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Spinal cord injury is a serious disease of the central nervous system involving irreversible nerve
injury and various organ system injuries. At present, no effective clinical treatment exists. As one

of the artificial hibernation techniques, mild hypothermia has preliminarily confirmed its clinical
effect on spinal cord injury. However, its technical defects and barriers, along with serious clinical
side effects, restrict its clinical application for spinal cord injury. Artificial hibernation is a future-
oriented disruptive technology for human life support. It involves endogenous hibernation inducers
and hibernation-related central neuromodulation that activate particular neurons, reduce the

central constant temperature setting point, disrupt the normal constant body temperature, make
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the body “adapt” to the external cold environment, and reduce the physiological resistance to cold
stimulation. Thus, studying the artificial hibernation mechanism may help develop new treatment
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Spinal cord injury (SCI) (Ahuja et al., 2017) is a serious disease of the central
nervous system (CNS), leading to abnormal motor, sensory, and autonomic
nervous function; it is one of the leading factors of disability and death in
young people. The core medical challenges of SCI lie in the extremely low
regeneration and repair ability of the CNS, secondary inflammatory damage,
and the formation of neuroma during the repair process. The main SCI
treatment strategies include surgical decompression and pharmacological
therapy to improve the patients’ symptoms. However, these methods do
not restore the function of the injured spinal cord, and neuroprotection
remains a challenging part of the treatment. In the clinical treatment of SCI,
neuroprotective strategies are crucial, and organ and systemic protective
measures are equally indispensable. In the long term, SCI can lead to multiple
organ dysfunction (Thietje et al., 2021), impede disease recovery, reduce the
quality of life of patients, and even induce systemic inflammatory response
syndrome, eventually leading to organ failure and endangering the health
and life of patients (Sun et al., 2016). Neurological and multi-organ protective
therapeutic measures after SCI are important challenges that clinical SCI
treatment research needs to address.

In recent years, artificial hibernation (also called synthetic torpor (Cerri et
al., 2021)) has gradually become a hot topic in medical research. It relies on
drugs and physical cooling to reduce the core body temperature, metabolic
rate, and physiological activities, thereby producing torpor, inducing
hypothermia, improving microcirculation, and slowing down cell damage
and other processes to protect the body (Tarahovsky et al., 2017). Some
studies have confirmed that low temperatures protect nerves and organs
(Ransom et al., 2022; Shin et al., 2022). Basic studies have shown that mild
hypothermia can provide neuroprotection in rat spinal cord tissue after
SCI by inhibiting apoptosis and autophagy (Seo et al., 2015), inhibiting the
Toll-like receptor 4/nuclear factor-kB pathway, and promoting microglia
M2 polarization, thereby reducing SCl-induced injury and inflammation
(Fu et al., 2022). Artificial hibernation techniques include mild controlled

neuromodulation. Among them, the mild hypothermia technique is relatively
mature. It has achieved certain effects in an SCI clinical study (Hansebout
and Hansebout, 2014) and is applicable in the neuroprosthetic treatment
of acute and subacute phases of SCI. A meta-analysis of clinical studies in
Korea on the effects of hypothermia on acute spinal cord injury (Shin et al.,
2022) has shown that 55.8% of 103 SCI patients treated with hypothermia
showed neurological improvement. However, there are also inevitable side
effects. Ransom et al. (2022) and Lee et al. (2017) found that treating SCI with
hypothermia can cause complications such as pulmonary dysfunction, venous
thrombosis, wound infection, arrhythmia, and respiratory complications.
Therefore, there is an urgent clinical need for a treatment strategy that
can maintain hypothermia for therapeutic purposes, such as neurological
and organ protection, without causing serious side effects. Endogenous
hibernation inducers and hibernation-related central neuromodulation
technology may replace mild hypothermia technology to achieve more
convenient and comprehensive hibernation-like states with less toxic side
effects, and fundamentally resolve the opposition between the external
hypothermia treatment and the body’s physiological thermogenic resistance
from the CNS. Although the use of endogenous hibernation inducers and
hibernation-related central neuromodulation technology in SCI have not been
reported, they can provide new ideas for medical research on nerve and organ
protection after SCI. Jinka et al. (2015) found that non-hibernating rats had
a reduced core body temperature after an artificial hibernation intervention
(intraperitoneal injection of CHA (N6-cyclohexyladenosine) combined with
a low-temperature environment). This reduction lasted for 24 hours, and
the rats had less neuronal cell damage after rewarming than the control
rats. Some researchers used hibernation-related central neuromodulation
techniques to identify specific neurons and neural pathways that can induce a
dormant state in non-hibernating rodents, thereby protecting neural function
(Song et al., 2016; Hrvatin et al., 2020; Takahashi et al., 2020). In addition,
the extraordinary phenomenon of organ and systemic protection in animals
during hibernation provides new therapeutic ideas for organ protection
after SCI (Hadj-Moussa and Storey, 2019). Artificial hibernation after SCI may
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directly protect organs by suppressing the inflammatory response of the
organism (Gundersen, et al., 2001), regulating metabolic inhibition, delaying
organ damage, and reducing infection susceptibility.

Thus, the application of artificial hibernation for neuroprotection and organ
protection after SCI has unique potential advantages. This review summarizes
the barriers to treating SCI with hypothermia and expounds the advantages
of treating SCI with artificial hibernation by analyzing the protective effects
of this technique on neurological and organ systems after SCI and its possible
mechanisms, so as to expand horizons for research on neurological and organ
protection after clinical treatment of SCI.

Search Strategy

In September 2022, We searched the PubMed database for articles published
from 2000 to 2022 (mid-September) using the terms “hibernation” OR
“torpor” OR “hypothermia therapy” OR “hypothermy” OR “hypothermia”;
“spinal cord injury” OR “SCI” OR “spinal cord trauma”. Supplementary search
databases were CNKI, Wanfang, VIP, Web of science, and Embase. Further
screening is done by reading literature titles and abstracts. Besides, after
reading the literature in detail, we added two references (Frerichs et al.,
1994; Drew et al., 1999). On January 18, 2023, we used the additional search
terms based on the previous ones: “organ” OR “kidney” OR “renal” OR “renal
injury” OR “urinary system”, “melatonin”, “endocrine”. Further screening was
performed by reading abstracts and titles.

Barriers to the Application of Hypothermia in
Spinal Cord Injury

Studies (Ransom et al., 2022; Shin et al., 2022) have shown that hypothermia
alone or combined with other treatments has a certain recovery effect
on SCI. However, it also causes many complications and side effects. First
of all, in the cardiovascular system, hypothermia can cause vasospasm
and contraction of the blood vessels (Darwazeh and Yan, 2013). With the
continuous decrease in temperature, cardiac output and central venous
pressure increase, leading to arrhythmia and low blood pressure. In severe
cases, ventricular fibrillation or even cardiac arrest may occur (Darwazeh
and Yan, 2013; Hantson and Duprez, 2017). Second, in the blood coagulation
system, hypothermia can reduce platelet count, cause the dysfunction of
coagulation and inhibit coagulation cascade reactions, inhibit thrombin
synthesis, leading to bleeding or thrombosis (Darwazeh and Yan, 2013; Wang
et al., 2022). In addition, hypothermia can lead to electrolyte disturbance,
which increases the pH value of the blood by increasing the solubility of CO,
in the blood, thereby decreasing blood concentrations of K™ (hypokalemia)
and Mg”" (hypomagnesemia) (Al-Nashash and All, 2022). Patients undergoing
hypothermia may also show signs of insulin resistance (hyperglycemia) and
hypoglycemia during rewarming (Ruetzler and Kurz, 2018; Al-Nashash and All,
2022). More importantly, hypothermia also leads to reduced gastrointestinal
motility, impaired nutrient absorption, and varying degrees of pathological
damage to internal organs, increasing the risk of serious infections (Wang
and Han, 2014; Ruetzler and Kurz, 2018). All these complications directly or
indirectly hinder the regeneration of nerves to some extent. In conclusion,
cryotherapy is highly effective for motor, sensory, and neurological functions
in SCI, but inevitably has many side effects. Therefore, new strategies and
treatment optimizations are urgently needed.

Introduction to the Application of Artificial
Hibernation Technologies

Current research techniques that can achieve artificial hibernation include
mild hypothermia technology, hibernation inducers, and hibernation-related
central neuromodulation. Mild hypothermia technology is widely studied and
has been used in clinical treatments. Hibernation inducers and hibernation-
related central neuromodulation are now under active research (Zhang et
al., 2022). Endogenous hibernation inducers and hibernation-related central
neuromodulation directly act on the body’s central temperature regulation
system, reduce the body temperature setting point, make the body “adapt” to
the external low-temperature environment (Chi et al., 2018; Takahashi et al.,
2020), and reduce the core body temperature by increasing heat dissipation
and reducing heat production. Unlike mild hypothermia technology, they can
adaptively suppress thermogenic behaviors, do not cause fierce shiver and
strong physiological resistance.

Mild hypothermia technology

Mild hypothermia technology is a mature artificial hibernation technique.
Mild hypothermia technology consists of physical cooling combined with
sedatives, central nervous system inhibitors, or muscle relaxants, and reduces
the human core body temperature to 28—35°C. Mild hypothermia has
been used for neuroprotection (Csernyus et al., 2020), cardiac surgery, and
cardiopulmonary resuscitation (Wang et al., 2021), and to treat traumatic
brain injury (Carney et al., 2017; Jiang et al., 2019), SCI (Ransom et al., 2022;
Shin et al., 2022), neonatal necrotizing enterocolitis (Gongalves-Ferri et al.,
2021), and neonatal encephalopathy (Kariholu et al., 2020; Shipley et al.,
2022). The American Brain Trauma Foundation 2016 guidelines recommended
mild hypothermia therapy for traumatic brain injury as Class IIB. Arrich et al.
(2009) evaluated the efficacy of mild hypothermia in the treatment of cardiac
arrest and found that mild hypothermia (32—34°C) maintained for more than
24 hours effectively improved the survival rate and nervous system outcome
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of cardiac arrest patients. The study by Jiang et al. (2019) showed that long-
term mild hypothermia (> 5 days) protected brain tissue more effectively than
short-term mild hypothermia (< 48 hours) did. Common clinical techniques
include body surface cooling and, to a lesser extent, intravascular cooling.
Physical cooling with an ice cap machine and ice blanket machine is simple
but slow. Intravascular cooling is achieved by the intravenous infusion of a
hypothermic fluid (0—10°C) for a short time. However, the rapid infusion of
large amounts of hypothermic fluid to maintain a low core body temperature
may cause cardiovascular instability (Dietrich et al., 2011). In addition,
the intravascular catheter used for intravascular cooling is an efficient,
controllable, and long-lasting but invasive tool (De Fazio et al., 2019). The
cooling is achieved through the heat exchange between the coolant in the
catheter and the blood in the femoral vein, which requires accurate operation
techniques, and the cost/risk/benefit should be considered. To inhibit muscle
tremor during cooling and improve human tolerance to cold stimulation, the
above techniques are often used in combination with anesthetic sedatives
and hibernation mixtures. However, drug-induced cooling causes addiction,
drug resistance, and toxic side effects (Sessler, 2009) and is, therefore, not
suitable for long-term use. Besides, mild hypothermia therapy requires much
highly experienced medical staff to deal with the many thorny complications.
Finally, this method also has technical constraints, and its process needs to be
further improved to solve practical problems.

Hibernation inducers

Hibernation inducers are a kind of substance that can reduce body
temperature and induce a hypothermic state by slowing down metabolism,
inhibiting thermogenesis, and inducing sedation. There are two hibernation
inducer categories based on the drug source.

Endogenous hibernation inducers are found in the serum of hibernating
animals; they can decrease body temperature and metabolism and produce
a spontaneous torpor state similar to natural hibernation. For example, Seitz
et al. (2012) showed that the body temperature of rats decreased rapidly
within 1 hour after the inhalation of H,S at 21°C. After 6 hours, the core
body temperature dropped to 35°C, and the activity decreased. Another
example is adenosine-5'-monophosphate, which plays an important role
in the regulation of adenosine Al receptors in hibernation (Muzzi et al.,
2013). Frare et al. (2019) showed that the adenosine Al receptor agonist
CHA induced hibernation in non-hibernating rats and decreased their core
body temperatures to 29.3°C and 35.6°C at ambient temperatures of 16°C
and 25°C, respectively, after 4 hours (Jinka et al., 2015). Other examples
include natural thyroxine derivatives (Huang et al., 2022), enkephalins
(6-opioid ligands) (Wolf et al., 2018), and 2-deoxy-D-glucose (Chi et al., 2018).
Endogenous hibernation inducers are currently at the early research stages,
and their targets and mechanisms of action remain unclear. Additionally,
dimethyl sulfoxide (a commonly used solubilizer for CHA) has its own toxicity,
and long-term injections cause adverse reactions (Macala and Hayslett, 2002;
lkeda et al., 2018). Besides, safe and effective inducer doses and rescue
measures for hazards caused by toxic doses also need to be studied, such
as the use of 8-sulfophenyltheophylline to counteract bradycardia triggered
by the binding of CHA to cardiac adenosine Al receptors (Cerri et al., 2021).
Finally, screening studies of hibernation inducers suitable for large mammals
and primates need to be conducted.

Synthetic hibernation inducers are widely used in the clinic. Some psychotropic
drugs acting on the CNS (Tarahovsky et al., 2017) and anesthetic sedatives
can induce hypothermia, such as phenothiazines (van Marum et al., 2007).
In particular, chlorpromazine and promethazine have been used in clinical
practice as the main constituent drugs of hibernation-inducing combinations.
They increase the hypothermic effect by blocking a2-adrenergic receptors
and altering vasodilatory regulation. Additionally, pentobarbital reduces brain
temperature and core body temperature by inhibiting brain metabolic activity
(Kiyatkin and Brown, 2005). Thanks to its biophysical properties, such as high
thermal conductivity, helium is also a cooling substance. The inhalation of
a mixture of cryogenic helium and oxygen causes a heat exchange with the
pulmonary vasculature, rapidly reducing the core body temperature (Yin et
al., 2022). The combined application of synthetic hibernation inducers and
mild hypothermia technology can enhance cooling efficiency and depth,
albeit not without risks (Lee et al., 2017). Notably, hypothermia triggered by
synthetic hibernation inducers can trigger physiological cold defenses such
as violent shivering, reduced blood pressure, and bradycardia, which can
be detrimental to treatment (Zonnenberg et al., 2017). Besides, the ability
of synthetic hibernation inducers (mostly antipsychotic drugs) to induce
hypothermia can vary in patients with concomitant diseases. For example,
patients with underlying diseases such as metabolic disease, hypothyroidism,
or organic brain disease are more prone to hypothermia (Kreuzer et al., 2012).
Thus, these inducers can endanger or even be lethal to these patients.

Hibernation-related central neuromodulation

Central neuromodulation technology uses electrical, magnetic, optical,
acoustic, or chemical means to excite, inhibit or regulate signal transmission
in specific brain regions, neurons, or neural networks. Current research
often uses advanced techniques such as optogenetics or chemogenetics to
precisely modulate brain regions or neurons in the central neural network
that control thermogenesis and/or control energy metabolism to achieve a
central autonomic regulation of hypothermic and hypometabolic hibernation.
Takahashi et al. (2020) used optogenetics to activate Q neurons in the
anteroventral periventricular nucleus, the medial preoptic area brain region,
and the dorsomedial hypothalamic nucleus brain region and successfully
induced a hibernation-like state in rodents. These results indicate that Q
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neurons play an important regulatory role for inducing a hibernation state in
non-hibernating animals. Song et al. (2016) used chemogenetics and found
that activating transient receptor potential melastatin-like subfamily member
2 (Trpm2) neurons in the preoptic area of the hypothalamus using clozapine-
N-oxide continuously decreased body temperature. The hypothalamus is
a key regulator of body temperature and metabolism. Hrvatin et al. (2020)
used a chemogenetic tool, the Gg-DREADD receptor (Gg-coupled designer
receptors exclusively activated by designer drugs) to selectively stimulate
Gg-DREADD-injected neurons in the hypothalamus with clozapine-N-oxide.
They found that the anterior and ventral portion of the medial and lateral
preoptic area (avMLPA) was the key region for inducing torpor. This study
revealed the key role that Adcyapl neurons of the avMLPA played in body
temperature regulation. The brain regions and nuclei involved in the induction
of hypothermia are rich and diverse, and the mechanisms of action involved
are complex. As an invasive neuromodulation technique, it requires a high
level of operation and a demanding surgical environment to prevent infection,
and may come with foreign body rejection and neurological damage caused
by the incision. Besides, the use of central neuromodulation techniques to
induce hypothermia may be time-limited; they are safe and effective in the
short term, but long-term invasive interventions produce unpredictable
and even irreversible damage to the nerves and brain. The risk/benefit ratio
may gradually increase with time. The development of hibernation-related
central neuromodulation techniques (optogenetic- or chemogenetic-based)
is currently limited to laboratory studies, with notable differences between
animal models and human studies.

Advantages and Mechanisms of Artificial
Hibernation in the Treatment of Spinal Cord

Injury

Mechanism of the artificial hibernation-induced neuroprotection after SCI
Inflammation inhibition and neuroprotection in hypothermia

Artificial hibernation technology combined with a low ambient temperature
can reduce the body temperature of homeothermic animals to below 37°C
(Wang and Han, 2014). Han et al. (2015) pointed out that a hypothermia
intervention can reduce the levels of inflammatory factors, such as interleukin-
1B, interleukin-6, and tumor necrosis factor-a, reduce transforming growth
factor-B2 levels and reduce the production of interleukin-10. Hypothermia
can protect cells and nerves by relieving the local inflammatory response
after SCI and inhibiting the expression of apoptosis factors and axon growth
inhibitors. Using a rat model of SCI, Xu et al. (2016) found that a mild
hypothermia intervention inhibited the RhoA/ROCK signal pathway, reduced
intracellular inhibitory signal transduction, and promoted nerve tissue growth
and axonal regeneration. Li et al. (2022) found that hypothermia reduced
caspase-3 expression, inhibited apoptosis signal transduction in neurons and
glial cells, and induced neuroprotection after SCI. In addition, hypothermia
can protect neural stem cells and bone marrow mesenchymal stem cells.
Martin et al. (2021) showed that hypothermia inhibited the interaction
between cyclophilin D and the adenine nucleotide translocator, reduced the

Table 1 | The mechanisms underlying artificial hibernation as a treatment for SCI

intracellular accumulation of Ca”*, reduced the number of mitochondrial
permeability transition pores, reduced mitochondrial apoptosis, and increased
small ubiquitin-related modifier 1 (SUMO1) conjugated proteins. Studies have
confirmed that mild hypothermia promotes SUMOylation and maintains the
stemness of neural stem cells, thus improving hypoxia tolerance (Cai et al.,
2022). SUMOylation may be an important protective mechanism for bone
marrow mesenchymal stem cells survival under adverse conditions (Liu et al.,
2017), which may be closely related to hypothermia-induced neuroprotection
and the improvement of nerve cell resistance to adverse environments
after SCI. Besides, Jin et al. (2015) suggested that hypothermia may induce
neuroprotection by enhancing the autophagy of damaged cells. Moreover,
in vitro experiments confirmed that hypothermia promoted axonal growth
(Schmitt et al., 2010) and upregulated genes involved in synaptic organization
in a rat model of traumatic brain injury (Feng et al., 2010; Figure 1 and Table
1). This shows that hypothermia has not only an indirect protective effect on
nerves but also a direct repair effect.

Establishment of immunosuppression and an oxidation defense system
during hibernation

Zhou et al. (2001) showed that hibernation exerts neuroprotection by
significantly inhibiting macrophage infiltration, axonal swelling, and oxidative
stress. This may be related to immunosuppression and oxidative defense.
Considering that, during hibernation, the white blood cells of Arctic ground
squirrels decreased to 10% of the normal level (Frerichs et al., 1994), Drew
et al. (2001) proposed that leukopenia and immunosuppression can inhibit
the inflammatory response induced by tissue reperfusion after rewarming.
Reitsema et al. (2021) recently found that hamsters at the early stage of
awakening had circulating neutrophils with severely limited function, which
may be the key to the hibernation-awakening transition without damage to
organs and tissues. Hibernation-induced immunosuppression may provide
a period of “inflammatory quiescence” and delay the process of injury,
which is of great significance for the protection of organs and tissues in the
environment of the “inflammatory storm.” Bouma et al. (2013) showed that
the T-cell independent humoral immunity of thirteen-lined ground squirrels
was suppressed during hibernation, and the blood levels of CD4-positive,
CD8-positive, and CD45-naive/resting T-lymphocytes increased significantly.
These results suggest that hibernating animals can adaptively regulate
immune cells. Besides, Drew et al. (1999) found that hibernating animals had
high levels of ascorbic acid in the plasma and cerebrospinal fluid, while Henry
et al. (2007) observed low total ascorbic acid levels in hibernating animals,
suggesting a regulatory change or different concentrations of ascorbic acid in
tissues. Moreover, hibernating cells seem to be able to autonomously adapt
to cold stress, maintain mitochondrial function and adenosine triphosphate
production capacity, and strongly limit oxygen free radical production (Giroud
et al,, 2021). In addition, melatonin levels are elevated during arousal periods
during hibernation, and melatonin is an antioxidant that improves oxidative
defenses and mitigates ischemia/reperfusion-induced oxidative damage
(Tan et al., 2005; Figure 1 and Table 1). These results suggest that the
establishment of antioxidant defenses during hibernation is an important part
of the physiological protection of neural tissues during hibernation.

Inhibition of apoptosis signal transduction and reduction of the expression of axon growth inhibitory factors
Improvement of the tolerance of neural stem cells and bone marrow mesenchymal stem cells

Mechanism of artificial Inflammation inhibition 1. Decreased levels of inflammatory factors
hibernation-induced  and neuroprotection in 2.
neuroprotection after hypothermia 3
spinal cord injury o ) . ;
4. Maintenance of the mitochondrial function
5. Increased autophagy of damaged cells
6. Upregulation of synaptic tissue genes
Establishment of 1. Inhibition of neutrophil function
immunosuppression and 2 The ability of adaptive regulation of immune cells
oxidation defense systems . S
X X X 3. Regulation of ascorbic acid levels
during hibernation o ) :
4. Strong inhibition of the production of oxygen radicals
5. Increased antioxidant levels

Role of central
thermostatic-resistant
regulation on nerves

=

cold stress to the nerves

Artificial hibernation-
induced protection
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system
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Endocrine system

Reducing the constant temperature point leads the body to adapt to the external low temperature and reduces the damage of

2. Release of central-related neuroprotective substances

1. Intestinal tract: changes in microorganisms and increased levels of lymphocytes and pro-inflammatory factors forming a strong
immune barrier protection and preventing bacterial blood translocation from damaging the liver and lung

2. Liver: increased lactate dehydrogenase release enhancing liver tolerance; increased H,S levels reducing oxygen consumption

Lung: reduced lung ventilation; inhibited inflammatory reaction

Intracellular Ca® homeostasis enhances the resistance to ventricular fibrillation
Promotion of intermolecular signal transduction maintaining systolic power
Blocking of inflammation-related receptors, slowing down the damage caused by abnormal autonomic reflex

Formation of intracellular Ca’* homeostasis

Maintenance of the function of skeletal muscle cells

Promotion of adenosine-5'-triphosphate recovery
Maintenance of renal tubular function

Increased melatonin levels can alleviate damage caused by ischemia-reperfusion and oxidation

24 | NEURAL REGENERATION RESEARCH | Vol 19 | No. 1 | January 2024



Review

s
¢ Y -

. @ o - = @ a
I2p| 6| 10 TNFa| TGF-B|
D). =3 ;
Unknown substance
from the center

%g} |
IR
5 /U sumoir: suMOvlation? s
ly =2 Modaten?  NsC
LN .

o S P - Tocél independ.
- WBE|[  Neutrophil fnction (-) ‘hm::ural‘?ﬁuni;?‘—)
D7 CDS

CD45RA™T

Changes in ascorbic
acidregulation

Melatonin

id). = neuron-axonal growth (+)
Synaptic tissue gene T

Figure 1 | Mechanism of the artificial hibernation-induced neuroprotection after
spinal cord injury.

Artificial hibernation may protect the nerves after spinal cord injury through the
following aspects: i) Some unknown substances produced by the brain may directly
protect the nerves during central thermostatic-resistant regulation. ii) Hypothermia
inhibits the inflammatory reaction, reducing nerve cell damage. iii) Hypothermia can
effectively reduce the transduction of intracellular inhibition signals and apoptosis
signals, iv) protect mitochondria from apoptosis, v) maintain the stemness of neural stem
cells and improve the tolerance of BMSC under adverse conditions, and vi) establish
immunosuppressive and oxidative defense systems to reduce the injury caused by
tissue reperfusion. vii) In vitro experimental studies showed that low temperatures

can promote the growth of nerve axons and upregulate synaptic tissue genes. Created
with Microsoft PowerPoint 2019. ANT: Adenine nucleotide translocator; BMSC: bone
marrow mesenchymal stem cells; CD4": CD4-positive T-lymphocytes; CD45RA™: CD45
naive/resting T-lymphocytes; CD8": CD8-positive T-lymphocytes; CyPD: Cyclophilin-D;
IL-10: interleukin-10; IL-1B: interleukin-1p; IL-6: interleukin-6; MPTP: mitochondrial
permeability transition pore; NSC: neural stem cells; SUMO1: sumoylated-1 conjugated
proteins; TGF-B: transforming growth factor-B; TNF-a: tumor necrosis factor-a; WBC:
white blood cell.

Neuroprotective mechanism of central counter thermoregulation

In addition to the neuroprotective mechanism of artificial hibernation
described above, we speculate that a direct protective effect of the central
system on nerves may also exist.

Artificial hibernation may disrupt body thermoregulation, forcing the body
to adaptively adjust the central thermostatic point through the perception
of the external low-temperature environment and re-establish a central
thermostatic system with a lower temperature point or even a central
variable temperature system, finally forming a central thermostatic-resistant
regulation. This system allows the body to “adapt” to the external low-
temperature environment by reducing physiological activities and vital signs,
thereby protecting the organs and tissues from low-temperature damage,
and reducing the nerve damage caused by cold stress injury. The transition
period is characterized by an increase in heat dissipation, a decrease in
heat production, and a slowdown of metabolism, finally decreasing body
temperature (Song et al., 2016; Takahashi et al., 2020). We speculate
that, under central thermostatic-resistant regulation conditions, the brain
produces central-related neuroprotective substances that directly affect
nerve cells and play a role in protection and repair. Henry et al. (2007)
measured the concentrations of 18 kinds of biological substances in the brain
of hibernating ground squirrels. They observed significant level changes
and a balance between recovery and decrease. Moreover, significantly
increased levels of several anti-apoptotic proteins and phosphorylation in
the brain of hibernating ground squirrels (Giroud et al., 2021), including B-cell
lymphoma 2, B-cell lymphoma-extra-large, Bax-inhibitor 1, and myeloid
cell leukemia sequence 1, were beneficial for the brain and played a role in
neuroprotection. Gonzalez-Riano et al. (2019) studied metabolic changes
in brain tissue during hibernation for the first time and revealed significant
differences in 337 metabolites; they concluded that these metabolites
played a key role in hibernation regulation. This result suggests that the
changes caused by hibernation cannot be caused entirely by hypothermia,
and there may be a more complex central mechanism. Researchers in this
field have always considered that hibernation exerted neuroprotection
through a central mechanism. In recent years, research on the mechanism
of central regulation of hypothermia has advanced. In 2016, Song et al.
discovered hypothermia induced by trpm-2 neurons and pathways. In 2020,
Takahashi et al. discovered the important role of Q nerve in Q-neuron-induced
hypometabolism. During the same year, Hrvatin et al. (2020) revealed the
key role of Adcyap1 neurons of the avMLPA brain region in the regulation of
body temperature, and Zhang et al. (2020) found that medial preoptic area
neurons play an important role in thermoregulation and metabolism (Figure
1 and Table 1). This is a good beginning for the in-depth study of central
regulatory neuroprotective mechanisms, and different neuroprotective
mechanisms and neuroprotective agents may be found through different
central temperature regulation mechanisms in the future.
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Protective effect of artificial hibernation on the body after SCI
Respiratory and digestive system
During hibernation, the intestinal immune system changes greatly, the
intestinal microbiome changes, the levels of lymphocytes in the mucosal
epithelium and lamina propria increase significantly, and the levels of
the proinflammatory cytokines interferon-y, tumor necrosis factor-a,
and interleukin-10 increase, forming a strong immune barrier to protect
hibernators from intestinal microorganisms and inhibit potentially destructive
inflammation (Kurtz et al., 2021). The strong protective effect on the intestinal
barrier can prevent the bacterial translocation caused by SCI (Myers et al.,
2019), and thus protect the liver and decrease the occurrence of systemic
inflammatory response syndrome and multiple organ dysfunction syndrome.
Santora et al. (2010) found that mild hypothermia had a cytoprotective effect
in a mesenteric ischemia/reperfusion injury model and provided protection
to distant organs, giving priority to the regulation of the ischemia/reperfusion
injury activation transcriptome in the lung. This result indicated that the
protective mechanism of mild hypothermia on the intestinal tract can not
only reduce local metabolite levels and inhibit inflammatory development,
but also involve remote regulation and protection between organs. The lung,
as the main target of SCl-induced acute inflammation, is most vulnerable
to inflammation (Sun et al., 2016). Hypothermia can reduce the systemic
inflammatory response, thus slow down pulmonary inflammatory damage
after SCI. Interestingly, the inhalation of H,S during mechanical ventilation
may achieve the dual therapeutic effect of independent lung protection and
hypothermia-induced protection (Faller et al., 2010). In addition, during
hibernation, the liver can inhibit mitochondrial respiration through H,S (Jensen
et al.,, 2021) and reduce oxygen consumption, pulmonary ventilation, heart
rate, and metabolic rate, which may have a protective effect on the lung.
Moreover, hypothermia can increase the release of lactate dehydrogenase in
animal liver (Alva et al., 2018), which increases the tolerance of this organ to
adverse environments, thus protecting it against inflammatory environmental
damage after traumatic spinal cord injury (Sun et al., 2016). For details, see
Figure 2 and Table 1.

Figure 2 | Artificial hibernation-induced protection of organs.

Under artificial hibernation conditions, the body adopts an inflammatory inhibition
state, reducing the harm caused by inflammation and protecting body organs and
skeletal muscles. i) Respiratory and digestive system: there is an interactive relationship
between the intestine, liver, and lung. During hibernation, intestinal microorganisms
change and the levels of lymphocytes and pro-inflammatory factors increase, forming
a strong immune barrier protection, preventing bacterial translocation into the blood
after SCI, thus protecting the liver and fragile lungs. In addition, the release of lactate
dehydrogenase in the liver is increased, which improves liver tolerance Besides, the
increase of H,S levels can reduce the body’s oxygen consumption and lung ventilation,
further protecting the lung. i) Under hibernation conditions, intracellular Ca**
homeostasis enhances heart’s resistance to ventricular fibrillation. Hyperthermia can
promote intermolecular signal transduction, thus maintaining contractile power. It

can also slow down the cardiovascular damage caused by abnormal autonomic nerve
reflex after SCI by blocking inflammation-related receptors. iii) Locomotor system: Ca”
homeostasis is an important mechanism for maintaining the normal function of muscles
under hibernation conditions, and hypothermia can actively protect the function and
morphology of skeletal muscle cells. iv) Urinary system: artificial hibernation can reduce
the damage caused by renal ischemia and reperfusion, and protect renal function

and tissue structure. Created with Microsoft PowerPoint 2019. ATP: Adenosine 5'
triphosphate; HSP-70: heat shock protein-70; IFN-y: interferon y; IL-10: interleukin-10;
IL-6: interleukin-6; LDH: lactate dehydrogenase; SUMO1: sumoylated-1 conjugated
proteins; TNF-a: tumor necrosis factor-a; UCP-3: uncoupling protein-3.
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Cardiovascular system

A survey in Germany (Thietje et al., 2021) showed that cardiovascular disease
is the main cause of individual death in patients with SCI. Hibernating animals
have a strong heart protection ability (Yang et al., 2021), which may provide
a reference for heart protection after SCI. Hibernating mammals can stabilize
intracellular Ca**, which grants them better protection against ventricular
fibrillation induced by pharmacological or pathological conditions than
other mammals (Li et al., 2011). A study by Yang et al. (2021) suggested that
cardiomyin-mediated junctophilin-2/caveolin-3 upregulation tightened the
transversal tubule-sarcoplasmic reticulum junction, promoted the efficiency
of intermolecular signal transduction between L-type Ca’" channels and
ryanodine receptors, and maintained cardiac systolic power. At the same time,
the risk of calcium overload during hibernation is avoided. In addition, anti-
inflammatory therapy is a potential treatment for cardiovascular dysfunction
after injury (Parvin et al., 2021). Artificial hibernation may reduce the degree
of abnormal autonomic reflex after SCI by blocking inflammation-related
receptors and alleviate the high degree of cardiovascular system instability
caused by the destruction of autonomic nervous pathways (Phillips and
Krassioukov, 2015). For details, see Figure 2 and Table 1.

Locomotor system

Long-term SCI can cause osteoporosis (Shams et al.,2021) and neurogenic
heterotopic ossification (Torossian et al., 2017), accompanied by different
degrees of muscle atrophy. Black bears experience complete hibernation for
130 days, but their muscle strength is reduced by only 23%, they keep their
number of skeletal muscle cells, maintain their size was, and experience
no muscle dystrophy (Harlow et al., 2001). The research team of Mitsunori
Miyazaki of Hokkaido University in Japan found that human skeletal muscle
cells cultured in hibernating bear serum had significantly higher total protein
content than cells cultured in regular medium (Miyazaki et al., 2022). Some
studies have shown that the intracellular Ca** balance during hibernation is
an important mechanism to inhibit apoptosis and prevent muscle atrophy in
hibernating animals (Zhang et al., 2019; Wang et al., 2020). In addition, when
a muscle is injured, denervation activates fibrous adipogenic progenitor cells,
which is characterized by the continuous activation of STAT3 (signal transducer
and activator of transcription 3) and increased interleukin-6 secretion, which
promotes muscle atrophy and fibrosis. Fibrous adipogenic progenitor cells
with abnormal activation of STAT3/interleukin-6 signal transduction were also
found in @ mouse model of SCI (Madaro et al., 2018). Besides, hypothermia
lowers interleukin-6 levels, and muscle protection may be associated with
this. An animal study showed that hypothermia can significantly upregulate
the acylation levels of heat shock protein-70, uncoupling protein-3 and
SUMOylation, and reduce the interaction of the mitochondrial permeability
transition pore-related proteins in the skeletal muscle (Martin et al., 2021),
indicating that hypothermia can protect the skeletal muscle. For details, see
Figure 2 and Table 1.

Urinary system

A recent study found that artificial hibernation in a mouse model of renal
ischemia/reperfusion reduced serum creatinine level, inhibited macrophage
infiltration, slowed down renal tubular apoptosis, maintained mitochondrial
function, significantly reduced renal fibrosis, and protected renal function
and tissue structure (Schleef et al., 2022). In addition, another animal study
showed that artificial hibernation promoted the recovery of adenosine-5'-
triphosphate under ischemia conditions and reduced fibrosis; this study
also confirmed that hypothermia protected renal tissues after ischemia/
reperfusion injury (Yamamoto et al., 2020). A clinical study found that
mild hyperthermia reduced the risk of acute renal injury and significantly
reduced creatinine and cystatin C levels in patients who had undergone
cardiopulmonary resuscitation. Although the effect varies according to the
age of patients, artificial hibernation protects renal function (Hasslacher et
al., 2018). These studies suggest that artificial hibernation can alleviate renal
injury and protect the urinary system after SCI. For details, see Figure 2 and
Table 1.

Endocrine system

The endocrine system plays a key role in hibernation by releasing hormones
that regulate physiological activities and control metabolism and body
temperature. Endogenous hibernation-inducing substances produced during
hibernation may have therapeutic use for patients with SCI. For example, one
of the main sites of action of the pineal hormone melatonin is the nodal part
of the pituitary gland, a regulator of pituitary endocrine function (Castle-Miller
et al., 2017). This hormone decreases metabolism, promotes sleep, and is
elevated during hibernation arousal. Schiaveto-de-Souza et al. (2013) found
that the intraperitoneal injection of melatonin in SCI model rats alleviated
oxidative damage, reduced inflammation, and exerted neuroprotective
effects. Tan et al. (2005) suggested that a transient elevation of melatonin
during ischemia/reperfusion episodes reduces ischemia/reperfusion-induced
oxidative damage. For details, see Figure 2 and Table 1.

Limitations

This review summarizes the relevant research on the protective effect
of hypothermia and hibernation on organs and nerves but has some
limitations. The protective effect of artificial hibernation on nerve and
multi-organ systems after SCI and its related mechanism are speculative.
Although controlled hypothermia and artificial hibernation both reduce body
temperature, they have essential differences. Controlled hypothermia uses
physical and/or pharmacological cooling methods to force body temperature

reduction and triggers the body’s resistance to cold stimulation. Meanwhile,
artificial hibernation reduces the central constant temperature setting point,
disrupting the normal constant temperature state maintained by the body,
making the body “adapt” to the external cold environment, and reducing the
physiological resistance caused by cold stimulation. Therefore, they cannot
act through completely equal mechanisms. In addition, artificial hibernation
technology is still in the basic research stage,and the mechanism of the
torpor state is not clear, and high-quality basic research reports are scarce.
Next, the results obtained through animal experimental research are different
from those of human research. The exact effectiveness of mild hypothermia
in the treatment of SCI needs to be verified by numerous clinical studies.
Moving from animal research to human application requires a long time, huge
investments, and relentless scientific research.

Conclusion

Artificial hibernation protects nerve cells by reducing body temperature,
inhibiting the inflammatory reaction, inducing an immunosuppressive state,
and forming an oxidation defense system; it may also produce central-
related neuroprotective substances directly acting on injured nerves. In
addition, it promotes the repair and protection of the respiratory, digestive,
cardiovascular, locomotor, urinary, and endocrine systems. In conclusion,
artificial hibernation technology is a promising therapeutic tool for the
protection and treatment of nerves and organs after SCI.

Perspective

Artificial hibernation protects nerves and organs and makes the body enter
a state of torpor, greatly reducing the pathological damage caused by cold
stimulation stress. It is a promising tool for the clinical treatment of SCI. In
the future, scientists are expected to discover and produce endogenous
hibernation-inducing substances suitable for humans by mastering the
mechanisms of hibernation, in order to realize human hibernation.
Moreover, methods that can prevent human diseases can be developed by
studying the protective mechanism of animals’ nerves, organs, and systems
under hibernation. Besides, it is essential to identify the brain regions and
nerve nuclei involved in hypothermia induction, thus discover different
neuroprotective mechanisms through different central temperature-
regulating mechanisms to develop diverse neuroprotective measures.
Artificial hibernation has great potential application value and scientific
significance for nerve regeneration and repair and organ protection treatment
after SCI. At present, artificial hibernation is still in the primary research stage,
and the hibernation initiation mechanism in hibernating and non-hibernating
animals remains unclear. After artificial hibernation intervention, it is not clear
how central regulation directly affects the development of diseases and how
the neuro-immune-endocrine system regulates biological processes under
artificial hibernation. Although major challenges remain, it is worth exploring
artificial hibernation for the treatment of SCI. Achieving a safer, deeper, and
longer-lasting torpor state and SCI treatment through artificial hibernation
still require much scientific and clinical research.
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