
RESEARCH ARTICLE
Type 2 diabetic mice enter a state of spontaneous
hibernation-like suspended animation following
accumulation of uric acid
Received for publication, June 17, 2021, and in revised form, August 28, 2021 Published, Papers in Press, September 3, 2021,
https://doi.org/10.1016/j.jbc.2021.101166

Yang Zhao1,‡, Rui Cheng1,‡, Yue Zhao2,‡ , Wenhao Ge1, Yunxia Yang1, Zhao Ding1, Xi Xu1, Zhongqiu Wang3,
Zhenguo Wu4, and Jianfa Zhang1,*
From the 1Center for Molecular Metabolism, Nanjing University of Science & Technology, Nanjing, China; 2Institute of Molecular
and Cell Biology, Agency for Science, Technology and Research (A*STAR), Singapore; 3Affiliated Hospital of Nanjing, University of
Chinese Medicine, Nanjing, China; and 4Division of Life Science, Hong Kong University of Science and Technology, Hong Kong,
China

Edited by Qi-Qun Tang
Hibernation is an example of extreme hypometabolic
behavior. How mammals achieve such a state of suspended
animation remains unclear. Here we show that several strains
of type 2 diabetic mice spontaneously enter into hibernation-
like suspended animation (HLSA) in cold temperatures.
Nondiabetic mice injected with ATP mimic the severe hypo-
thermia analogous to that observed in diabetic mice. We
identified that uric acid, an ATP metabolite, is a key molecular
in the entry of HLSA. Uric acid binds to the Na+ binding pocket
of the Na+/H+ exchanger protein and inhibits its activity,
acidifying the cytoplasm and triggering a drop in metabolic
rate. The suppression of uric acid biosynthesis blocks the
occurrence of HLSA, and hyperuricemic mice induced by
treatment with an uricase inhibitor can spontaneously enter
into HLSA similar to that observed in type 2 diabetic mice. In
rats and dogs, injection of ATP induces a reversible state of
HLSA similar to that seen in mice. However, ATP injection
fails to induce HLSA in pigs due to the lack of their ability to
accumulate uric acid. Our results raise the possibility that
nonhibernating mammals could spontaneously undergo HLSA
upon accumulation of ATP metabolite, uric acid.

Hibernation is a survival strategy characterized by dramatic
decreases in body temperature, heart rate, respiratory rate, and
metabolism rate (1). Despite abnormal biochemical and
physiological constraints, hibernators suffer no apparent injury
due to a dramatic reduction in metabolic requirements (1, 2).
Naturally hibernating animals generally increase their resis-
tance to hypoxia and ischemia (3, 4) and are able to suppress
the apoptotic response (5), maintain an immunosuppressed
state to prevent general inflammation in the body, and survive
a long period with no sign of organ damage (6, 7). The reali-
zation of human hibernation would have critical clinical ap-
plications, including reduced organ damage and long-term
preservation of patients (8, 9).
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Torpor and hibernation are traditionally defined as two
different types of hypometabolic states under natural condi-
tions (10). Different from torpor, animals under hibernation
display much lower body temperatures and metabolic rates
(11). A prominent physiologic and behavioral characteristic of
hibernation is suspended animation, associated with toler-
ance to lethal metabolic rate reduction, bradycardia, and
profound hypothermia (12). Some chemical compounds have
been used to induce a hibernation-like suspended animation
(HLSA) in nonhibernating animals. Hydrogen sulfide (H2S)
experimentally induces suspended animation in mice, and
they will return to normal temperature after H2S removal
(13). However, H2S has been reported to be toxic to the livers
in both animals and humans (14). Another chemical, AMP,
induces a reversible deep hypometabolic state in non-
hibernating mice, which is assumed to be caused by increased
blood 2,3-bisphosphoglycerate and inhibited binding of oxy-
gen to red blood cells (15). In nature, the decline in body
temperature is closely related to the adenosine signal of A1

receptor in the brain (16). The central inhibition of A1 re-
ceptor in the brain reverses the temperature rise of ground
squirrels during hibernation, indicating that adenosine could
play an essential role in adjusting body temperature (16).

The physiological definition of hibernation is not yet clear.
During natural hibernation, glucose metabolism via glycolysis
seems to be strongly suppressed. Inhibition of glycolysis
readily induces hypothermia in a classic hibernator, indicating
that the underlying mechanism of hibernation could be
metabolic suppression (17). Indeed, the ability to replicate this
naturally hibernating status has been achieved using metabolic
inhibitors alone in rodents such as mice and rats (18). Insulin
resistance is significant in the fattening period of hibernating
animals. During the prehibernation period, serum insulin
levels are elevated and maintain a high level in the initial
months of hibernation (19). The actions of chronically high
insulin levels are usually associated with insulin resistance in
type 2 diabetes (T2DM). Lack of insulin response has also been
reported in hibernating dormice and hedgehogs (20, 21). These
observations imply there may be some similar metabolic
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Diabetic mice enter hibernation-like suspended animation
regulation mechanisms between type 2 diabetic mice and hi-
bernating animals.

Here, we found that several strains of type 2 diabetic mice
spontaneously enter into a hibernation-like suspended ani-
mation in cold temperatures. Nondiabetic mice with ATP in-
jection mimic the severe hypothermia state similar to that
observed in the type 2 diabetic mice. We identified that the
accumulation of uric acid from ATP metabolism is an indis-
pensable step in the induction of HLSA. Uric acid is an in-
hibitor of Na+/H+ exchanger, which controls the pH
homeostasis of cytoplasm and influences the activities of a
series of metabolic enzymes. It is well known that uric acid
accumulation is a common feature of animals in long-term
food shortage or fasting (22–25), and natural hibernation al-
ways commences when food is absent or limited (10). Our
results strongly suggest that uric-acid-regulated metabolic
suppression reflects not only a drop of metabolic activity
during the development of T2DM, but also associates the
metabolic regulation mechanism of natural hibernation.
Results

HLSA of the type 2 diabetic mice

Severe hypothermia observed during hibernation is a form
of suspended animation (26). Accumulated evidence indicates
that metabolic suppression must be a key factor to achieve
hibernation (26). Hypometabolic behavior is also the main
feature of T2DM. Therefore, we undertook a study to deter-
mine whether there were differential responses in body tem-
perature (Tb) and locomotive activity while type 2 diabetic
mice with severe metabolic stress were exposed to cold tem-
peratures. Dramatically, the db/db diabetic mice displayed
none of the thermoregulatory defenses when maintained in the
environment with ambient temperatures (Ta) around the
freezing point (0 �C). Tb measurement revealed a rapid decline
accompanied by distinct behavioral responses with physical
inactivity (Fig. 1A, left). About 1–3 h (stage I) after cold
exposure, Tb of mice dropped to 18 ± 0.5 �C, and mice entered
HLSA. In this stage, mice lost the righting reflex when placed
on their backs or sides. The HLSA in type 2 diabetic db/db
mice would last for several hours by adjusting the Ta of 17 ±
0.5 �C (stage II). Then, mice would arouse from HLSA spon-
taneously or be awakened when Ta was adjusted to more than
32 �C. This stage would last for about 2–3 h until the Tb of
mice was close to 36 to 37 �C, and the moving activity was
recovered (stage III). Simultaneously, the Tb in control mice
was within the normal range. These differences were
confirmed by surface thermal imaging (Fig. 1A, right).

The same HLSA has also been observed in HFD-STZ dia-
betic mice, while chow-fed lean control mice maintained a
relatively constant Tb (Fig. 1B). Similarly, diabetic ob/ob mice
entered into HLSA in cold temperatures, while nondiabetic
ob/ob mice tended to reduce Tb and failed to enter into HLSA
(Fig. 1C). During the HLSA in diabetic ob/ob mice, the average
heart rate and respiratory rate also declined to about 69 beats
per minute and 18 times per minute, respectively (Table 1).
Moreover, all groups of type 2 diabetic mice showed a severe
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decrease in spontaneous locomotive activity compared with
control mice (Fig. 1, D–F). While oxygen consumption was
relatively stable in control mice in cold temperatures, all type
2 diabetic mice decreased oxygen consumption accompanied
by the drop in Tb (Fig. 1, G–I). These observations indicated
that laboratory type 2 diabetic mouse models are capable of
entering a suspended animation state similar to that observed
in hibernators.

ATP induces HLSA in mice

The above observations could be explained by a changed
metabolite that acted as a metabolic repressor in type 2 dia-
betic mice. We reasoned that the putative metabolic repressor,
when injected into wild-type mice under cold exposure, should
induce HLSA as observed in diabetic mice. Then we investi-
gated whether endogenous energy molecules in diabetic mice
were different from those in nondiabetic mice. HPLC analysis
revealed that ATP metabolites, including hypoxanthine,
xanthine, and uric acid, were elevated in the plasma and livers
of diabetic ob/ob mice compared with nondiabetic ob/ob mice
(Fig. 2, A–D). We hypothesized that the changes in endoge-
nous energy molecules must be a key factor to achieve HLSA
in diabetic mice.

Therefore, we undertook a study to determine whether
there were differential responses in Tb while administrating
endogenous energy molecules in animals. The wild-type mice
were given adenosine triphosphate (ATP 2Na salt) and then
maintained at 4 �C of Ta. They displayed no thermoregulatory
defenses as observed in diabetic mice under cold exposure. Tb

measurement revealed a rapid decline accompanied by distinct
physical inactivity (Fig. 2E). About 30 min (stage I) after ATP
injection, Tb dropped to 16 ± 0.5 �C, and mice entered the
HLSA (stage II). Tb drop caused by ATP was clearly detected
with an infrared thermometer (Fig. 2F), and a severe decrease
of locomotive activity compared with control mice was
measured by a radio frequency receiver platform (Fig. 2G).
HLSA would last for about 6–8 h. Then, mice would arouse
from HLSA spontaneously or be awakened when Ta was
adjusted to 25 �C, and the moving activity was recovered (stage
III). The changes in oxygen consumption corresponded with
the major decline in Tb (Fig. 2H). During the HLSA in mice,
the average heart rate and respiratory rate also declined to
about 85 beats per minute and 13 times per minute, respec-
tively (Table 2). The concentrations of ATP are important for
entering HLSA. With the increase of ATP dosage, the entry
time of HLSA was shortened (Fig. 2I). Together, these studies
showed that ATP is a signaling molecule that can activate
HLSA, which is used as a mechanism for energy conservation.

ATP-induced HLSA is independent of purinergic receptors

Next, we compared the effects of ATP and its downstream
products, AMP and adenosine, on the induction of hypo-
thermia. At a Ta of about 4 �C, ATP induced 100% of mice to
HLSA, while AMP and adenosine were about 80% and 60%,
respectively (Fig. 3A). The HLSA entry time of ATP was
shorter than that of AMP and adenosine (Fig. 3B). In order to



Table 1
Changes in heart rate and respiratory rate in nondiabetic ob/ob mice
and diabetic ob/ob mice after cold treatment

Group Heart rate (bpma) Respiratory rate (bpmb)

Nondiabetic ob/ob (N = 6) 473 ± 66 85 ± 21
Diabetic ob/ob (N = 6) 69 ± 11** 18 ± 7**

Data were presented as mean ± SD (Student’s t test: **p < 0.01).
a Beats per minute.
b Breaths per minute.

A B C

D E F

G H I

0

20

40

60

80
Db/db
Lean

0 2 4 6

Ac
tiv

ity

8
Time (h)

10

20

40

60
Ac

tiv
ity

0
0 2 6 8 10

HFD+STZ
Chow80

Time (h)
4

8

0

2

4

6

VO
2 

(L
kg

-1
h-1

)

0 2 4 6 8

HFD+STZ
Chow

Time (h)
10

8

20

40

60

80

Ac
tiv

ity

0
0 2 4 6 8

Diabetic ob/ob
Non-diabetic ob/ob

Time (h)
10

0

2

4

6

8

VO
2 

(L
kg

-1
h-1

)
0 2 4 6 8

Diabetic ob/ob
Non-diabetic ob/ob

Time (h)
10

15
20
25

30
35
40 Diabetic ob/ob

Non-diabetic ob/ob

0 2 4 6 8

T b
(

)

Time (h)
10

I II III
10

15
20
25
30
35
40 HFD+STZ

Chow

0 2 4 6 8

T b
(

)

Time (h)

I II III

Db/db
Lean

0 42 6 10

15
20
25
30
35
40 

T b
(

)

Time (h)
8

I II III

0

2

4

6

VO
2 

(L
kg

-1
h-1

)

0 2 4 6 10

Db/db
Lean

Time (h)
8

1637 0

37.1 

18.2 18.7 

37.7 3373737377337373773337373733333737373733737373737373737373777733737773333373777........77777777777777777777777777777737.3 

1637 0

28.1 

18.3 

1637 0

Figure 1. Cold exposure induces a hibernation-like suspended animation in diabetic mice but not in nondiabetic mice. A, simultaneous mea-
surements of body temperature (Tb) in db/db mice or lean mice after cold treatment. Data were presented as mean ± range (N = 6). Thermal images
showing surface temperature difference at 3 h after cold treatment. The dashed line represents the division between stages. Scale bar: 2 cm. Stage I:
induction stage; Stage II: maintenance stage; Stage III: awakening stage. B, simultaneous measurements of Tb in mice fed chow or mice fed HFD and treated
with STZ after cold treatment. Data were presented as mean ± range (N = 6). Thermal images showing surface temperature difference at 3 h after cold
treatment. Scale bar: 2 cm. C, simultaneous measurements of Tb in diabetic mice or nondiabetic ob/ob mice after cold treatment. Data were presented as
mean ± range (N = 6). Thermal images showing surface temperature difference at 3 h after cold treatment. Scale bar: 2 cm. D–F, gross motor activity
between db/db mice and lean mice (D), HFD-STZ mice and chow-fed control mice (E), diabetic ob/ob mice, and nondiabetic ob/ob mice (F). The dashed line
indicates cold exposure onset. G–I, O2 consumption between db/db mice and lean mice (G), HFD-STZ mice and chow-fed control mice (H), diabetic ob/ob
mice, and nondiabetic ob/ob mice (I). The dashed line indicates cold exposure onset. Data were presented as mean ± SD (N = 6).
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determine whether the specific role of ATP was performed by
its receptor P2X or P2Y, we used the antagonists of P2X and
P2Y. While P2X antagonist pyridoxalphosphate-6-azophenyl-
20,40-disulfonic acid (PPADS) had no effect on the induction of
ATP, the antagonist of P2Y receptor suramin significantly
prolonged the induction period of ATP (Fig. 3C). However, no
matter how high the dose of suramin is, it could not
completely block mice from ATP-induced HLSA.

Plasma ATP can be rapidly degraded to ADP, AMP, and
then adenosine. To investigate whether ATP induces HLSA
via the adenosine receptors, ATP was administered to mice
deficient in A1, A2a, A2b, and A3 adenosine receptors, respec-
tively. Figure 3D showed that ATP induced HLSA in all
adenosine receptor knockout mice. Next, we detected that the
metabolites of ATP were elevated in the plasma and livers of
ATP-treated mice at 1 h after the injection. As observed in
type 2 diabetic mice, ATP led to the accumulation of a large
number of intermediate and terminal metabolites, including
hypoxanthine, xanthine, and uric acid, in the plasma and livers
of mice (Fig. 3, E–H). These data implied that the accumula-
tions of ATP metabolites might play a role in ATP-induced
HLSA.

ATP metabolites acidify cytoplasm

Because ATP-induced hypothermia is immediate, we
reasoned that ATP action in this process was very fast, and it
could not be achieved through complex regulation of gene and
protein expression, although some of them may have a rapid
J. Biol. Chem. (2021) 297(4) 101166 3
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Figure 2. Elevated nucleotide levels in diabetic mice and ATP can induce HLSA in wild-type mice. A and B, quantification of adenine nucleotides (A)
and adenine nucleotide metabolites (ANMs) (B), including inosine, hypoxanthine (Hyp), xanthine (Xan), and uric acid (UA), in the plasma of diabetic ob/ob
mice compared with nondiabetic ob/ob mice. Data were presented as mean ± SD (N = 6; Student’s t test: *p < 0.05, **p < 0.01). C and D, quantification of
adenine nucleotides (C) and ANMs (D), including adenosine (Ado), Hyp, Xan, and UA, in the liver of diabetic ob/ob mice, compared with nondiabetic ob/ob
mice. Data were presented as mean ± SD (N = 6; Student’s t test: *p < 0.05, **p < 0.01). E, Simultaneous measurements of Tb of mice given ATP (0.5 mg/g,
i.p., indicated by a down arrow, red) or saline (black). Data were presented as mean ± range (N = 6). F, representative real-time photographs and digital
infrared thermal images of mice after ATP injection. Scale bar: 2 cm. G and H, activity levels (G) and O2 consumption (H) after injection of ATP or saline. Data
were presented as mean ± SD (N = 6). I, the entry time of HLSA induced by different ATP doses. Data were presented as mean ± SD (N = 6; ANOVA:
*p < 0.05).

Diabetic mice enter hibernation-like suspended animation

4 J. Biol. Chem. (2021) 297(4) 101166



Table 2
Changes in heart rate and respiratory rate in control mice and mice
under HLSA state

Group Heart rate (bpma) Respiratory rate (bpmb)

Control (N = 10) 552 ± 87 91 ± 13
HLSA (N = 10) 85 ± 8** 13 ± 5**

Data were presented as mean ± SD (Student’s t test: **p < 0.01).
a Beats per minute.
b Breaths per minute.

Diabetic mice enter hibernation-like suspended animation
response. Then, we investigated whether exogenous nucleo-
tides immediately changed the metabolic environment, such as
intracellular pH. Figure 4A showed representative pseudo-
colored ratio images of intracellular pH value. The results
revealed that ATP metabolites, including adenosine, hypo-
xanthine, xanthine, and uric acid, acidified cytoplasm with
different efficiency, and uric acid is the most effective for
cytoplasm acidification. Then, several metabolic enzymes
would be impaired or lost their catalytic activity. Glucokinase
and phosphofructokinase are two rate-limiting enzymes of
glycolysis. The activities of these enzymes decreased with the
decline of pH (Fig. 4, B and C). Fluorescence intensity assay
revealed that glucose uptake was also significantly impaired
with uric acid incubation in cultural cells (Fig. 4, D and E).

Since uric acid is the most effective inducer of intracel-
lular acidification and the elevation in UA level and the
decrease in body temperature occurred simultaneously
(Fig. S1), we investigated whether the inhibition of uric acid
accumulation influenced HLSA in mice. Xanthine oxidase is
required to participate in the biosynthesis of uric acid.
Surprisingly, when mice were pretreated with the inhibitors
of xanthine oxidase, febuxostat, or allopurinol, ATP failed to
induce mice to HLSA (Fig. 4, F and G), nor could diabetic
db/db mice (Fig. S2). These pretreated diabetic mice lost the
ability to enter stage II and recovered to normal Tb or died
within 1–2 h during stage I. Moreover, mice pretreated with
a uricase inhibitor potassium oxonate for 7 days developed
hyperuricemia and could spontaneously enter into HLSA
under cold exposure (Fig. S3). These studies indicated that
uric acid suppresses metabolic rate by acidifying cytoplasm,
and uric acid is indispensable during ATP-induced HLSA in
mice.
Uric acid is an endogenous inhibitor of Na+/H+ exchanger

To identify the target of uric acid acidifying cell, the rela-
tionship between uric acid and the Na+/H+ exchanger activity
was investigated. The Na+/H+ exchanger is a key regulator of
cellular pH homeostasis. Interestingly, uric acid inhibited the
activity of Na+/H+ exchangers in a dose-dependent manner.
(Fig. 5, A–C). Na+/H+ exchanger 1 (NHE1) is one of the most
important isoforms of Na+/H+ exchanger and is ubiquitously
distributed throughout the plasma membrane of virtually all
tissues. We investigated whether uric acid could interact with
NHE1 proteins. The structure of the transmembrane segments
of NHE1 was predicted according to Phyre2 homology
modeling portal. We then conducted the molecular docking by
AutoDock4.2 software. According to the molecular docking
prediction, uric acid displayed a high binding affinity to the
extracellular Na+-binding site of NHE1 protein, and the crucial
amino acids involved in the NHE1-uric acid binding are
SER161, PHE164, PHE165, and PHE467 (Fig. 5D). Then,
knockout of the possible uric acid-binding domain (15 amino
acid residues from position 156–170) was implemented by
overlap extension PCR (Fig. 5E). A microscale thermophoresis
assay verified that uric acid was able to bind to NHE1 (Fig. 5F).
Nontransfected NIH3T3 cells were used to verify the absence
of binding with a nonrelevant mCherry-fused protein, which
was undetectable in undiluted lysates. The binding between
NHE1 and uric acid was virtually abolished when this putative
binding region was mutated (Fig. 5G).

Moreover, in the AML12 cells transfected with specific
siRNA targeting NHE1, the initial pHi value was decreased,
and the decrease of pHi triggered by uric acid was dampened
(Fig. 5H, upper panel). The sequence-optimized NHE1-WT
constructs, but not NHE1-mutant, rescued the effects of
intracellular acidification reduced by NHE1-siRNA (Fig. 5H,
middle and lower panels). Interestingly, the wild-type mice
injected intravenously with zoniporide hydrochloride hydrate,
a selective inhibitor of NHE1, were successfully induced into
HLSA (Fig. S4). Together, these studies indicated that the
primary role of uric acid is as an endogenous inhibitor of
Na+/H+ exchanger.
Mice undergone HLSA have no systemic inflammation or
organ damage

To determine whether the mice under HLSA or recovery
from HLSA (R-HLSA) have systemic inflammation or organ
damages, we evaluated plasma levels of MMP-1, IL-1β, and
CRP by ELISA. There were no statistically significant differ-
ences in MMP-1, IL-1β, and CRP levels between the HLSA,
R-HLSA, and control groups (Fig. 6A, upper left panel). In
order to assess the heart, kidney, and liver functions, we
measured the plasma levels of creatine kinase-MB (CK-MB),
creatinine, blood urea nitrogen (BUN), aspartate aminotrans-
ferase (AST), and alanine aminotransferase (ALT) in all
groups. Using plasma CK-MB as a marker of heart injury, we
observed no significant increase in plasma CK-MB in the
HLSA and R-HLSA groups compared with the control group
(Fig. 6A, upper right panel). The levels of BUN and creatinine
in plasma increased slightly in HLSA and dropped to the
normal range in R-HLSA (Fig. 6A, lower left panel). It should
be noted that the HLSA-mediated elevations in plasma AST
and ALT compared with the control mice were small and
likely represented no damage to liver tissue (Fig. 6A, lower
right panel). Measurements of water and food consumption
were performed 3 days before and 3 days after a single ATP-
induced HLSA, respectively, and there was virtually no
change (Fig. 6B, upper panel).

Then, we utilized metabolomics to investigate the metabolic
changes in the circulation and main organs during and after
HLSA. The PCA analysis was performed on the metabolic
J. Biol. Chem. (2021) 297(4) 101166 5
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Student’s t test: *p < 0.05; **p < 0.01). G and H, quantification of adenine nucleotides (G) and ANMs (H), including Ado, Hyp, Xan, and UA in the liver of ATP-
treated wild-type mice compared with saline-treated control mice. Data were presented as mean ± SD (N = 6; Student’s t test: *p < 0.05; **p < 0.01).
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profiles of the control, HLSA, and R-HLSA groups. In the PCA
score plots from the plasma, liver, kidney, and brain (Fig. 6B,
lower panel), the HLSA group was well separated from the
control group, while the R-HLSA group and control group
clustered together, revealing that with the recovery of Tb, mice
can quickly recover from HLSA-induced metabolic distur-
bance without apparent damage. The corresponding
coefficient-coded loading plots (Figs. S5–S8) also elucidated
that mice could quickly recover from HLSA-induced meta-
bolic disturbance to their normal status.

To observe the influence of the ATP-induced HLSA on the
immune system, flow cytometric analysis of the draining
lymph nodes and spleens was performed after mice underwent
HLSA once a day for 10 consecutive days. There was no
change in the percentages of immature T cells in the lymph
nodes (Fig. 6C) and the spleens (Fig. 6D). Together, these re-
sults demonstrated that ATP-induced HLSA has no systemic
inflammation or organ damage.
ATP induces HLSA in rats and dogs

Next, we investigated the effects of ATP in other mammals.
Rats were injected with ATP and then maintained at a Ta of
about 4 �C. The behavior response of rats during HLSA was
similar to that observed in mice. However, the time of entering
HLSA is about 2.5–3 h (stage I) in rats, compared with 0.5 h in
mice (Fig. 7A). The Tb of rats in HLSA was close to 16 �C, as
same as that of mice. Then, we transferred these rats to a Ta of
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about 15 �C. The rats would keep HLSA for 6–8 h (stage II).
The rats were then awakened by being moved to a Ta of 25 �C.
After 3–4 h (stage III), the Tb of the rats would recover to close
to 37 �C (Fig. 7B). The time of stage III in mice is about 2–3 h.
The rats in stage II could also awaken by elevating Ta at any
required time. For dogs, they must be shaved off prior to ATP
injection. Shaved dogs were injected with ATP and maintained
at a Ta of about 4 �C (Fig. 7C). After 1.5–2 h (stage I), the dogs
would enter the HLSA similar to that observed in rats and
mice. The Tb of dogs in HLSA was about 18–20 �C. Then, we
transferred the dogs to a Ta of 10 �C. The dogs could maintain
HLSA for 8–10 h (stage II). The dogs during stage II could not
spontaneously arouse at Ta of 10 �C. However, while the dogs
were transferred to a Ta of 25–30 �C, their Tb would recover to
about 37 �C within 8–10 h (stage III, Table S1). Especially,
when injected with ATP (0.5 μmol/g BW) intraperitoneally at
4 �C, the pigs only reduced their Tb to 32–33 �C and remained
active for several hours (Fig. 7D). Pigs injected with ATP
10 J. Biol. Chem. (2021) 297(4) 101166
(1 μmol/g BW) at 4 �C would die within 8–12 h. ATP could
not induce pig to HLSA.
Discussion

Type 2 diabetes and hibernation are two different patho-
logical and physiological phenomena. However, both of them
have a common metabolic characteristic that glucose utiliza-
tion is seriously inhibited. Hibernators are considered a
remarkable model for reversible insulin resistance (27). Many
hibernators naturally undergo a massive increase in body fat
storage before the hibernation season and, to a large extent,
rely on triglycerides in white adipose tissue as an energy source
in winter (28, 29). For fat-storing hibernators, reduced meta-
bolic rate and body temperature are also accompanied by shifts
of fuel utilization and energy-generating pathways from the
utilization of carbohydrates to the utilization of fat (26, 30, 31).
In T2DM, the actions of chronically high insulin levels are
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usually associated with insulin resistance, and metabolic
reprogramming results in alterations in fuel utilization (32, 33).
The uncoupling of glycolysis from glucose oxidation and
increased fatty acid oxidation are considered specific metabolic
changes of T2DM. Thus, there is a reasonable physiological
and metabolic basis for type 2 diabetic animals to enter a
spontaneous HLSA in cold temperatures.

Persistently elevated blood nucleotide levels and constant
purinergic signaling may play a pathophysiological role in the
development of T2DM (34). Analysis of the relationship be-
tween circulating nucleotide concentrations and clinical
measures of T2DM demonstrate that changes in nucleotide
metabolism are direct metabolic consequences of the disease
and do not result from secondary complications (34). High
nucleotide levels observed in some morbidly obese subjects
seem to be associated with the initial stage of insulin resistance
(35). Uric acid is the ultimate product of purine metabolism in
the human body. A close association between serum uric acid
and abnormal glycometabolism has been well built (36, 37).
The current analyses suggest that elevated serum uric acid
concentrations have been positively associated with the
development of T2DM (37, 38). In our present study, uric acid
is an inhibitor of Na+/H+ exchanger, which directly regulates
cell pH homeostasis. Acidifying cell suppresses the metabolic
rate through influencing a series of metabolic enzymes. The
suppression of uric acid biosynthesis blocks the occurrence of
HLSA in both type 2 diabetic mice and ATP-treated wild-type
mice, suggesting a crucial role of uric acid in the induction of
HLSA. On the other hand, ATP interaction with P2 receptors
to acidify cellular plasma also plays a partial role in the in-
duction of HLSA. Thus, the entry time of ATP in inducing
hibernation is shorter than that of AMP and adenosine. A
previous investigation shows that pyruvate, an energy-rich
metabolic intermediate, induces hypothermia in diet-induced
obese mice (39), which relies on adenosine receptors and
GABA signaling. Nevertheless, in our present ATP-induced
HLSA, it seems adenosine receptor signaling is not a key
trigger. Uric acid accumulation did not influence GABA levels
in the cerebral hemisphere, cerebellum, and the medulla
oblongata (40, 41). Several regions in the mammalian brain
have been implicated in coordinating temperature regulation
for the entrance into a hibernation-like state (42–44). While
UA generally displays inhibitory effects of metabolism in pe-
ripheral tissues, it will be interesting to see whether it affects
the thermoregulatory center in the brain.

The fact that ATP fails to induce pig to HLSA further
supports our conclusion that higher levels of uric acid accu-
mulation are essential in metabolic suppression. In pigs, uric
acid is not a terminal product of ATP, and xanthine oxidase is
required to participate in the production of uric acid, which is
then metabolized to allantoin by uricase (45). The level of
xanthine oxidase in pigs is very low, but the activity of uricase
is quite high (46–49). Therefore, it is difficult to accumulate
uric acid in pigs. Unlike uric acid, allantoin could not acidify
cytoplasm (Fig. S9). In mice and rats, the levels of xanthine
oxidase are thousands of times higher than that in pigs, and the
levels of uricase are similar to that in pigs (46, 47, 50–52).
Thus, uric acid accumulates sharply following ATP injection in
these animals. For humans and primates, uricase is absent in
the evolutionary process. Uric acid is a final product from
purine derivatives in humans and primates (53), indicating a
possibility that ATP induces these large mammals into HLSA.

In natural hibernation, food shortage and reduced ambient
temperature are two essential factors for entering an energy-
conserving torpid state. For animals that have been deprived
of food for a long time, their serum uric acid levels will in-
crease (22). Plasma uric acid levels increased in fasting em-
peror penguins, accompanied by a lower level of locomotor
activity (23). Spontaneously fasting birds increased their serum
uric acid levels during migratory flight (24). It was reported
that plasma levels of uric acid were increased in human un-
dergoing 10 days of fasting (25), and increased urate in plasma
has also been reported in hibernating bears and snakes (54,
55). Therefore, our results strongly suggest that uric-acid-
modulated metabolic suppression may, at least in part,
reflect a metabolic regulation mechanism during the early
stage of natural hibernation when food is absent.

In summary, we uncover a mechanism of deep metabolic
suppression (Fig. 7E) and describe a procedure for controlling
suspended animation of nonhibernating mammals, including
mice, rats, and dogs. The underlying mechanism of uric-acid-
regulated metabolic suppression in T2DM is similar to that of
natural hibernation. While humans are nonhibernators, the
ability to undertake suspended animation could be preserved.
Currently, mild hypothermia is an important clinical tool since
cells have reduced metabolic activity and will survive longer
under hypoxia stress (56). Potentially, severe hypothermia, as
described here, could produce additional protection from
hypoxia stress.

Experimental procedures

Experimental animals

We used male, 10–12-week-old C57BL/6 wild-type mice, ob/
ob diabetic, and nondiabetic mice, C57BL/Ks db/db diabetic
mice, and HFD-STZ-induced T2DM mice. Male adenosine re-
ceptor A1−/−, A2a−/−, A2b−/−, and A3−/− mice aged 8–10 weeks
were also used in this study. Male Sprague-Dawley rats were
between 8 and 10 weeks old. Four Beagle dogs (two male/two
female) aged 0.8–1 year and weighing 6.8–10 kg were included.
Six pigs (three male/three female) aged 5–6 months weighing
15–20 kg were used. All animals were housed in a standard
animal facility (ambient temperature, 22 �C–25 �C; relative hu-
midity, 40%–60%) under a 12-h/12-h light/dark cycle and pro-
vided with standardized food and water. Mice or rats were
housed two per cage unless otherwise specified. Beagle dogs or
pigs were group-housed dependent on gender. All animal care
and use procedures were approved by Institutional Animal Care
and Use Committee at Nanjing University of Science and
Technology (ACUC-NUST-20180012).

HLSA induction

For mice and rats, each animal was placed in an individual
precooled cage with standard chow and water in a
J. Biol. Chem. (2021) 297(4) 101166 11
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temperature-controlled chamber (LRH-500CL, Shanghai
Yiheng Scientific Instrument Co, Ltd; 0 �C for type 2 diabetic
mice and hyperuricemic mice, 4 �C for drug-induced nondi-
abetic mice and rats). The chamber temperature was imme-
diately set at an appropriate temperature (17 �C for type
2 diabetic mice, 15 �C for nondiabetic mice or rats; heating
rate: 8 �C/min) once the animals were losing righting reflex.
For the recovery stage, animals can arouse spontaneously or
under warm conditions (32 �C for type 2 diabetic mice, 25 �C
for mice; heating rate: 8 �C/min). For beagles and pigs, each
animal was first placed in an individual cage in a temperature-
controlled ice room (4 �C). Once the beagles were losing
righting reflex, the room temperature was immediately set at
10 �C. For the recovery of beagles, animals were removed to a
warm animal facility (25–30 �C). Specially, the whole trunk
hairs of rats and beagles were removed by electrical shaving
with isoflurane anesthesia 2 days prior to the experiments. The
shaved rats and beagles were remained on a heating pad and
returned to their standard animal facility only after full re-
covery of body temperature and motor activity. All experi-
ments started at about 8:00 AM and were performed under
light illumination. Unsacrificed dogs and pigs were returned to
the animal center to continue breeding.

Hyperuricemic model establishment

The mice hyperuricemic models were established as
described previously (57). Briefly, C57BL/6 mice were injected
intraperitoneally with potassium oxonate (Sigma, catalog no.
156124, 100 mg/kg) and inoculated orally with hypoxanthine
(Sigma, catalog no. H9377, 600 mg/kg) at meantime for 7
consecutive days. HLSA induction was performed on the
eighth day.

Measurements of core body temperature, heart rate, and
respiratory rate

Core body temperatures were recorded with a rectal probe
connected to a digital thermometer (BAT-12, Microprobe-
Thermometer, Physitemp, NJ, US). Infrared images were
recorded with an infrared camera (HT-18, Handheld-
Infrared-Thermal-Imaging-Camera, Hti). Heart rates and
respiratory rates were monitored via the Small Animal
Physiological Monitoring System (75–1500, Harvard Appa-
ratus Inc).

Measurements of locomotor activity and oxygen consumption

Locomotor activity and oxygen consumption were moni-
tored using four VersaMax Animal Activity Monitors
(AccuScan Instruments) combined with Fusion Metabolic
System (AccuScan Instruments), each consisting of a Plexiglas
chamber (40 cm × 40 cm × 30.5 cm). Plexiglas chambers were
placed in a temperature-controlled chamber (LRH-500CL,
Shanghai Yiheng Scientific Instrument Co, Ltd). A constant
airflow (0.5 l/min) was drawn through the chamber and
monitored using a metabolic monitor (AccuScan In-
struments). The oxygen consumption rate was assessed at
10-min intervals.
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Drug administration

ATP disodium salt hydrate (Sigma, catalog no. A1852), 50-
AMP sodium salt (Sigma, catalog no. A1752), and adenosine
(Sigma, catalog no. A9251) were administered by intraperito-
neal injection (1 μmol in PBS/g body weight). To study the role
of P2X and P2Y receptor activation in ATP-induced HLSA,
Suramin sodium salt (MCE, catalog no. HY-B0879A) and
PPADS tetrasodium (MCE, catalog no. HY-101044) were
injected intraperitoneally 1 h prior to ATP treatment. (suramin
sodium salt, 75 mmol in PBS/kg; PPADS tetrasodium,
140 mmol in PBS/kg). To study the role of uric acid accu-
mulation in HLSA, allopurinol (MCE, catalog no. HY-B0219,
20 mg/kg) or febuxostat (Beyotime Biotechnology, catalog
no. SF1114, 5 mg/kg) was injected intraperitoneally 1 h prior
to ATP treatment. For db/db diabetic mice, allopurinol
(20 mg/kg) or febuxostat (5 mg/kg) was injected intraperito-
neally for 4 consecutive days, then exposed to the cold 1 h after
the last injection. Allopurinol and febuxostat were dissolved in
DMSO, diluted in sterile saline to a final value of DMSO
<10%. To study whether the inhibitor of NHE1 can induce
HLSA, zoniporide hydrochloride hydrate (MCE, catalog no.
HY-105064D, 4 mg/kg) was injected via the tail vein, and then
mice were exposed to cold.

Tissue and blood sampling

Mice were euthanized by cervical dislocation. Blood was
collected from the carotid arteries in anticoagulant tubes
containing a stop solution (0.2 mmol/l dipyridamole, 5 mmol/l
erythro-9-(2-hydroxy-3-nonyl)-adenine, and 4.2 mmol/l
EDTA) (58). Then organs were removed and freeze-clamped
in liquid nitrogen within 5 s. Blood samples were immedi-
ately centrifuged at 3000g for 5 min at 20 �C. The plasma
samples obtained were and then stored on ice and immediately
used in the experiments.

HPLC analysis of nucleotides and the metabolites

Mouse organs and the plasma samples were homogenized
using ice-cold 0.4 mol/l perchloric acid. Samples were
analyzed using HPLC (Waters 1525 System; Millipore) on a
reversed-phase C18 column as described previously (58, 59).
The mobile phases are Buffer A (150 mM KH2PO4, 150 mM
KCl, pH 6.0) and Buffer B (150 mM KH2PO4, 150 mM KCl,
15% acetonitrile, pH 6.0). Pure nucleotides and metabolites
were used to identify the peaks and obtain the calibration
curves. Nucleotides and their metabolites were quantitated
based on the peak area compared with a standard curve and
normalized to the protein content of frozen tissues.

Cell culture

AML12 cell lines were cultured in DMEM/F12 medium
(Gibco) supplemented with 10% fetal bovine serum (FBS)
(Gibco), 1% Insulin-Transferrin-Selenium (Gibco), 40 ng/ml
dexamethasone (Sigma Aldrich), and 1% penicillin-
streptomycin under humidified and 5% CO2 conditions.
NIH3T3 cell lines were cultured in DMEM medium (Gibco)
supplemented with 10% fetal bovine serum (FBS) (Gibco) and
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1% penicillin-streptomycin under humidified and 5% CO2

conditions.

Glucose uptake

Glucose uptake assay was performed by using 2-NBDG (60).
Briefly, Aml12 cells seeded in 24-well were treated with ATP.
Then the medium was removed. The wells were added 2-
NBDG (100 mg/ml) in a serum-free low glucose DMEM me-
dium for 20 min at 37 �C. The cells were examined, and
photographs were obtained with a fluorescence microscope
(Nikon). The fluorescence intensity of 2-NBDG was recorded
in the FL1 channel by using a FACScan laser flow cytometer
(NovoCyte). Data from 10,000 single-cell events were
collected.

Intracellular pH measurement

The measurements of intracellular pH (pHi) were performed
as previously described, with modification (61). AML12 cells
were used and stained with Hanks’ buffered saline solution
(HBSS) solution containing 1 μmol/l (20,70-bis-[carboxyethyl]-
5-[and-6]-carboxyfluores-cein)-tetraacetoxymethyl ester
(BCECF-AM) for 20 min at 37 �C, and then rinsing the cells
three times with dye-free solution. Then the cells were perfused
with HBSS, and chemicals were added via a whole chamber
perfusion system (KSX-Type1, Tokai Hit Co). pHi measure-
ments were performed at 37 �C using a fluorescence micro-
scope (Nikon). BCECF fluorescence was excited at 490 nm and
440 nm, and emitted fluorescence was measured at 530 nm.
The F490/F440 emission ratio was converted to a pH scale
according to the nigericin technique.

Detection of Na+/H+ exchanger activity

AML12 cells were acidified with 20 mmol/l propionate
replacing 20 mmol/l NaCl (62). The solutions used in the
Na+/H+ exchanger activity measurements were composed of
(in mM) as described earlier: NaCl 145, K2HPO4 1.6, KH2PO4

0.4, Ca-gluconate 1.3, MgCl2 1, and D-glucose 5; pH was
adjusted to 7.4.

GK and PFK activity assays

GK and PFK activities in the liver extract were determined
using a spectrophotometric enzymatic cycling assay kits
(Solarbio) according to the manufacturer’s instructions.

Homology modeling and docking

Human NHE1 (uniprot P19634, gene SLC9A1) secondary
structure and transmembrane domain topology were predicted
using Phyre2 homology modeling portal (http://www.sbg.bio.
ic.ac.uk/phyre2) as described previously (63). The resulting
model of NHE1 with PDB 4CZB as a template comprised
amino acids 100–500, which is the transmembrane domain
that contains 12 transmembrane helices. Autodock software
(AutoDock 4.2) was used to perform protein compound
docking analysis. Docking grid boxes were first set as the
complete model of the NHE protein. Docking results indicate
that UA is bound inside the Na+ binding pocket. The com-
pounds were redocked with the specific binding to the Na+-
binding pocket in order to achieve a more precise docking
result. Molecular docking results were illustrated using the
PyMol molecular graphic program.

mCherry-NHE1 constructs and fragment knockout

The sequence for the human NHE1 (uniprot P19634, gene
SLC9A1) protein was obtained from Uniprot. DNA sequence
was cloned into the pmCherry-N1 vector using the appropriate
restriction sites with kanamycin resistance genes. The
knockout of the possible UA-binding domain (15 amino acid
residues from position 156–170) was generated by overlap
extension PCR. The PCR primers were as follows: NHE1P1-F-
EcoRI: GAA TTC GCC ACC ATG GTG CTG CGC A;
NHE1P1-R: TAG CCG GCG TCC AGA ATA ATA GGT GTC
TCG CCC ACG CCC TTG ATG A; NHE1P2-F: TCA TCA
AGG GCG TGG GCG AGA CAC CTA TTA TTC TGG ACG
CCG GCT A; NHE1P2-R-BamHI: TTA AGG ATC CCG AGA
GCC TCC TCC. Mutant constructs were confirmed by DNA
sequence analysis.

Membrane protein preparation and MST analysis

pmCherry-N1 plasmids encoding NHE1 or NHE1 mutant
were transfected into NIH3T3 cells using Lip2000 transfection
kit (Invitrogen) according to the manufacture’s protocol.
Transfected cells were harvested 48 h. The cell membrane
protein extraction was performed according to the kit of
Membrane and Cytosol Protein Extraction Kit (Beyotime
Biotechnology, #P0033). MST experiments were performed on
a Monolith NT.115 system (NanoTemper Monolith NT.115)
using 20% excitation power and 90% MST-Power. Subse-
quently, 5 μl of membrane protein extraction was mixed ho-
mogeneously with 5 μl MST buffer dissolved with UA. After a
short incubation, the samples were loaded into MST standard
treated glass capillaries for MST analysis as described above.
Each ligand-binding curve was measured at least three inde-
pendently pipetted measurements.

NHE1 gene silencing and rescue

To knock down endogenous NHE1, Aml12 cells were
transfected with siRNA-NHE1 using Lipofectamine 2000 agent
(Invitrogen) as recommended by the manufacturer’s guide-
lines. NHE1 knockdown was rescued by cotransfecting of the
pcDNA3.1 plasmid carrying a sequence-optimized NHE1-WT
or NHE1-mutant gene. Briefly, Aml12 cells were cultured in
35 mm dishes (3 × 104 cells). Before transfection, cells were
washed three times with PBS to remove any residual serum,
and the medium was replaced with Opti-MEM (Gibco). siRNA
or pcDNA3.1 was added in Opti-MEM and then mixed with
Opti-MEM containing Lipofectamine 2000. The transfection
complexes were directly added to each well. After 6 h of in-
cubation, the medium containing transfection complexes was
removed and changed with a fresh medium. Cells were further
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incubated for 48 h and stained for intracellular pH
measurement.

Plasma biochemistry and cytokine assay

Plasma CK-MB, creatinine, BUN, AST, and ALT activities
were measured by a spectrophotometric enzyme cycle assay kit
(Jiancheng) according to the manufacturer’s instructions.
Serum MMP-1, IL-1β, and CRP levels were measured by
enzyme-linked immunosorbent assay (ELISA) kits (Boster
Biological Technology Ltd) according to the manufacturer’s
protocol.

1H NMR-based metabolomics analysis

Organ samples were extracted as previously described (64).
1H NMR spectra of the samples were recorded on a Bruker
AVANCE III 500-MHz spectrometer (Bruker) at 298 K. The
1H NMR spectra of sample extracts were corrected for phase
and baseline distortion and referenced manually by the same
person to the TSP resonance at δ 0.00 using the TOPSPIN
(V3.0, Bruker Biospin). Spectral regions δ 0.50–9.50 were
automatically binned using a dynamic adaptive binning
approach with equal width of 0.005 ppm. The noisy and re-
sidual water-affected regions were removed. The remaining
spectral data was normalized by probabilistic quotient
normalization (PQN) prior to pattern recognition analysis
(65).

Flow cytometry

Flow cytometry was performed on draining lymph nodes
and spleen. Single-cell suspensions were isolated from spleens
and draining lymph nodes. Briefly, after underwent ATP-
induced hibernation-like state once a day for 10 consecutive
days, mice were sacrificed, and the whole spleen (about 80 mg)
and draining lymph nodes (about 10 mg) were ground into
small pieces, homogenized by a plastic pestle, and minced
through sterilized meshes (200 meshes). Erythrocytes were
lysed in a red blood cell lysis buffer (hypotonic ammonium
chloride buffer). Approximately 100,000 harvested cells from
draining lymph nodes and spleen. Conjugated monoclonal
antibodies to mouse FITC rat anti-mouse CD4 Clone GK1.5
(eBioscience Cat#: 11-0041-82), PerCP-Cyanine5.5 rat anti-
mouse CD8 Clone 53-6.7 (eBioscience Cat#: 45-0081-80),
FITC rat anti-mouse CD11b Clone M1/70 (eBioscience Cat#:
17-0112-82), PE rat anti-mouse CD44 Clone IM7 (eBioscience
Cat#: 12-0441-82), APC rat anti-mouse CD62 L Clone MEL-
14 (Biolegend Cat#: 104412), FITC rat anti-mouse B220
Clone RA3-6B2 (eBioscience Cat#: 11-0452-82) were used.
The analysis was performed by a NovoCyte flow cytometer
(ACEA Bioscience Inc).

Statistical analysis

Statistical analysis between groups was performed as the
following: p values were calculated using one or two-tailed
Student’s t test for pairwise comparison of variables; one-way
analysis of variance (ANOVA) followed by Tukey’s post hoc
test for multiple comparisons of variables; two-way ANOVA
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followed by Tukey’s post hoc test for multiple comparisons
involving two independent variables. p values: *p < 0.05; **p <
0.01. All results with p < 0.05 were considered statistically
significant. Sample sizes of all experiments were pre-
determined by calculations derived from our experience. No
sample was excluded from the analyses. Animals were not
randomly assigned during collection, but the strain, sex, and
age of the mice were the same, and the data analysis was single
masked. Investigators were not blinded to the group allocation
during the experiment and outcome assessment. The number
of replicates was indicated in each figure legend. The mean of
the technical replicates was used per biological replicate. All
statistical tests were justified as appropriate, and the data met
the assumptions of the tests. There was an estimate of varia-
tion within each group of data.
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