedwith a single
BK injection at room temperature, B2R-UKO mice displayed lower
UCP1 expression in BAT (Fig. 4a). Consistently with this, BK-treated
control mice exhibited a significantly higher body temperature,
whereas no differences in body temperature were observed between

B2R-UKOmice treated with or without a single 1mg/kg BK injection at
room temperature (Fig. S10a).

Further, body weight, food intake, body temperature, and energy
expenditure at room temperature were not altered in B2R-AKO mice
(Fig. S9d–g). However, B2R-AKO mice exhibited reduced sWAT
browning compared to control mice in response to 1mg/kg BK injec-
tion once a day for 14 days at room temperature, as evidenced by
hematoxylin and eosin (H&E) staining and the expression of browning
markers (Fig.4b–e). No differences were observed in the food intake,
body weight, blood glucose levels, and serum insulin levels among the
four groups (Fig. S10b–f).

Adrenergic signaling and nitric oxide (NO) signaling are
involved in bradykinin-increased UCP1 expression
To delineate the mechanisms underlying the increased UCP1 expres-
sion by BK, RNA-sequencing analysis was performed (Fig. 5a, Supple-
mentary Data 1). Most notably, Kyoto Encyclopedia of Genes and
Genomes (KEGG) enrichment analysis revealed that the adrenergic
signaling pathway was enriched remarkably in BAT of mice injected
with BK. Interestingly, a study shows that B2R can physically interact
with beta 2 adrenergic receptor (β2AR) and forms a functional
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Fig. 2 | Bradykinin increases uncoupling protein 1 (UCP1) expression in brown
adipose tissue. a–c Infrared images (a), oxygen consumption rate (OCR, b) Ucp1
mRNA (c, left) and protein levels (c, right) of BAT frommale WTmice i.p. injected
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Source data file.
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heterodimer. As a result, stimulation with BK can rapidly (within
5mins) transactivate β2AR via B2R23. Therefore, we speculated that the
rapid effects of BK on UCP1 expression and thermogenesis may be
mediated by adrenergic signaling. To explore this possibility, we
measured the levels of NE and cAMP, reflecting adrenergic signaling24,
in the BAT ofmice injectedwith BK for 15 or 30mins. ThoughNE levels
in the BAT remained unchanged following BK injection (Fig. 5b), cAMP
levels were much higher in BK-treated mice at both time points
(Fig. 5c), suggesting that adrenergic signalingmay be acutely activated
by BK independently of NE stimulation. To determine whether adre-
nergic signaling contributes to the effects of BK, we treated mice with
β-adrenoceptor antagonist propranolol25, prior to BK injection.

Propranolol significantly blocked the acute effects of BK on body
temperature with the effects lasted for an hour, and the levels of cAMP
andUCP1 expression in BAT (Fig. 5d–h). These results suggest thatβAR
was involved in the acute effects of BK in thermogenesis.

Three subtypes of βARs are expressed in BAT26. To further con-
firm the role of βARs in this regulation, we examined the effects of
antagonists targeting different subtypes of βARs on BK’s effects. Three
antagonists include ICI 89406, ICI 118551, SR59230A, which are
reported toblockβ1AR,β2ARorβ3AR, respectively27–29. BK’s activation
of Ucp1 expression was largely blocked by β2AR antagonist ICI 118551,
butβ1AR and β3AR antagonists had no effect (Fig. 5i). Consistently, it is
reported thatβ2ARs are expressed in humanbrown adipose tissue and
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Fig. 3 | Bradykinin increases uncoupling protein 1 (UCP1) expression in white
adipose tissue. a–e mRNA levels of browning marker genes in sWAT (a), UCP1
protein levels in sWAT (b left), representative immunohistochemistry (IHC) stain-
ing of UCP1 in sWAT (b right), OCR in sWAT (c), representative H&E staining of
sWAT (d), and sWAT weight (e) frommale WT mice i.p. injected with PBS (–BK) or
1mg/kg BK ( + BK) once a day for 14 days at 25 °C. Scar bars, 50μm(b, d). f, gmRNA
levels of browning marker genes (f) and OCR (g) of primary white adipocytes
treatedwithout (–BK) orwith (+ BK) 1μMBK for 48h.hRectal temperature at 25 °C
(RT) or 4 °C (Cold) in male control (Ucp1+/+) or Ucp1 knockout (Ucp1-/-) mice i.p.
injectedwith a single dose of PBS (–BK) or 1mg/kg BK ( + BK) fordifferent time. The
mice were maintained at RT or exposed to cold immediately after injection in the

absence of food and water. For a, n = 5-8 (–BK) or 6-8 (+BK) mice per group. For
b, n = 8 (–BK) and 7 (+BK) in each group. For c, n = 6 (–BK) and 7 (+BK) in each
group. For e, n = 8 in each group. For f, n = 5 or 6 in each group. For g, n = 6 in each
group. For h n = 5 (Ucp1+/+–BK, Ucp1-/-–BK), 6 (Ucp1+/++BK) and 4 (Ucp1-/-+BK) mice
per group (left); n = 5 (Ucp1+/+–BK) and 6 (Ucp1+/++BK, Ucp1-/-–BK, Ucp1-/-+BK) mice
per group (right). Mean ± SEM are representative of at least two independent
experiments (a–e, h) or at least three independent experiments (f, g); two-tailed
unpaired Student’s t-test (a, b, c, e, f), two-way RM ANOVA with Geisser-Green-
house’s correction (g), two-way RM ANOVA with Geisser-Greenhouse’s correction
followed by Tukey’s multiple comparisons test (h). Source data are provided as a
Source data file.
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responsible for thermogenesis28, though most commonly known
subtypes are β1ARs and β3ARs. Furthermore, it is reported that β2AR is
transactivated by BK23. These results suggest that BK may function
via β2ARs.

Based on these results, we speculated that the acute effects of BK
are possibly mediated by adrenergic signaling, most likely dependent
on the transactivation of β2AR by BK. However, the chronic effects of
BK are mediated by other mechanisms, as BK still increased body
temperature in the presence of propranolol 60min after injection.
Especially, pathways for BK and nitric oxide (NO) signaling were of
particular interest to us, because NO has been shown to upregulate
UCP1 in adipose tissues30. We found that BK could increase NO
levels in both BAT and sWAT (Fig. 6a). Similar results were observed
in vitro (Fig. 6b). Sequestration of NO by 2-phenyl-4,4,5,5-
tetramethylimidazoline-1-oxyl 3-oxide (PTIO) negated BK-induced
UCP1 expression in primary brown adipocytes and the expression of
browning markers in primary white adipocytes (Fig. 6c, d), indicating
that NO signals are possibly involved in BK-increased UCP1 expression.
In addition, B2R knockout in adipose tissue decreased BK-induced NO
levels (Fig. S11a, 11b). Ca2+-nitric oxide synthase (NOS) is the classical
pathway to generate NO. Consistently, we observed elevation of
intracellular Ca2+ levels and NOS activity in both primary brown and
white adipocytes treated with BK (Fig. 6e, f).

Acute cold exposure increases bradykinin contents by decreas-
ing hepatic prolyl endopeptidase (PREP) activity
The levels of BK in serum are determined by a balance between BK
formation and degradation31. BK is generated through the cleavage of
HMWK by plasma kallikrein and is degraded by several enzymes; the
liver is the main organ for its degradation32. We first measured serum
levels of the BK precursor HMWK inmice at room temperature or under
conditions of acute cold exposure for different periods of time. How-
ever, no changes in serum HMWK levels were observed (Fig. S12a),
suggesting that acute cold-increased serum BK levels are unlikely
because of increased BK production. Next, we measured BK contents in
the liver and kidney of mice owing to the roles of these organs in BK
degradation32.We found that liver BK levels were elevated in response to
acute cold at each time point examined, whereas the BK contentwas not
changed in the kidney (Fig. 7a, S12b). These results indicated that the
liver may play a role in increased serum BK levels in response to acute
cold, supporting a previous study in which the liver was shown to have a
large capacity to degrade BK32. Several enzymes, including PREP, car-
boxypeptidases N (CPN), X-prolyl aminopeptidase (aminopeptidase P) 1
(XPNPEP1), thimet oligopeptidase 1 (THOP1), and membrane metallo
endopeptidase (MME)32,33 have been reported to cleave BK and express
at high levels in the liver, we therefore examined the expression of these
enzymes in the liver following acute cold exposure. Among the genes
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Fig. 4 | Bradykinin increases uncoupling protein 1 (UCP1) expression via bra-
dykinin receptor B2 (B2R). a Ucp1mRNA (a, left) and protein levels (a, right) in
BAT of B2Rflox/flox or B2R-UKOmalemice i.p. injectedwith a single dose of PBS (–BK)
or 1mg/kg BK ( + BK) for 30mins in the absence of food and water at 25 °C.
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way ANOVA with Tukey’s multiple comparisons test (a, b, c, e). Source data are
provided as a Source data file.
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examined, only Prep expression was reduced (Fig. S12c). Furthermore,
acute cold exposure inhibited PREP activity (Fig. 7b). PREP cleaves
peptide bonds on the carboxylic sides of prolyl residue within BK. We
then used adeno-associated viruses (AAV) to overexpress mouse PREP
for enhancing PREP activity in the liver. Four weeks after the tail vein
administration of AAV8 encoding PREP (AAV8-thyroid hormone binding

protein [TBG]-PREP), we observed increased expression and activity of
PREP (Fig. S12d). AAV8-TBG-PREP lowered hepatic and serum BK levels
(Fig. 7c). Moreover, mice injected with AAV8-TBG-PREP were unable to
maintain their core body temperature when challenged with an acute
cold tolerance test and displayed decreased UCP1 expression in BAT
(Fig. 7d, e). Overexpression of hepatic PREP also blocked acute cold-
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induced sWAT browning, as demonstrated by H&E staining, as well as
the expression of browning markers (Fig. 7f–h).

Oleic acid decreases prolyl endopeptidase (PREP) activity and
increases bradykinin levels
We then investigated the upstream signals that inhibit PREP activity
during acute cold exposure. Cold exposure is known to increase the

levels of hepatic FFAs, which affect PREP activity34, suggesting a pos-
sible effect of FFAs on hepatic PREP activity and BK content during
acute cold exposure. During acute cold exposure, hepatic FFAs and
triglyceride levels were increased (Fig. 8a, S13a). To test whether FFAs
play an important role in inhibiting PREP activity and BK levels, we
treated primary hepatocytes with control vehicle or oleic acid, the
major components of FFAs found in serum35. We found that OA

Fig. 5 | Effects of β-adrenergic blockers on the actions of BK. a–c RNA-sequen-
cing analysis (a), norepinephrine (NE, b) and cAMP (c) levels of BAT frommale WT
mice i.p. injected with a single dose of PBS (–BK) or 1mg/kg BK (+BK) for 15 or
30mins in the absence of food and water at 25 °C. d–h Mice received PBS
(–propranolol) or 5mg/kg propranolol (+propranolol) 30mins before the injection
of PBS (–BK) or 1mg/kg BK (+BK) for 15mins in the absence of food and water at
25 °C. Rectal temperature at different time point (e, f), cAMP levels (g) andUCP1 (h)
expression of BAT were examined. The rectal temperature values from e were
shown in f to accurately reflect the changes at different time point. i Ucp1 mRNA
levels of primary brown adipocytes treated with or without antagonists in the

presence of 0.1μM BK for 24h. For a, n = 4 per group. For b, n = 4 or 6 per group.
For c,n = 5 or 6 per group. For e–g, n = 6 or 7 per group. Forhn = 4-7 per group. For
i, n = 6 (left and right) and n = 5 (middle) per group. Data are represented as
mean ± SEM; two-tailed unpaired Student’s t-test (b, c), two-way RM ANOVA with
Geisser-Greenhouse’s correction followed by Tukey’s multiple comparisons test
(e), ordinary two-way ANOVA with Tukey’s multiple comparisons test (f–h). For
e, –propranolol–BK vs. –propranolol+BK p =0.0002, –propranolol–BK vs. +pro-
pranolol –BK p =0.506, –propranolol+BK vs. +propranolol+BK p =0.002,
+propranolol–BK vs. +propranolol+BK p =0.099. Source data are provided as a
Source data file.
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Fig. 6 | Nitric oxide (NO) signaling is involved in bradykinin-increased UCP1
expression. aNO levels of BAT and sWAT frommaleWTmice i.p. injectedwith PBS
(–BK) or 1mg/kg BK ( + BK) for 30mins or 14 days, respectively. b NO levels of
primary brown adipocytes treated with 0, 0.1 or 0.5μMBK for 48h (left). NO levels
of primarywhite adipocytes treatedwith 0or 1μMBKfor 48 h (right). cUcp1mRNA
(left) andprotein levels (right) of primarybrown adipocytes treatedwith (+PTIO) or
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for 48h. d mRNA levels of browning marker genes in primary white adipocytes
treated with (+PTIO) or without (–PTIO) 100μM PTIO in the absence (–BK) or
presence (+BK) of 1μMBK for 48 h. e Ca2+ changes in primary brown (left) or white

(right) adipocytes treated with 0.1μM or 1μM BK, respectively. f Nitric oxide syn-
thase (NOS) activity in primary brown adipocytes treated with 0, 0.1 or 0.5 μM BK
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For f, n = 4 (left) or 5 (right) in each group. Mean±SEM are representative of at least
two independent experiments (a) or at least three independent experiments (b–f);
two-tailed unpaired Student’s t-test (a, b right), ordinary one-way ANOVA with
Dunnett’s test (b left, f), ordinary two-way ANOVA with Tukey’s multiple compar-
isons test (c, d). Source data are provided as a Source data file.
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inhibited PREP activity (Fig. 8b) and increased BK content in primary
hepatocytes and corresponding medium (Fig. 8c). Furthermore, OA-
increased BK content was blocked by overexpression of PREP (Fig. 8d,
S13b). PREP inhibition also increased the BK content in primary
hepatocytes and corresponding medium (Fig. 8e, f, S13c, S13d). To
further confirm the role of OA, primary hepatocytes were treated with
ursodeoxycholic acid (UDCA), a potent liver-specific fatty acid trans-
port protein 5 (FATP5) inhibitors36, in the presence or absence of OA.
As previously reported, UDCA inhibited OA uptake by primary hepa-
tocytes (Fig. S13e, f). UDCA also blocked OA-decreased PREP activity
and -increased BK content (Fig. 8g, h).

CL-316,243 is a selective β3 adrenergic receptor agonist which
stimulates lipolysis in adipocytes37. In mice treated with 1mg/kg CL-
316,243 or vehicle control for 3 or 5 h, CL-316,243 increased liver FFAs
content (Fig. S14a). Consistently, hepatic PREP activity decreased,
whereas hepatic and serum BK levels increased in mice injected with
CL-316,243 (Fig. S14b, c). We also observed decreased hepatic PREP

activity in young mice but not in aged mice in response to acute cold
exposure (Fig. S3d).

Angiotensin-converting enzyme inhibitors (ACEIs) induce BAT
UCP1 expression and WAT browning via B2R
Based on the above results, we speculated that manipulating BK con-
tent pharmacologically via reduction of BK degradation might have
effects similar to those of BK treatment. To test this possibility, we
treated mice with ACEIs, a group of medicines mainly used to treat
certain heart and kidney conditions, or control vehicle, and examined
the effect of ACEIs on UCP1 expression in BAT and WAT. BK can be
metabolized by ACE and ACEIs could increase BK levels via blocking its
breakdown. Mice were treated with two ACEIs, captopril (40mg/kg)
and enalapril (70mg/kg)38,39, by gavage once a day for 21 days at room
temperature. As expected, both captopril and enalapril increased
serum BK levels (Fig. 9a, S15a) in the absence of changes in food intake
(Fig. S15b). Both captopril and enalapril increased BAT UCP1
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Fig. 7 | Acute cold exposure decreases hepatic prolyl endopeptidase (PREP)
activity and the effects of PREP overexpression. a BK levels in the liver of male
WT mice exposed to 25 °C (RT) or 4 °C (Cold) for different amounts of time in the
absence of food and water. b PREP activity in the liver of male WTmice exposed to
25 °C (RT) or 4 °C (Cold) for different amounts of time in the absence of food and
water. c–h Hepatic BK levels (c left), serum BK levels (c right), rectal temperature
(d), Ucp1mRNA and protein levels in BAT (e), mRNA levels of browning marker
genes in sWAT (f), UCP1 protein levels in sWAT (g), representative immunohis-
tochemistry (IHC) staining of UCP1 in sWAT (h left), and representative H&E
staining of sWAT (h right) from WT male mice infected with (+AAV-PREP) or
without (–AAV-PREP) AAV-PREP at 25 °C (RT) or 4 °C (Cold) for 2 h in the absenceof
food andwater. Scar bars, 50μm(h). For a, n = 5 (RT 1 h, RT 4 h, Cold 4 h), 6 (RT 2 h,
Cold 1 h, Cold 10h) and 7 (RT 6 h, RT 10h, Cold 2 h, Cold 6 h) mice per group. For

b, n = 7 (RT 1 h, RT 4 h, RT 10 h, Cold 1 h, Cold 4 h, Cold 6h), 5 (RT 2 h) and 6 (RT 6 h,
Cold 2 h, Cold 10h) mice per group. For c, n = 5 (liver RT–AAV-PREP, RT +AAV-
PREP, Cold–AAV-PREP; serum RT–AAV-PREP, RT+AAV-PREP, Cold–AAV-PREP), 6
(liver Cold+AAV-PREP) and 7 (serum Cold+AAV-PREP) mice per group. For d n = 6
(RT–AAV-PREP), 8 (RT +AAV-PREP), 5 (Cold–AAV-PREP) and 7 (Cold+AAV-PREP)
miceper group. Fore,n = 8 (RT–AAV-PREP), 7 (RT +AAV-PREP), 8 (Cold–AAV-PREP)
and6 (Cold+AAV-PREP)miceper group (left);n = 6 in eachgroup (right). For f,n = 8
(RT–AAV-PREP, Cold–AAV-PREP), 7 (RT +AAV-PREP) or 5-8 (Cold+AAV-PREP) mice
per group. For g, n = 6 in each group. Mean±SEM are representative of at least two
independent experiments (a–g); two-tailed unpaired Student’s t-test (a, b), ordin-
ary two-way ANOVAwith Tukey’smultiple comparisons test (c, e, f, g), two-wayRM
ANOVA with Geisser-Greenhouse’s correction followed by Tukey’s multiple com-
parisons test (d). Source data are provided as a Source data file.
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expression and body temperature (Fig. S15c, d). Moreover, captopril
and enalapril induced sWAT browning and decreased the weight of
sWAT, as demonstrated by the corresponding changes in the expres-
sion of WAT browning markers, as well as H&E staining (Fig. 9b–e).
These ACEIs-induced changes in BAT UCP1 expression and sWAT
browning were blocked in B2R-AKO mice (Fig. 9f–i, S15e).

Discussion
Here, we first measured the serum kinins levels during acute cold
exposure. We found that the levels of both BK and its metabolite, des-
Arg9-BK, increased in response to 2 h of acute cold exposure. However,
the levels of serum KLP and its metabolite, des-Arg10-KLP, did not
change at this time point. These data suggest that BK may be the first
kinin to respond to acute cold exposure. Similarly, circulating con-
centrations of BK have been shown to increase significantly as body
temperature decreases in humans40. Our further study focused on BK
and demonstrated a role for BK in regulating body temperature during

acute cold exposure, as treatment with anti-BK antibodies reduced
body temperature while BK had the opposite effect. However, we
found that the results differed in response to chronic cold exposure.
Indeed, serum BK levels were lower in mice exposed to 4 °C for 1 week
than in thosemaintained at room temperature (Fig. S16a). The changes
in circulating BK levels differed between acute and chronic cold
exposure, possibly because chronic cold exposure is a more complex
stressor. For acute cold exposure experiments, mice were caged
individually in the absence of food, water or bedding. For chronic cold
exposure experiments,micewere caged individually in the presenceof
food, water and bedding. Consistent with previous reports41, we found
that chronic cold exposure increased food intakemarkedly (Fig. S16b).
Therefore, the effects of chronic cold exposure on circulating BK levels
are determined by several factors, including cold and food intake.

Cold exposure activates brown and beige adipocytes to dissipate
heat for NST to maintain body temperature. The function of BK in
thermogenesis is poorly understood. Here, we provide evidence
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Fig. 8 | Oleic acid decreases prolyl endopeptidase (PREP) activity and increases
bradykinin levels. a Free fatty acids (FFAs) levels in the liver of male WT mice
exposed to 25 °C (RT) or 4 °C (Cold) for different amounts of time in the absence of
food andwater.b PREP activity in primary hepatocytes treatedwith 0, 0.75 or 1mM
oleic acid (OA) for different amounts of time. c BK levels in cell lysates and the
culture medium of primary hepatocytes treated with 0, 0.75 or 1mM OA for 6 h.
d BK levels in cell lysates and the culture medium of primary hepatocytes infected
with (+ Ad-PREP) or without (–Ad-PREP) Ad-PREP in the absence (–OA) or presence
(+OA) of 1mM OA for 6 h. e BK levels in cell lysates and the culture medium of
primary hepatocytes treated with 0, 10 or 50 μg/mL S17092 for 6 h. f BK levels in
cell lysates and the culture medium of primary hepatocytes transfected with (si-
Prep) or without (si-NC) Prep siRNA for 72 h. g, h PREP activity (g) and BK levels in

cell lysates and the culture medium of primary hepatocytes (h) treated with
(+UDCA)orwithout (–UDCA)ursodeoxycholic acid (UDCA) in the absence (–OA)or
presence (+OA) of 1mMOA for 6 h. For a, n = 7 in each group. For b and c, n = 4 or 5
in each group. For d, n = 4–6 in each group. For e, n = 6 in each group for hepa-
tocytes; n = 5 (medium 0μg/mL S17092) and 4 (medium 10μg/mL, 50 μg/mL
S17092) in each group. For f, n = 4–6 in each group. For g, n = 6 in each group. For
h, n = 5 or 6 in each group for hepatocytes; n = 5 in each group for medium. Mean
±SEM are representative of at least two independent experiments (a) or at least
three independent experiments (b–h); two-tailed unpaired Student’s t-test (a),
ordinary one-way ANOVA with Dunnett’s test (b, c, e, f), ordinary one-way ANOVA
with Tukey’s test (d), ordinary two-way ANOVA with Tukey’s multiple comparisons
test (g, h). Source data are provided as a Source data file.
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showing that BK significantly activated BAT activity and induced WAT
browning, as demonstrated by the changes in infrared images, OCR,
and other parameters examined. Similar effects have been observed
in vitro, suggesting a direct effect of BK in thermogenesis. UCP1
mediates NST and is induced in BAT and WAT in response to cold
exposure. We found that BK increased UCP1 expression in vivo and

in vitro. We assume that the response of cells in vitro to BK is much
slower than BAT in vivo, because the differentiated primary brown
adipocytes are not exactly the same as those in BAT. Preadipocytes are
isolated fromBAT and differentiated into adipocytes displaying brown
adipocytes features when exposed to media supplemented with some
stimulus. The approach may lead to changes in adipocyte
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characteristics compared with in vivo42. In addition, the micro-
environments in vivo and in vitro are quite different. Many other cell
types and nerves exist within BAT that may contribute to the pheno-
types observed in mice treated with BK. Therefore, different time
periodsmay be needed for BK to exert its function in vivo and in vitro.
We also provided evidence showing that changes in BAT UCP1
expressionpreceded theBK-induced rise in body temperature, and the
effects of BK were attenuated in UCP1 null mice. Similar phenomena
have been observed in other studies. For example, CL316,243 could
increase body temperature 10mins after injection, and this rise was
blunted in UCP1 null mice43–45. Norepinephrine has been shown to
induce thermogenesis within 20mins inWTmice, and the response to
norepinephrine in UCP1-ablated mice was much weaker than that in
WT mice46,47. However, the rapid increase in the body temperature
following BK injection may not be driven solely by the induction of
UCP1 expression, as the molecular differences in brown fat mito-
chondria betweenWT andUCP1 null mice extend substantially beyond
the deletion of UCP1 itself48. In fact, the results from our BAT RNA-
Sequencing analysis of mice injected with BK also indicate other
underlyingmechanisms. Further studies are needed to investigate this
issue. Both our study and previous reports have clarified the role of
KKS in thermogenesis; however, the effects of individual KKS com-
ponents on thermogenesis may be different49. In contrast to BK, kini-
nogens repress BAT activity in rats49, suggesting the complexity of the
system in this regard.

Two distinct kinin receptor subtypes, B1 and B2, have been iden-
tified; both belong to the rhodopsin family of G protein-coupled
receptors. The B2R is widely and constitutively expressed in central
and peripheral tissues andmediates the action of BKand kallidin. Their
metabolites, des-Arg9-BK and des-Arg10-kallidin, are the preferential
agonists of B1R. B1R is expressed at a very low level in healthy condi-
tion but induced after injury by various proinflammatory cytokines,
such as interleukin-1 β14. In the present study, we generated mice
specific knockout B2R in adipose tissue using Ucp1-Cre lines or
Adipoq-Cre lines, respectively. BK-increased UCP1 expression and
body temperature were blocked in these mice. Similarly, B2R antago-
nist icatibant decreased UCP1 expression and body temperature dur-
ing acute cold exposure. Previously, some researchers have attempted
to elucidate the role of kinin receptors in adipose tissues using null
mice. For example, B1R knockout mice (B1R-/-) have less fat content50,
but rescuing B1R expression exclusively in adipose tissue of B1R-/- mice
does not restore the reduced fatmass under normal chowdiet (NCD)51.
B2R null mice (B2R-/-) exhibit normal fat mass under NCD and
decreased fat content under high fat diet52. B1/B2 receptor null-mice
display over-activation of BAT and repressed WAT browning49. How-
ever, the tissue-specific functions of B2R remain elusive. In this study,
we found that both B2R-UKO and B2R-AKO mice showed no pheno-
typic changes in body weight, food intake, body temperature, and
UCP1 expression under normal conditions.We assume several possible
reasons may account for unchanged UCP1 expression in these mice
under basal conditions. First, both BK and kallidin act via B2R. The
effects of kallidin on UCP1 expression remain unknown, which needs
further investigation. Second, the body does not need to produce

much heat in basal condition, and the basal UCP1 expression is rather
low. Similar phenomena have been observed in other studies. For
example, catecholamines are viewed as major stimulants of cold-
induced thermogenesis. However, the UCP1 protein levels in brown
adipose tissue of β1/2/3-adrenoceptor knockout mice were not chan-
ged at 24 °C compared with wild-type mice53. Our observations and
others’ work have suggested that each kinin receptor has distinct
functions in different tissues.

HMWK is encoded by the gene KNG and produced mainly in the
liver. After production, HMWK is released into the blood and cleaved
by plasma kallikrein, leading to the generation of BK31,32. We found that
acute cold exposuredidn’t change serumHMWKprotein levels. On the
other hand, BK is degraded in serum or tissues and can be internalized
into and released from cells54. It has been shown that the liver has a
large capacity to degrade BK32. Here we found that liver BK contents
were elevated in response to acute cold exposure. When exploring
mechanisms underlying cold-increased hepatic BK contents, we
focused on FFAs and PREP. It is well-known that cold triggers lipolysis
in adipocytes to mobilize lipid stores as FFAs3. This leads to increased
serum levels of FFAs and causes liver FFAs accumulation, because of
the increased hepatic fatty acid uptake during cold exposure55. PREP is
a cytosolic enzymehighly expressed in the liver anddegrades BK at the
Pro-Phe bond. FFAs could affect PREP activity directly34. Here, we
found that cold exposure inhibited PREP activity. PREP over-
expression blocked cold-induced changes in hepatic and serum BK
levels, BAT activity, WAT browning and body temperature. PREP
inhibition increased intracellular and correspondingmediumBK levels
in vitro. Our findings expand the physiological role of PREP in meta-
bolism and demonstrate that the liver affects circulating levels of BK in
response to acute cold exposure. However, we can’t neglect the pos-
sibility that other enzymes could also contribute to increased hepatic
and serum levels of BK upon acute cold exposure, which needs further
investigations. In addition, although BK can increase BAT thermo-
genesis and body temperature, we found that aged mice exhibited
higher serum BK levels than young mice at room temperature. The
higher serum BK levels in aged mice may be related to decreased
hepatic PREP activity. Alternatively, these observations may be
explained by the compensation effect. Because aged mice are hypo-
thermic, they require more BK to sustain their body temperature.
Similar phenomena have been reported in other studies. For example,
acylcarnitines increase brown fat thermogenesis and body tempera-
ture, and aged mice have higher basal levels of acylcarnitines than
young mice at room temperature4.

Moreover, the effects of FFAs on PREP activity and BK levels were
explored in vitro and in vivo. First, treatment with OA reduced PREP
activity and increased BK content in primary hepatocytes and corre-
sponding medium. Second, pharmacological inhibition of OA uptake
blocked OA-reduced PREP activity and –increased BK contents in cells
and medium. Finally, CL-316,243 treatment in mice increased hepatic
FFAs contents, raised hepatic and serum BK levels and decreased
hepatic PREP activity. CL-316,243 is a β3 adrenergic receptor agonist
which stimulates thermogenesis in BAT and lipolysis in WAT37. These
findings fit with our model upon acute cold challenge. It is now clearly

Fig. 9 | Angiotensin-converting enzyme inhibitors (ACEIs) induce WAT
browning via B2R. a–e Serum BK levels (a), mRNA levels of browning marker
genes in sWAT (b), UCP1 protein levels in sWAT (c), representative immunohis-
tochemistry (IHC) staining of UCP1 in sWAT (d up), representative H&E staining of
sWAT (dbottom), and sWATweight (e) fromWTmalemice treatedwith 40mg/kg/
day captopril or 70mg/kg/day enalapril by gavage once a day for 21 days. f–imRNA
levels of browning marker genes in sWAT (f), UCP1 protein levels in sWAT (g),
representative immunohistochemistry (IHC) staining of UCP1 in sWAT (h up),
representative H&E staining of sWAT (h bottom), and sWATweight (i) from B2Rflox/

flox or B2R-AKO male mice treated with 40mg/kg/day captopril or 70mg/kg/day
enalapril by gavage once a day for 21 days. Scar bars, 50μm(d, h). jWorkingmodel.

For a, n = 7 (Veh, Captopril) and 6 (Enalapril) mice per group. For b, n = 8 in each
group. For c, n = 7 (Veh) and 6 (Captopril, Enalapril) mice per group. For e, n = 8
(Veh) and 7 (Captopril, Enalapril)mice per group. For f,n = 5-7 (B2Rflox/flox + Veh), 5 or
6 (B2Rflox/flox +Captopril, B2Rflox/flox + Enalapril), 5-8 (B2R-AKO+Veh, B2R-AKO+
Captopril, B2R-AKO+ Enalapril). For g, n = 6 in each group. For i, n = 5 (B2Rflox/flox +
Veh, B2Rflox/flox +Captopril, B2Rflox/flox + Enalapril), 6 (B2R-AKO+Veh) and 7 (B2R-
AKO+Captopril, B2R-AKO+ Enalapril) mice per group. Mean±SEM are repre-
sentative of at least two independent experiments (a–c, e, f, g, i); two-tailed
unpaired Student’s t-test (a–c, e), ordinary two-way ANOVA with Tukey’s multiple
comparisons test (f, g, i). Source data are provided as a Source data file.
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established that brain is a major regulator for thermogenesis upon
cold exposure. Recently, researchers found that interaction between
other peripheral tissues and adipose tissues also have a key role in
thermogenesis in response to cold exposure. The liver is a vital organ
that plays a critical role in whole-body physiology via various
mechanisms, including secreted factors and neural signals. Our work
reveals a cross-talk between the liver and adipose tissue via BK,
enabling modulation of body temperature during cold exposure.

As cold exposure promotes BAT activity andWAT browning, both
of which could increase whole-body energy expenditure and lead to
reduction in fat mass, it is considered to be a method that has bene-
ficial effects on whole-body metabolism. Therefore, there has been
great interest in identifying novel circulating factors in response to
cold as potential targets for treating obesity and related metabolic
diseases. Notably, plasma BK levels are lower in adolescents with
obesity56. Our data demonstrates that BK could stimulate BAT activity
and WAT browning. Additionally, BK has been shown to augment
insulin-stimulated glucose uptake of adipocytes in rats and
humans57,58. Thus, BKmay be a potential target for obesity and related
metabolic diseases. As BKhas a short half-life, we considered the use of
drugs for clinical application and focused on ACEIs. ACEIs is a class of
drugs for the treatment and prevention of hypertension, heart failure,
and other diseases59. ACE regulates blood pressure via the renin-
angiotensin system, in which renin converts angiotensinogen to
angiotensin I (ang I) that is in turn cleaved by ACE to ang II, a potent
vasoconstrictor60. ACE also breaksdownBK, andACEIswould allow for
the continuation of BK61. Some reports have indicated a role for ACEIs
in reducing fat mass38,39, but the mechanisms and effects of ACEIs on
BAT activity and WAT browning remain unclear. Here, we found that
the two ACEIs, captopril and enalapril, increased the BK levels, pro-
moted BAT activity, and enhanced WAT browning, leading to reduced
WAT weight. The effects of ACEIs on BAT activity and WAT browning
were blocked in adipose tissue-specific B2R knockoutmice, suggesting
that BK mediates the effects of ACEIs in reducing fat mass. Our
observations provide important insights into the understanding of the
ACEIs action.

In summary, our work identifies an important function of BK in
regulating BAT thermogenesis and WAT browning during acute cold
exposure. Our findings also expand the physiological role of PREP in
metabolism, and demonstrate that liver contributes to thermogenesis
in response to cold through the degradation of BK (Fig. 9j).

Methods
Mice
All mice experiments were performed in accordance with the guide-
lines of, and under approval by, the Institutional Animal Care and Use
Committee at Fudan University (ethical committee approval
no.2022030006 S) and the Shanghai Institute of Nutrition and Health,
Chinese Academy of Sciences (ethical committee approval nos.SINH-
2020-GFF-1, SINH-2021-GFF-1 and SINH-2022-GFF-1). Eight- to ten-
week-oldmale C57BL/6 Jmicewere used for all experiments except for
aged male mice (18-month-old). Wild type (WT), Bdkrb2flox/flox, Adipoq-
Cre, and aged mice were purchased from Shanghai Model Organisms.
The UCP1-KO mice were a kind gift from Prof. Xinran Ma (East China
Normal University) and the Ucp1-Cre mice were a kind gift from Prof.
Jiqiu Wang (Ruijin Hospital, Shanghai Jiaotong University School of
Medicine). Mice were housed on a 12 h light/dark cycle from 7A.M. to
7 P.M. at room temperature (25 °C) and provided free access to stan-
dard chow rodent diets (Shanghai Pu Lu Teng Biotechnology, P1103F)
and water. Mice were sacrificed by CO2 inhalation. For acute cold
exposure experiments, mice were caged individually and exposed at
4 °C in the absence of food, water or bedding, while control mice
received the same treatment at 25 °C. For mice exposed to cold for
1week,micewerecaged individually in thepresenceof food,water and
bedding. Mice were intraperitoneally (i.p.) injected with a single dose

of 10μg anti-BK or IgG antibodies (Bioss, China) permouse prior to the
experiment. For BK and icatibant treatment, mice were i.p. injected
with BK (1mg/kg body weight; Abcam, UK) or icatibant (1mg/kg body
weight; MCE, China) diluted in PBS. Mice were given an i.p. injection of
propranolol (MCE, China) at 5mg/kg. Administration of CL-316,243
(1mg/kg body weight; Sigma, USA) or vehicle control of normal saline
was performed by i.p. injection4. For captopril and enalapril treatment,
mice were administrated with 40mg/kg/day of captopril (MCE, China)
or 70mg/kg/day of enalapril (MCE, China) diluted in ddH2O by intra-
gastric injection once a day for 21 days.

Generation and administration of viruses
To over-express PREP in the liver, adeno-associated viruses (AAV) were
purchased from Vigene Biosciences and administered via tail vein
injection.WTmicewere injectedwith AAV containing the PREP coding
sequence and GFP protein (AAV8-TBG-PREP-GFP), or control viruses
only containingGFPprotein (AAV8-TBG-GFP) using 1.5625 × 1012 vector
genomes (vg)/mouse. All experiments were started at 4 weeks after
injection. The adenoviruses expressing mouse PREP (Ad-PREP) were
purchased from Hanbio Co.Ltd. Cells were infected with Ad-PREP or
control adenoviruses at a dose of 107 plaque-forming units/well in 12-
well plates for 48h.

Rectal temperature and infrared image
Rectal core temperature was measured by the digital thermometer
(Physitemp Instruments, USA). BAT temperature was measured using
an infrared camera (Magnity Electronics Co., Ltd, China)9.

Primary cell isolation and treatments
Mouse primary hepatocytes were isolated using Type I collagenase
(Worthington, USA) perfusion from mice aged 8 weeks62. OA (Sigma,
USA), s17092 (Sigma, USA) and UDCA (MCE, China) were added at the
indicated concentrations in DMEM without FBS on the second day
following hepatocytes isolation. Double-stranded siRNA targeting
mouse PREP was purchased from GenePharma (Shanghai, China). The
siRNA sequence was 5’-GAGCAATGTCCAATCAGAGGTTTAT-3’ and 5’-
CGTGTTATATGTGCAAGACTCCTTA-3’. Primary hepatocytes were
transfected with PREP siRNA using Lipofectamine 3000 reagent
(Invitrogen, USA). To cultivate the primary white and brown adipo-
cytes in vitro, 4-5-week-old or 7-14-day-old mice were utilized for dis-
secting sWAT and BAT, respectively63,64. For white adipocyte
differentiation, cells were cultured in the DMEM induction culture
medium containing 10 % FBS, 0.5mM isobutylmethylxanthine (IBMX),
1 µMdexamethasone (Dex), and 1.7 µM insulin for 48h. After 48 h, cells
were cultured in DMEMmaintenancemedium containing 10% FBS and
1.7 µM insulin until harvest. 1 µMBK (Abcam,UK)was added to the fully
differentiated cells for 48 h. For nitric oxide (NO) clearance experi-
ments, 1 µM BK and 100 µM PTIO (Beyotime, China) were added
simultaneously for 48 h on day 6. For brown adipocyte differentiation,
cells were cultured in the DMEM induction culturemedium containing
10% FBS, 0.5mM IBMX, 5 µM Dex, 1 nM T3, 125 µM indomethacin, and
20nM insulin for 48h. After 48h, cells were cultured in DMEM main-
tenancemedium containing 10 % FBS, 20 nM insulin, and 1 nM T3 until
harvest. 100 nM or 500nM BK was added to the fully differentiated
cells on day 6 for 48 h. ICI 89406 (Topscience, China), ICI 118551 and
SR59230A (MCE, China) were used as indicated. For NO clearance
experiments, 100 nM BK and 50 µM PTIO were added simultaneously
for 48h onday 6. BKwas added after the cells were fully differentiated,
not during the differentiation. In experiments involving treating cells
with BK for 48 h, the medium was refreshed with medium containing
BK every 24 h.

Measurements of plasma, tissue, and cell parameters
Hepatic and cellular lipids were extracted with chloroform/
methanol62,65. Formeasurements of hepatic lipids, 20mg of liver tissue
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was homogenized in 0.5mL PBS. After sufficient mixing of 0.4mL
homogenates with 1.6mL of chloroform/methanol (2:1, v/v), the sus-
pension was centrifuged at 950x g for 10mins. The lower organic
phase was transferred and air-dried overnight in a chemical hood. The
residual liquid was re-suspended in 100μL of 1% Triton X-100 in
absolute ethanol, and concentration of TGs or FFAs was determined
using a TG kit (SSUF, China) or an FFA kit (Fujifilm, Japan). 5μL
homogenates in PBS was used to determine the protein concentration
by BCA Protein Assay Kit (Thermo, USA) for normalization. Membrane
proteins were extracted using a kit from Beyotime, China.

If not specified, BK (TSZ Biosciences, USA), des-Arg9-BK (TSZ
Biosciences, USA), KLP (TSZ Biosciences, USA), des-Arg10-KLP (TSZ
Biosciences, USA), NE (Nanjing Jiancheng Bioengineering Institute,
China), cAMP (TSZ Biosciences, USA), NO content (Beyotime, China)
and NOS activity (Beyotime, China) were assessed using kits according
to the manufacturers’ protocols. The cross-reactivity of BK ELISA kit
for des-Arg9-BK and KLP is negligible.

For experiments in Fig. S1a, Fig. S2 andFig. S15a, serumormedium
was collected in the presence of following inhibitors: 1mg/mL hex-
adimethrine bromide (MCE, China), 21μM aprotinin (MCE, China),
4.5mM 1,10-phenanthroline monohydrate (MCE, China), 73μg/mL
chicken egg albumin trypsin inhibitor (Merck, USA), 130 nMenalaprilat
dihydrate (MCE, China), and 1.6mg/mL EDTA (Thermo, USA)66–68.
Samples were collected into low protein binding tubes (Eppendorf,
German) with the above inhibitors. BK levels were assessed using LC-
MS/MS according to a Waters Corporation case report. 150μL serum
or 1200μL culture medium spiked with 80μL 100 ng/mL internal
standard (IS) Lys-Des-Arg9-BK (Topscience, China) was diluted 1:1 (v/v)
in 5% NH3·H2O. An Oasis WCX 1 cc Vac Cartridge (Waters, USA) was
conditioned with 1mL methanol and then equilibrated with 1mL 5%
NH3·H2O. The diluted samples were then loaded. Washing was per-
formed using 1mL 5% NH3·H2O, followed by 1mL 10% acetonitrile
(ACN) in water (v/v). Elution was conducted twice with 500μL 1%
formic acid in 75:25 ACN:water (v/v/v). The eluant was evaporated and
reconstituted in 80μL of 10:10:80 formic acid/ACN/water (v/v/v). The
samples were analyzed using an API 4000 Q-TRAP mass spectrometer
(Thermo, USA) coupled to Agilent 1200 HPLC system (Agilent Tech-
nologies, USA) with a 5μm, 4.6 × 150mm Agilent Zorbox Eclipse XDB-
C18 column (Agilent Technologies, USA).

Mitochondrial function and respiration
Real-time measurements of oxygen consumption rate (OCR) were
determined using XF24 Extracellular Flux Analyzer (Seahorse
Bioscience, USA). Cells were seeded in the Seahorse XF24 V7 PS
Microplates (Agilent Technologies, USA) and then differentiated into
white and brown adipocytes separately. For OCR determination, cells
were treated with 4μM oligomycin (Selleck, USA), 2μM carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP, Sigma, USA),
1μMantimycin A (ENZO, USA), and 1μM rotenone (Sigma, USA). Total
protein content in each well was quantified using a BCA Protein Assay
Kit (Thermo, USA) for normalization. TheOCR values were normalized
to non-mito OCR and analyzed by Wave Desktop (Agilent Technolo-
gies, USA). For measuring the OCR of tissues, freshly isolated tissues
were used, and the results were normalized to tissue weight (mg).
Tissues (~3mg) were treated with 30μM oligomycin, 10μM FCCP,
15μM antimycin A, and 5μM rotenone63.

Measurement of [Ca2+]i
For determination of the intracellular free Ca2+ ([Ca2+]i), preadipocytes
were seeded at approximately 5 × 103 cells/well in black-wall clear-
bottom cell plates (Corning, USA), and differentiation was induced.
Before measurement, the cell plate was loaded with 5μM Fluo-4 AM
(Beyotime, China) and 2.5mM probenecid (Aladdin, China) diluted in
HBSS (Thermo, USA) for 1 h at 37 °C in the dark. During incubation,
100 nM BK for primary brown adipocytes and 1μM BK for primary

white adipocytes was prepared in compound plate (Abgene, USA).
Finally, 10μL compound was added to each well, and the fluorescence
signal was measured for 180 seconds using FLIPR Tetra (Molecular
Devices, USA).

Metabolic parameter measurements
The body composition of mice was determined using magnetic reso-
nance imaging (EchoMRI, USA). Indirect calorimetry was measured by
metabolic cage (CLAMS-16; Columbus Instruments, USA).

Prolyl endopeptidase (PREP) enzyme activity assay
For determination of primary hepatocytes PREP activity, cells were
harvested and washed by the assay buffer (10mM Tris, pH 7.4). Then,
the cells were re-suspended in 50μL assay buffer and homogenized by
grinding beads (Servicebio, China) using a homogenizer. After cen-
trifugation, 40μL supernatant was collected and added to 37.5μL
assay buffer. The samples were then incubated for 30min at 37 °C.
Subsequently, 2.5μL of 0.6mM fluorogenic substrate Z-Gly-Pro-AMC
(AAT Bioquest, USA) was added and incubated for 40mins at 37 °C.
Reactions were terminated by addition of 50μL 1MNaAc (pH 4.2). For
determination of mouse hepatic PREP activity, 30mg liver tissue was
homogenized in 500μL assay buffer. After centrifugation, 10μL
supernatant was collected, added to 465μL assay buffer, and then
incubated for 30mins at 30 °C. Subsequently, 25μL of 0.6mM
fluorogenic substrate Z-Gly-Pro-AMC was added and incubated for
20mins at 30 °C. Reactions were terminated by addition of 500μL 1M
NaAc (pH 4.2). The standard curve was generated with AMC (AAT
Bioquest, USA). Fluorescence wasmeasured using a microplate reader
(PerkinElmer, USA) with excitation and emission wavelengths set at
360 and 460nm, respectively. PREP enzyme activity was normalized
by the protein contents69.

Histological analysis
sWAT, epididymal WAT (eWAT), BAT, and liver samples were fixed in
4% paraformaldehyde and stained with hematoxylin and eosin (H&E)
or following antibodies: anti-UCP1 (1:500, Abcam, ab209483), BDKRB2
(1:200, Abclonal, A2844), donkey anti-Rabbit IgG Alexa Fluor™ 488
(1:1000, A-21206, Thermo Fisher) antibodies. Nuclei were counter-
stained with VECTASHIELD® Mounting Medium with 4’,6-diamidino-2
-phenylindole (DAPI, Vector, USA). Images were acquired by Zeiss
LSM880 laser scanning confocal microscope or PerkinElmer Vectra
platform (PerkinElmer, USA).

RNA extraction, real-time quantitative PCR (RT-qPCR) and RNA-
seq analysis
RNA was extracted from cells and mouse tissues using TRIzol reagent
(Invitrogen, USA). Quantitative real-time PCR (RT-qPCR) was deter-
mined by ABI QuantStudio™ 6 Flex Real-Time PCR System (Applied
Biosystems, USA). The sequences of primers used are listed in Sup-
plementary Table 1. RNA-seq analysis was performed following stan-
dard procedures in BGI Genomics, China.

Immunoblotting and antibodies
Protein was extracted by the RIPA buffer and subjected to the regular
western procedure9. The following antibodies were used for western
blotting: anti-UCP1 (1:1000 for WAT, 1:10000 for BAT, Abcam,
ab209483), anti-BDKRB2 (1:1000, ABclonal, A2844), anti-PREP (1:1000,
A9838, ABclonal), anti-HMWK (1:500, sc-23914, Santa Cruz), anti-β-
Actin (1:3000, 66009-1-Ig, Proteintech), anti-N-Cadherin (1:1000;
A19083; ABclonal).

Data analysis and statistics
Data were represented as “mean±S.E.M.” and analyzed using GraphPad
Prism version 8.0 (GraphPad Software, Inc., USA). Two-tailed unpaired
Student’s t-test was used to compare observations from two groups.
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For multiple group comparisons, ordinary one-way ANOVA, two-way
ANOVA or two-way RM ANOVA with Geisser-Greenhouse’s correction
was used, followed by Dunnett’s or Tukey’s multiple comparisons test.
Results were considered statistically significant when the P value was
less than 0.05.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The authors declare that all data supporting the findings of this study
are available within this paper and its Supplementary Files. The Source
data are provided with this paper. The RNA-Seq data have been
deposited into the Sequence ReadArchive (SRA) inNational Center for
Biotechnology Information (NCBI) under the accession NO.
PRJNA948923. Source data are provided with this paper.

References
1. Bartelt, A. & Heeren, J. Adipose tissue browning and metabolic

health. Nature Rev. Endocrinol. 10, 24–36 (2014).
2. Harms, M. & Seale, P. Brown and beige fat: development, function

and therapeutic potential. Nature Med. 19, 1252–1263
(2013).

3. Rosen, E. D. & Spiegelman, B. M. What we talk about when we talk
about fat. Cell 156, 20–44 (2014).

4. Simcox, J. et al. Global Analysis of Plasma Lipids Identifies Liver-
Derived Acylcarnitines as a Fuel Source for Brown Fat Thermo-
genesis. Cell Metab. 26, 509–522.e506 (2017).

5. Wang, Q. et al. The hepatokine Tsukushi gates energy expenditure
via brown fat sympathetic innervation. Nat. Metabolism. 1,
251–260 (2019).

6. Hashimoto, O. et al. Activin E Controls Energy Homeostasis in Both
Brown andWhite Adipose Tissues as a Hepatokine.Cell Reports. 25,
1193–1203 (2018).

7. Staiger, H., Keuper,M., Berti, L., Hrabe deAngelis,M. &Haring, H. U.
Fibroblast Growth Factor 21-Metabolic Role in Mice and Men.
Endocr. Rev. 38, 468–488 (2017).

8. Ameka, M. et al. Liver Derived FGF21 Maintains Core Body Tem-
perature During Acute Cold Exposure. Sci. Reports. 9, 630
(2019).

9. Xiao, F. et al. Hepatic c-Jun regulates glucosemetabolism via FGF21
and modulates body temperature through the neural signals. Mol.
Metab. 20, 138–148 (2019).

10. Tsukita, S. et al. Hepatic glucokinase modulates obesity predis-
position by regulating BAT thermogenesis via neural signals. Cell
Metab.16, 825–832 (2012).

11. Mouchiroud,M. et al. The Hepatokine TSKdoes not affect brown fat
thermogenic capacity, bodyweight gain, andglucose homeostasis.
Molecular Metab. 30, 184–191 (2019).

12. Chen, K. Y. et al. Opportunities and challenges in the therapeutic
activation of human energy expenditure and thermogenesis to
manage obesity.J. Biological Chem. 295, 1926–1942 (2020).

13. Ghebrehiwet, B., Kaplan, A. P., Joseph, K. & Peerschke, E. I. The
complement and contact activation systems: partnership in
pathogenesis beyond angioedema. Immunol. Rev. 274,
281–289 (2016).

14. Tomita, H., Sanford, R. B., Smithies, O. & Kakoki, M. The kallikrein-
kinin system indiabetic nephropathy.Kidney Int.81, 733–744 (2012).

15. Dutra, R. C. Kinin receptors: Key regulators of autoimmunity.
Autoimmun Rev. 16, 192–207 (2017).

16. Soares, D. M. et al. The relevance of kalikrein-kinin system via acti-
vation of B2 receptor in LPS-induced fever in rats. Neuropharma-
cology 126, 84–96 (2017).

17. Baffert, F., Le, T., Thurston, G. & McDonald, D. M. Angiopoietin-1
decreases plasma leakage by reducing number and size of endo-
thelial gaps in venules. American J. Physiol. Heart Circulatory Phy-
siol. 290, H107–H118 (2006).

18. Pfannenberg, C. et al. Impact of age on the relationships of brown
adipose tissue with sex and adiposity in humans. Diabetes 59,
1789–1793 (2010).

19. Morrison, S. F.,Madden,C. J. & Tupone, D. Central neural regulation
of brown adipose tissue thermogenesis and energy expenditure.
Cell Metab. 19, 741–756 (2014).

20. Bostrom, P. et al. A PGC1-alpha-dependent myokine that drives
brown-fat-like development of white fat and thermogenesis.Nature
481, 463–468 (2012).

21. Fisher, F. M. et al. FGF21 regulates PGC-1alpha and browning of
white adipose tissues in adaptive thermogenesis. Genes Dev. 26,
271–281 (2012).

22. Cicardi, M. et al. Icatibant, a new bradykinin-receptor antagonist, in
hereditary angioedema. New England J. Med. 363, 532–541
(2010).

23. Haack, K. K. et al. A novel bioassay for detecting GPCR hetero-
dimerization: transactivation of beta 2 adrenergic receptor by bra-
dykinin receptor. J. Biomol. Screening 15, 251–260
(2010).

24. Man, K. N. M., Bartels, P., Horne, M. C. & Hell, J. W. Tissue-specific
adrenergic regulation of the L-type Ca(2+) channel Ca(V)1.2. Sci.
Signaling. 13, eabc6438 (2020).

25. Aupetit, J. F. et al. Efficacy of a beta-adrenergic receptor antagonist,
propranolol, in preventing ischaemic ventricular fibrillation:
dependence on heart rate and ischaemia duration. Cardiovas. Res.
37, 646–655 (1998).

26. Rohlfs, E. M., Daniel, K. W., Premont, R. T., Kozak, L. P. & Collins, S.
Regulation of the uncoupling protein gene (Ucp) by beta 1, beta 2,
and beta 3-adrenergic receptor subtypes in immortalized brown
adipose cell lines. J. Biol. Chem. 270, 10723–10732
(1995).

27. Atgie, C., D’Allaire, F. & Bukowiecki, L. J. Role of beta1- and beta3-
adrenoceptors in the regulation of lipolysis and thermogenesis in
rat brown adipocytes. American J. Physiol. 273, C1136–C1142
(1997).

28. Blondin, D. P. et al. Human Brown Adipocyte Thermogenesis Is
Driven by beta2-AR Stimulation. Cell Metab. 32, 287–300
e287 (2020).

29. Tonello, C., Dioni, L., Briscini, L., Nisoli, E. & Carruba, M. O.
SR59230A blocks beta3-adrenoceptor-linked modulation of
upcoupling protein-1 and leptin in rat brown adipocytes. European
J. Pharmacol. 352, 125–129 (1998).

30. Roberts, L. D. et al. Inorganic nitrate promotes the browning of
white adipose tissue through the nitrate-nitrite-nitric oxide path-
way. Diabetes 64, 471–484 (2015).

31. Dendorfer, A.,Wellhoner, P., Braun, A., Roscher, A. A. &Dominiak, P.
Synthesis of kininogen and degradation of bradykinin by PC12 cells.
British J. Pharmacol. 122, 1585–1592 (1997).

32. Kouyoumdjian, M., Nagaoka, M. R. & Borges, D. R. Kallikrein-kinin
system in hepatic experimental models. Peptides 26,
1301–1307 (2005).

33. Skidgel, R. A. Bradykinin-degrading enzymes: structure, function,
distribution, and potential roles in cardiovascular pharmacology. J.
Cardiova. Pharmacol. 20, S4–S9 (1992).

34. Park, Y. S., Jang, H. J., Lee, K. H., Hahn, T. R. & Paik, Y. S. Prolyl
endopeptidase inhibitory activity of unsaturated fatty acids. J. Agric.
Food Chem. 54, 1238–1242 (2006).

35. Kim, F. et al. Free fatty acid impairment of nitric oxide production in
endothelial cells is mediated by IKKbeta. Arteriosclerosis, Thromb.
Vasc. Biol. 25, 989–994 (2005).

Article https://doi.org/10.1038/s41467-023-38141-0

Nature Communications |         (2023) 14:2523 15

https://trace.ncbi.nlm.nih.gov/Traces/study1/?acc=PRJNA948923


36. Nie, B. et al. Specific bile acids inhibit hepatic fatty acid uptake in
mice. Hepatology 56, 1300–1310 (2012).

37. Himms-Hagen, J. et al. Effect of CL-316,243, a thermogenic beta 3-
agonist, on energy balance and brown and white adipose tissues in
rats.American J. Physiol. 266, R1371–R1382 (1994).

38. de Kloet, A. D. et al. The effect of angiotensin-converting enzyme
inhibition using captopril on energy balance and glucose home-
ostasis. Endocrinology 150, 4114–4123 (2009).

39. Coppey, L., Lu, B., Gerard, C. & Yorek, M. A. Effect of Inhibition of
Angiotensin-Converting Enzyme and/or Neutral Endopeptidase on
Neuropathy in High-Fat-Fed C57Bl/6J Mice. J. Obes. 2012,
326806 (2012).

40. Pang, L. M. et al. Increased circulating bradykinin during hypo-
thermia and cardiopulmonary bypass in children. Circulation 60,
1503–1507 (1979).

41. Sun, Z., Zhang, Z. & Cade, R. Renal responses to chronic cold
exposure. Canadian J. Physiol. Pharmacol. 81, 22–27 (2003).

42. Dufau, J. et al. In vitro and ex vivomodels of adipocytes.American J.
Physiol. Cell Physiol. 320, C822–C841 (2021).

43. Hankir, M. K. et al. Dissociation Between Brown Adipose Tissue (18)
F-FDGUptake and Thermogenesis in Uncoupling Protein 1-Deficient
Mice. J. Nucl. Med. 58, 1100–1103 (2017).

44. Okamatsu-Ogura, Y., Kitao, N., Kimura, K. & Saito,M. Brown fat UCP1
is not involved in the febrile and thermogenic responses to IL-1beta
in mice. American journal of physiology. Endocrinol. Metab. 292,
E1135–E1139 (2007).

45. Inokuma, K. et al. Indispensable role of mitochondrial UCP1 for
antiobesity effect of beta3-adrenergic stimulation.American journal
of physiology. Endocrinol. Metab. 290, E1014–E1021
(2006).

46. Golozoubova, V., Cannon, B. & Nedergaard, J. UCP1 is essential for
adaptive adrenergic nonshivering thermogenesis. American J.
Physiol. Endocrinol. Metab. 291, E350–E357 (2006).

47. Inokuma, K. et al. Uncoupling protein 1 is necessary for
norepinephrine-induced glucose utilization in brown adipose tis-
sue. Diabetes 54, 1385–1391 (2005).

48. Kazak, L. et al. UCP1 deficiency causes brown fat respiratory chain
depletion and sensitizesmitochondria tocalciumoverload-induced
dysfunction. Proc. Natl Acad. Sci.114, 7981–7986
(2017).

49. Peyrou, M. et al. The kallikrein-kinin pathway as a mechanism for
auto-control of brown adipose tissue activity. Nat. Commun. 11,
2132 (2020).

50. Mori, M. A. et al. Kinin B1 receptor deficiency leads to leptin
hypersensitivity and resistance to obesity. Diabetes 57,
1491–1500 (2008).

51. Mori, M. A. et al. Kinin B1 receptor in adipocytes regulates glucose
tolerance and predisposition to obesity. PLoS One. 7,
e44782 (2012).

52. Reis, F. C. et al. Deletion of Kinin B2 Receptor Alters Muscle Meta-
bolism and Exercise Performance. PLoS One. 10, e0134844
(2015).

53. Jimenez, M. et al. Beta(1)/beta(2)/beta(3)-adrenoceptor knockout
mice are obese and cold-sensitive but have normal lipolytic
responses to fasting. FEBS lett. 530, 37–40 (2002).

54. Munoz, C. M. & Leeb-Lundberg, L. M. Receptor-mediated inter-
nalization of bradykinin. DDT1 MF-2 smooth muscle cells process
internalized bradykinin via multiple degradative pathways. J. Biol.
Chem. 267, 303–309 (1992).

55. Grefhorst, A. et al. Multiple effects of cold exposure on livers of
male mice. J. Endocrinol. 238, 91–106 (2018).

56. Fernandes, F. B. et al. Association of Ang-(1-7) and des-Arg(9)BK as
new biomarkers of obesity and cardiometabolic risk factors in
adolescents. Hypertens. Res. 44, 969–977 (2021).

57. Beard, K. M., Lu, H., Ho, K. & Fantus, I. G. Bradykinin augments
insulin-stimulated glucose transport in rat adipocytes via endo-
thelial nitric oxide synthase-mediated inhibition of Jun NH2-
terminal kinase. Diabetes 55, 2678–2687 (2006).

58. Iozzo, P. et al. The interaction of blood flow, insulin, and bradykinin
in regulating glucose uptake in lower-body adipose tissue in lean
and obese subjects. J. Clin. Endocrinol. Metab. 97,
E1192–E1196 (2012).

59. Gustafsson, F., Segura, J. & Ruilope, L. M. How should we manage
heart failure developing in patients already treated with
angiotensin-converting enzyme inhibitors and beta-blockers for
hypertension, diabetes or coronary disease. J. Hyperten. 28,
1595–1598 (2010).

60. Cuddy, L. K. et al. Abeta-accelerated neurodegeneration caused by
Alzheimer’s-associated ACE variant R1279Q is rescued by angio-
tensin system inhibition in mice. Sci. Transl. Med. 12,
eaaz2541 (2020).

61. Tom, B., Dendorfer, A., de Vries, R., Saxena, P. R. & Jan Danser, A. H.
Bradykinin potentiation by ACE inhibitors: a matter of metabolism.
British J. Pharmacol. 137, 276–284 (2002).

62. Wang, Q. et al. Abrogation of hepatic ATP-citrate lyase protects
against fatty liver and ameliorates hyperglycemia in leptin receptor-
deficient mice. Hepatology 49, 1166–1175 (2009).

63. Deng, J. et al. Autophagy inhibition prevents glucocorticoid-
increased adiposity via suppressing BAT whitening. Autophagy 16,
451–465 (2020).

64. Shao, M. et al. Zfp423 Maintains White Adipocyte Identity through
Suppression of the Beige Cell Thermogenic Gene Program. Cell
Metabolism. 23, 1167–1184 (2016).

65. Shao, M. et al. Hepatic IRE1alpha regulates fasting-induced meta-
bolic adaptive programs through the XBP1s-PPARalpha axis sig-
nalling. Nat. Commun. 5, 3528 (2014).

66. Gangnus, T. & Burckhardt, B. B. Targeted LC-MS/MS platform for
the comprehensive determination of peptides in the kallikrein-kinin
system. Analytical Bioana. Chem. 413, 2971–2984 (2021).

67. Nussberger, J. et al. Plasma bradykinin in angio-oedema. Lancet
351, 1693–1697 (1998).

68. Pellacani, A., Brunner, H. R. & Nussberger, J. Plasma kinins increase
after angiotensin-converting enzyme inhibition in human subjects.
Clin. Sci. 87, 567–574 (1994).

69. Chen, Y. W. et al. Preservation of basal AcSDKP attenuates carbon
tetrachloride-induced fibrosis in the rat liver. J. Hepatol. 53,
528–536 (2010).

Acknowledgements
This work was supported by grants from the National Natural Science
Foundation (31830044, 91957207, 82270905, 81970742, 81870592,
82000764, 82170868 and 81970731, 81770852), the National Key R&D
Program of China (2018YFA0800600). Fei Xiao was sponsored by
Shanghai Rising Star Program, Youth Innovation Promotion Association
of CAS and Sanofi-Aventis-SIBS scholarship.

Author contributions
F.X. and H.J. designed and carried out overall experiments, analyzed
data, wrote, reviewed and edited the manuscript. X.J., S.C., H.Y., Y.N.
and S.L. assisted with mouse experiments and cultured cell studies.
Zi.L., Zh.L. and X.X. developed the LC-MS/MS platform to measure the
BK levels. Y.S., B.P., W.L. and X.L. provided research materials and
contributed to discussion. F.G. directed the research, contributed to
discussion, wrote, reviewed and edited the manuscript.

Competing interests
The authors declare no competing interest.

Article https://doi.org/10.1038/s41467-023-38141-0

Nature Communications |         (2023) 14:2523 16



Additional information
Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s41467-023-38141-0.

Correspondence and requests for materials should be addressed to
Feifan Guo.

Peer review informationNature Communications thanks Farnaz Shamsi
and the other, anonymous, reviewers for their contribution to the peer
review of this work.

Reprints and permissions information is available at
http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jur-
isdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2023

Article https://doi.org/10.1038/s41467-023-38141-0

Nature Communications |         (2023) 14:2523 17

https://doi.org/10.1038/s41467-023-38141-0
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Reduced hepatic bradykinin degradation accounts for cold-induced BAT thermogenesis and WAT browning in male mice
	Results
	Serum bradykinin levels are increased and BK is required to sustain the body temperature during acute cold
	Bradykinin increases uncoupling protein 1 (UCP1) expression in BAT and WAT
	Bradykinin upregulates uncoupling protein 1 (UCP1) via the bradykinin receptor B2 (B2R)
	Adrenergic signaling and nitric oxide (NO) signaling are involved in bradykinin-increased UCP1 expression
	Acute cold exposure increases bradykinin contents by decreasing hepatic prolyl endopeptidase (PREP) activity
	Oleic acid decreases prolyl endopeptidase (PREP) activity and increases bradykinin levels
	Angiotensin-converting enzyme inhibitors (ACEIs) induce BAT UCP1 expression and WAT browning via B2R

	Discussion
	Methods
	Mice
	Generation and administration of viruses
	Rectal temperature and infrared image
	Primary cell isolation and treatments
	Measurements of plasma, tissue, and cell parameters
	Mitochondrial function and respiration
	Measurement of [Ca2+]i
	Metabolic parameter measurements
	Prolyl endopeptidase (PREP) enzyme activity assay
	Histological analysis
	RNA extraction, real-time quantitative PCR (RT-qPCR) and RNA-seq analysis
	Immunoblotting and antibodies
	Data analysis and statistics
	Reporting summary

	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




