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Abstract: Hibernating mammals experience severe hemodynamic changes over the torpor–arousal
cycle, with oxygen consumption reaching peaks during the early stage of torpor to re-enter arousal.
Melatonin (MT) can improve mitochondrial function and reduce oxidative stress and inflammation.
However, the regulatory mechanisms of MT action on the vascular protective function of hibernators
are still unclear. Morphology, hemodynamic, mitochondrial oxidative stress, and inflammatory
factors of the carotid artery were assessed in ground squirrels who were sampled during summer
active (SA), late torpor (LT), and interbout arousal (IBA) conditions. Changes were assessed by
methods including hematoxylin and eosin staining, color Doppler ultrasound, ELISA, Western blots,
and qPCR. Changes in arterial blood and serum melatonin were also measured by blood gas analyzer
and ELISA, whereas mitochondrial oxidative stress and inflammation factors of primary vascular
smooth muscle cells (VSMCs) were assessed by qPCR. (1) Intima-media carotid thickness, peak
systolic velocity (PSV), end diastolic blood flow velocity (EDV), maximal blood flow rate (Vmax)
and pulsatility index (PI) were significantly decreased in the LT group as compared with the SA
group, whereas there were no difference between the SA and IBA groups. (2) PO2, oxygen saturation,
hematocrit and PCO2 in the arterial blood were significantly increased, and pH was significantly
decreased in the LT group as compared with the SA and IBA groups. (3) The serum melatonin
concentration was significantly increased in the LT group as compared with the SA and IBA groups.
(4) MT treatment significantly reduced the elevated levels of LONP1, NF-κB, NLRP3 and IL-6 mRNA
expression of VSMCs under hypoxic conditions. (5) Protein expression of HSP60 and LONP1 in the
carotid artery were significantly reduced in the LT and IBA groups as compared with the SA group.
(6) The proinflammatory factors IL-1β, IL-6, and TNF-α were reduced in the carotid artery of the
LT group as compared with the SA and IBA groups. The carotid artery experiences no oxidative
stress or inflammatory response during the torpor–arousal cycle. In addition, melatonin accumulates
during torpor and alleviates oxidative stress and inflammatory responses caused by hypoxia in vitro
in VSMCs from ground squirrels.

Keywords: carotid artery; Daurian ground squirrels; melatonin; oxidative stress; inflammatory responses

1. Introduction

Hibernation is a survival strategy utilized by many mammals that includes significant
physiological, morphological, and behavioral changes as well as an active reduction of
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metabolic rate in order for animals to survive the food scarcity and harsh natural environ-
ments of winter [1–3]. The major seasonal characteristic is a prolonged state of torpor [2].
Some small rodents, such as ground squirrels, undergo repeated and spontaneous inter-
bout arousals (IBAs) during hibernation, where their body temperature rises to euthermic
values (~37 ◦C) for about 24 h and then falls again as the animals re-enter torpor [4,5].
Hibernators also experience adaptive changes in vascular function while in torpor; for
example, depression of endothelium-dependent vasodilator responses to acetylcholine and
ATP occur in the carotid artery of hibernating golden hamsters (Mesocricetus auratus) [6],
which are reversed during IBA, without damaging organ function [7]. Our previous study
on Daurian ground squirrels (Spermophilus dauricus) showed that, in the IBA group, a
decrease in reactive oxygen species (ROS) and pro-inflammatory factors, an increase in
superoxide dismutase and anti-inflammatory factors, and in the torpor group, a restoration
of endothelial permeability numbness led to controlled phenotypic changes of smooth
muscle cells of the thoracic aorta [4]. In addition, it has been reported that the increased
contractility of aortic vascular tissue during torpor returns to normal within 1.5 h after
arousal and is associated with increased basal nitric oxide (NO) synthesis in European
ground squirrels (Spermophilus citellus) [8].

The transition from torpor (low oxygen metabolism) to arousal (normal metabolism)
is a high oxygen consumption process in Arctic ground squirrels (Spermophilus parryii) and
thirteen-lined ground squirrels (Spermophilus tridecemlinatus) [9,10]. The rapid increase
in metabolic rate during arousal may cause overproduction of ROS as compared with
torpor in the plasma of Arctic ground squirrels [11,12]. Research has shown that oxygen
consumption reached a peak during the second hour of the torpor to arousal transition.
Furthermore, an increase in urate production in plasma catalyzed by elevated activity of
xanthine oxidase indicated an induction of ROS production and hypoxia during this period
in Arctic ground squirrels [11]. Hypoxia can trigger an increase in heart rate and peripheral
arterial blood pressure but decreases stroke volume in non-hibernators [13]. Furthermore,
hypoxia can lead to a decrease in arterial oxygen partial pressure (PO2), oxygen saturation,
arterial blood partial pressure of carbon dioxide (PCO2) and an increase in arterial pH in
humans [14–16]. Furthermore, the thickness of the thoracic aortic media increased after
45 min of hypoxia and ischemia in rats [17]. The expression of heat shock proteins (such
as HSP60, a mitochondrial chaperone protein that regulates apoptosis-related proteins
and inhibits apoptosis) is upregulated in pulmonary artery smooth muscle cells under
hypoxic (3% O2) conditions [18]. Also, the hypoxia-inducible factor-1α (HIF-1α) can bind
to hypoxia responsive elements in the promoter of the mitochondrial Lon protease gene
(LONP1), preventing proteotoxicity during environmental and cellular stress and leading
to upregulation of LONP1 expression under hypoxic conditions in humans [19]. Serum
IL-1β, IL-6, IL-10 and TNF-α levels are elevated during hypoxia when healthy humans
ascend to 3800 m [20]. In hibernators, the cerebral arterial oxygen partial pressure (PO2) and
oxygen saturation are significantly decreased, with the hypoxia-associated protein HIF-1α
accumulating in the brain of the IBA group compared to the torpor group and providing
evidence for hypoxia in thirteen-lined ground squirrels [21]. Similarly, HIF-1α was reduced
in brain tissue (which is supplied by the internal carotid artery) during torpor as compared
with room temperature conditions among bats (Hipposideros terasensis) [22]. Along with
a periodic decrease in O2 requirements during hibernation, blood O2 affinity increased
due to a decrease in body temperature and the concentration of 2,3-diphosphoglycerol in
red blood cells. This caused a decrease in O2 unloading to tissues, thereby contributing to
limiting tissue oxidative stress [23–25]. Therefore, blood vessels exhibit a protective action
for hypoxia in hibernators, making them a natural model for avoiding hypoxic damage.

Although the central mechanisms that control cyclic bouts of hibernation in ground
squirrels are not clearly understood, there is evidence suggesting that melatonin (MT) is
involved [26]. MT secreted by the pineal gland of the brain can synchronize endogenous
signals of the circadian rhythm, allowing animals to adapt to rapid changes in rhythmic
environmental conditions [27,28]. MT has a vasodilatory effect and can improve endothelial



Int. J. Mol. Sci. 2024, 25, 12888 3 of 22

function through its free radical scavenging and antioxidant properties [29,30]. Moreover,
MT can bind with receptors that are located in arteries, thereby protecting physiological
functions under hypoxic conditions in non-hibernators [31]. For example, MT has a va-
sodilative effect on cerebral blood vessels of newborns and reduces cerebral inflammation
after hypoxia in humans [32,33]. The antioxidant effect of MT can alleviate the inhibitory
effect on NO-mediated vascular relaxation by chronic hypoxia in the ovine common carotid
artery [32,34]. Daily MT treatment protected both the structural and functional integrity
of the aortic endothelium in mice and human umbilical vein endothelial cells (i.e., a form
of ECs) against oxidative stress and ischemia-induced damage [35]. In hibernators, MT
levels increase during torpor in the plasma of golden-mantled ground squirrels (Sper-
mophilus lateralis) [36]. Furthermore, production of MT can help brain mitochondria to
work more efficiently during periods of extreme energy needs such as during arousal from
torpor in thirteen-lined ground squirrels [37]. Increased levels of MT can also inhibit the
effects of angiotensin II in the cardiovascular system during torpor in thirteen-lined ground
squirrels [38].

The protective effect of MT on blood vessels under hypoxic conditions in hibernators is
currently unclear. Thus, we hypothesize that increased secretion of melatonin during torpor
plays a protective role in dealing with oxidative stress and inflammation in the carotid
arteries of ground squirrels during the “torpor–arousal” cycle. In the present study, serum
MT concentration was measured, and carotid artery tissue was examined via hematoxylin
and eosin (HE) staining, color Doppler ultrasonography, and arterial blood gas analysis.
Oxidative stress and inflammatory related factors were detected in ground squirrels from
summer active (SA), late torpor (LT), and interbout arousal (IBA) conditions. Furthermore,
vascular smooth muscle cells (VSMCs) from the carotid artery were separated and cultured
under 6% hypoxia conditions and were used as an in vitro model of hypoxia to test the
protective effects of MT and evaluate oxidative stress and inflammatory related factors.

2. Results
2.1. Changes in Carotid Artery Intima-Media Thickness of Ground Squirrels

The thickness of the intima-media of the carotid artery was significantly reduced
by 35.5% (p < 0.05) in the LT group as compared with the SA group. By contrast, the
intima-media thickness was dramatically improved by 91.8% (p = 0.001) in the IBA group
compared to the LT group (Figure 1).
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group and ## p < 0.01, as compared with the LT group. 
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Figure 1. HE staining results for carotid arteries in ground squirrels. (A) Typical images of HE
staining of carotid arteries at three different groups. Tissue scales in the left column are 100 µm
and in right column are 50 µm, (B) intima-medial measure thickness at three random locations on
each carotid artery. SA: summer active, LT: late torpor, IBA: interbout arousal. n = 4~6. Data are
mean ± SD. Statistically significant differences are denoted as follows: * p < 0.05, as compared with
the SA group and ## p < 0.01, as compared with the LT group.
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2.2. Changes in Carotid Artery Hemodynamics of Ground Squirrels

Compared with the SA group, the peak systolic velocity (PSV), end diastolic blood flow
velocity (EDV) and maximal blood flow rate (Vmax) of the carotid arteries were significantly
decreased by 79.4% (p < 0.001), 93.1% (p < 0.001) and 79.4% (p < 0.001), respectively, in the
LT group. Besides, EDV showed a significantly decrease by 70.6% (p < 0.001) in the IBA
group compared to the SA group. PSV, EDV and Vmax were significantly increased in the
IBA group by 456.9% (p < 0.001), 325.7% (p < 0.001) and 397.6% (p < 0.001), respectively,
as compared with the LT group (Figure 2B,C,E). In addition, the systolic and diastolic
blood flow velocity ratio (S/D) was markedly improved by 215% (p < 0.001) and 420.5%
(p < 0.001), respectively, in the LT and IBA groups compared to the SA group; meanwhile,
it was dramatically improved by 65.2% (p < 0.001) in the IBA group as compared with the
LT group (Figure 2D).
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ejection time (E. time, ms). SA: summer active, LT: late torpor, IBA: interbout arousal. n = 6~7. Data 
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time (E. Time) of the carotid arteries was significantly elevated by 58.7% (p < 0.001) in the 
LT group and significantly decreased by 41.6% (p < 0.001) in the IBA group as compared 
with SA, and it was significantly reduced by 63.2% (p < 0.001) in the IBA compared to the 
LT group (Figure 2J). 
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Figure 2. Hemodynamics of carotid arteries in ground squirrels. (A) Typical images of carotid artery
hemodynamics at three different groups, (B) peak systolic velocity (PSV, cm/s), (C) end diastolic blood
flow velocity (EDV, cm/s), (D) systolic and diastolic blood flow velocity ratio (S/D), (E) maximum
carotid blood flow rate (Vmax, cm/s), (F) resistance index (RI), (G) carotid arteries pulsatility index
(PI), (H) velocity time integral (VTI, cm), (I) mean pressure gradient (mean PG, mmHg), (J) ejection
time (E. time, ms). SA: summer active, LT: late torpor, IBA: interbout arousal. n = 6~7. Data are
mean ± SD. Statistically significant differences are denoted as follows: ** p < 0.01, *** p < 0.05, as
compared with the SA group, and ## p < 0.01, ### p < 0.001, as compared with the LT group.

The carotid resistance index (RI) of the carotid arteries was significantly increased
by 4.9% (p < 0.001) in the LT group and 5.2% (p < 0.001) in the IBA group compared to
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the SA group, but there was, no significant difference between the LT and IBA groups
(Figure 2F). The pulsatility index (PI) of the carotid arteries was markedly decreased by
19.3% (p < 0.001) in the LT group and significantly increased by 25.2% (p < 0.001) in the IBA
group compared to the SA group and was significantly increased by 55.2% (p < 0.001) in
the IBA group as compared with the LT group (Figure 2G).

The velocity time integral (VTI) and mean pressure gradient (mean PG) of the carotid
arteries were dramatically reduced by 58.1% (p < 0.001) and 72.4% (p < 0.01), respectively,
in the LT group; also, VTI was significantly decreased by 44.5% (p < 0.01) in the IBA group
as compared with the SA group. In addition, the mean PG was significantly increased by
333.5% (p < 0.001) in the IBA group as compared with the LT group (Figure 2H,I). The eject
time (E. Time) of the carotid arteries was significantly elevated by 58.7% (p < 0.001) in the
LT group and significantly decreased by 41.6% (p < 0.001) in the IBA group as compared
with SA, and it was significantly reduced by 63.2% (p < 0.001) in the IBA compared to the
LT group (Figure 2J).

2.3. Arterial Blood Gas Value of Ground Squirrels

Compared with the SA group, the partial pressure of oxygen (PO2), oxygen saturation,
and hematocrit of arterial blood were significantly increased by 183% (p < 0.001), 18%
(p < 0.01) and 10.4% (p < 0.05), respectively, in the LT group. In addition, PO2 and oxygen
saturation of the arterial blood were dramatically reduced by 63.6% (p < 0.01) and 23%
(p < 0.001), respectively, in the IBA group compared to the LT group (Figure 3A–C). The
lactate of the arterial blood was significantly decreased by 90.1% (p < 0.01) in the LT group
compared to the SA group, and it was markedly elevated by 927.3% (p < 0.01) in the IBA
group compared to the LT group (Figure 3D).
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Figure 3. Levels of PO2, oxygen saturation, hematocrit, lactic acid, pH, H+, PCO2 and HCO3
− in

arterial blood of ground squirrels. (A) Arterial blood oxygen partial pressure (PO2), (B) arterial
blood oxygen saturation, (C) arterial blood hematocrit, (D) arterial blood lactic acid (LaC), (E) arterial
blood partial pressure of carbon dioxide (PCO2), (F) arterial blood HCO3

−, (G) arterial blood pH,
(H) arterial blood H+. SA: summer active, LT: late torpor, IBA: interbout arousal, n = 3~6. Data
are mean ± SD. Statistically significant differences are denoted as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001, as compared with the SA group, and ## p < 0.01, ### p < 0.001, as compared with the
LT group.

The partial pressures of carbon dioxide (PCO2) and [HCO3
−] in arterial blood were

dramatically elevated by 177.1% (p < 0.001) and 54.1% (p < 0.001), respectively, in the LT
group compared to the SA group. However, they were dramatically reduced by 56.9%
(p < 0.001) and 23% (p < 0.01), respectively, in the IBA group as compared with the LT group
(Figure 3E,F).

The arterial blood pH was significantly decreased in the LT group as compared with
the SA group but was significantly increased in the IBA group as compared with the LT
group (Figure 3G). The H+ level of the arterial blood was dramatically elevated by 77.7%
(p < 0.001) in the LT group as compared with the SA group, but then decreased significantly
by 48% (p < 0.001) in the IBA group compared to the LT group (Figure 3H).

2.4. Melatonin Level in Serum of Ground Squirrels

The melatonin concentration in the serum was significantly increased by 59.4% (p < 0.001)
in the LT group as compared with the SA group, but it was significantly decreased by 27.7%
(p = 0.001) in the IBA group as compared with the LT group (Figure 4).
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Figure 4. Determination of melatonin concentration in serum of ground squirrels by ELISA. SA:
summer active, LT: late torpor, IBA: interbout arousal. n = 6. Data are mean ± SD. Statistically
significant differences are denoted as follows: *** p < 0.001, as compared with the SA group, and
## p < 0.01, as compared with the LT group.
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2.5. The Effect of MT on Oxidative Stress and Inflammatory Factor Expression in Hypoxia-Induced
Primary Cultured VSMCs of Ground Squirrels

The primary cultured VSMCs from the carotid artery were mainly in the shape of a
long shuttle, a band, or a triangle. The nucleus was in the center of the cells, which were
dense and showed a multilayered structure with the typical “peaks and valleys”. Specific
α-SM actin immunofluorescence was used for actin staining identification of the VSMCs
that were stained positive, having clear filaments radiating to the poles of the cell in the
cytoplasm parallel to the long axis of the cell (Figure 5A).
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smooth muscle cells and immunofluorescence was used to detect α-SM actin and nucleus (scale
bar = 100 µm), (B) LONP1 mRNA expression level, (C) NF-κB mRNA expression level, (D) NLRP3
mRNA expression level, (E) IL-6 mRNA expression level, (F) summary of results for VSMCs. VSMCs:
vascular smooth muscle cells, LONP1: Lon protease 1 mitochondrial, NF-κB: nuclear factor kappa-B,
NLRP3: nucleotide-binding oligomerization domain-like receptor protein 3, IL-6: interleukin- 6. Data
are mean ± SD. Statistically significant differences are denoted as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001, as compared with the control group, && p < 0.01, &&& p < 0.001, as compared with con
+ MT treated group, and # p < 0.05, ## p < 0.01, ### p < 0.001 as compared with hypoxia group.

Under hypoxia conditions, the LONP1 (an oxidative stress response protein) mRNA
expression level was significantly elevated by 73.1% (p < 0.01) in VMSCs as compared
with the control group. However, MT treatment (1 mmol/L) abrogated the hypoxia-
induced increase of LONP1 mRNA expression in the VMSCs (Figure 5B,F). In addition,
the mRNA expression levels of NF-κB, NLRP3 and IL-6 (markers of inflammation) were
significantly increased by 171.8% (p = 0.01), 272.7% (p < 0.001) and 372.3% (p < 0.001),
respectively, compared to the control group of VSMCs under hypoxia conditions. However,
MT treatment abrogated the hypoxia-induced increase of NF-κB, NLRP3 and IL-6 mRNA
expression in VMSCs (Figure 5C–F).

2.6. Oxidative Stress Levels in Carotid Arteries of Ground Squirrels

The levels of HSP60 and LONP1 mRNA in the carotid arteries were significantly
decreased by 36.8% (p < 0.05) and 48.05% (p < 0.01), respectively, in the LT group and the
level of HSP60 mRNA was dramatically decreased by 53% (p < 0.01) in the IBA group as
compared with the SA group. In addition, the level of LONP1 mRNA was significantly
elevated by 10.96% (p < 0.05) in the IBA compared to the LT group (Figure 6A,B).
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Figure 6. Expression levels of HSP60 and LONP1 mRNA and protein in carotid arteries of ground
squirrels at three different groups. (A) Statistical graph of HSP60 mRNA expression levels in carotid
arteries, (B) statistical graph of LONP1 mRNA expression levels in carotid arteries, (C) typical Western
blot images of HSP60 and LONP1 proteins, (D) statistical graph of HSP60 protein expression levels
in carotid arteries, (E) statistical graph of LONP1 protein expression levels in carotid arteries. SA:
summer active, LT: late torpor, IBA: interbout arousal. HSP60: heat shock protein 60, LONP1: Lon
protease 1 mitochondrial. n = 3~8. Data are mean ± SD. Statistically significant differences are
denoted as follows: * p < 0.05, ** p < 0.01, *** p < 0.001, as compared with the SA group, and # p < 0.05,
### p < 0.001, as compared with the LT group.

The expression of HSP60 and LONP1 protein in the carotid artery was significantly
decreased by 63.8% (p < 0.001) and 83.6% (p < 0.001), respectively, in the LT group, and
significantly reduced by 67% (p < 0.001) and 49.9% (p < 0.001), respectively, in the IBA
group compared to the SA group. The LONP1 protein expression in the carotid artery
was significantly elevated by 205.8% (p < 0.001) in the IBA group as compared with the LT
group (Figure 6C–E).

2.7. Inflammatory Factor Levels in Carotid Arteries of Ground Squirrels

The pro-inflammatory factors IL-1β, IL-6, and TNF-α in the carotid artery were sig-
nificantly reduced by 39% (p < 0.01), 26.9% (p < 0.01) and 41.4% (p < 0.001), respectively,
in the LT group compared to the SA group. In addition, TNF-α in the carotid artery was
significantly reduced by 30.4% (p < 0.01) in the IBA group as compared with the SA group,
and IL-6 was significantly elevated by 23.4% (p < 0.05) in the IBA group as compared with
the LT group (Figure 7A–C). CRP and the anti-inflammatory factor IL-10 in the carotid
artery was dramatically reduced by 36.4% (p < 0.001) and 17.5% (p < 0.05), respectively, in
the LT group as compared with the SA group. Furthermore, CRP in the carotid artery was
dramatically increased by 35.6% (p = 0.010) in the IBA group compared to the LT group
(Figure 7D,E).
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(A) IL-1β concentration, (B) IL-6 concentration, (C) TNF-α concentration, (D) IL-10 concentration,
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3. Discussion

Blood vessels are composed of endothelial cells, smooth muscle cells and the basement
membrane [39]. Vascular endothelial cells can regulate vascular tone, proliferation, and mi-
gration of VSMCs and inflammatory responses through secretion of vasoactive substances
such as NO [40]. VSMCs, the main cells of the media vessel wall, can control blood flow
by contracting or relaxing in response to external stimuli and play an important role in
vascular pathologies [41]. In this study, the thickness of the intima-media of the carotid
artery was reduced in the LT group compared to the SA group, whereas it was increased in
the IBA as compared with the LT group (Figures 1 and 8). Similarly, our previous research
reported that the thickness of the intima-media of the thoracic aorta increased in the IBA
group compared to the SA group, and the lumen was significantly narrowed in the thoracic
aorta of the IBA group compared to the LT group in ground squirrels [4]. In addition,
the mid-membrane of the aortic arch was also thickened and the number of VSMCs was
significantly increased in torpid black bears (Ursus americanus) [42]. The varied timing of
vessel wall thickening is possibly due to the specific species or tissues. Thickening of the
pulmonary artery wall was also seen after 28 days of low-pressure hypoxia [43], and the
proliferation ability of aortic VSMCs was enhanced when subjected to intermittent hypoxia
in rats [44]. However, the present study indicated that there was no significant difference
in carotid intima-media thickness between SA and IBA ground squirrels. Therefore, the
recovery vessel wall thickness of the IBA group (equal to the SA group) may be due to
increased metabolism, restored vascular function, or reduced lumen area in the IBA group.

Typical ground squirrel hibernation is characterized by prolonged periods of torpor
with a significantly reduced heart rate, blood pressure, and blood flow that is interrupted
every few weeks by brief interbout arousals (<24 h) during which blood flow fluctuates dra-
matically [45]. In the present study, the PSV, EDV, and Vmax of the carotid artery were sig-
nificantly reduced in the LT group as compared with the SA group, whereas they were sig-
nificantly increased in the IBA group as compared with the LT group (Figures 2B,C,E and 8).
In non-hibernators such as humans, ischemia and reperfusion injury are caused by the
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recovery of tissue blood flow after ischemic events [46]. However, our previous research
reported that during torpor–arousal cycles, the thoracic aorta of ground squirrels can
induce controlled phenotypic switching of VSMCs via changes in oxidative stress and
inflammation levels caused by ischemia hypoxia, in order to resist ischemia–reperfusion
injury [4].
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Figure 8. Diagrammatic representation of blood gas, melatonin, carotid artery function, mitochondrial
stress and inflammation related to molecular protein expression in three groups of ground squirrels.
The left image shows a comparison of SA vs. LT groups, and the right image shows LT vs. IBA
groups. SA: summer active, LT: late torpor, IBA: interbout arousal, PO2: arterial blood oxygen partial
pressure, PCO2: arterial blood partial pressure of carbon dioxide, LaC: arterial blood lactic acid, PSV:
peak systolic velocity, EDV: end diastolic blood flow velocity, Vmax: maximum carotid blood flow
rate, PI: carotid arteries perfusion index, RI: resistance index, VSMCs: vascular smooth muscle cells,
LONP1: Lon protease 1 mitochondrial, HSP60: heat shock protein 60, IL-1β: interleukin-1β, IL-6:
interleukin-6, TNF-α: tumor necrosis factor-α, IL-10: interleukin 10, CRP: C-reaction protein.

The parameters RI and PI reflect blood flow resistance and depend on the degree of
peripheral arterial wall stiffness or compliance [47]. Our data showed that the carotid RI
was increased, whereas PI was decreased in the LT group as compared with the SA group in
ground squirrels. RI and PI were also increased in the IBA group compared to the SA group,
and PI was elevated in the IBA group compared to LT ground squirrels (Figures 2F,G and 8).
Consistent with the increase in carotid artery RI in young obese males [47], the changes
in RI during hibernation suggest decreased carotid artery compliance and/or increased
vascular resistance in hibernating ground squirrels, which may be due to excessive adipose
tissue storage before hibernation. Furthermore, the reduced PI during torpor also depends
on the volume blood flow and systemic circulatory factors including the reduced heart rate
that is characteristic of torpor [47], as was reported in our previous study [48]. Moreover,
PI = (systolic velocity − diastolic velocity)/systolic velocity [47], and systolic velocity
increased more than diastolic velocity in the IBA group (Figures 2B,C and 8), such that PI
was significantly elevated in the IBA group compared to the LT group. In another study
on Arctic ground squirrels focused on the re-entering arousal process, it was shown that
pulmonary gas exchange did not keep up with oxygen demand, resulting in a decrease
in hemoglobin saturation to roughly 60% [21,49]. Thus, in the early stage of transitioning
from torpor to arousal, there must be a brief lack of oxygen supply due to the mismatch
between accelerated blood circulation and respiratory rate.

Mammalian hibernators experience a decrease in body temperature, heart rate, ventila-
tion, and metabolic rate during torpor, which means a concomitant downward adjustment
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of the oxygen consumption rate [49,50]. In hedgehogs (Erinaceus europaeus) and golden-
mantled ground squirrels, the blood O2 affinity was significantly increased during torpor
as compared with the SA group [51,52]. In the current study, the arterial blood PO2,
hematocrit and oxygen saturation levels were significantly increased in the LT group,
whereas they were decreased to the same level in the IBA group compared to the SA group
(Figures 3A–C and 8). This is consistent with the elevated carotid artery PO2 level found in
Richardson’s ground squirrels (Urocitellus richardsonii) during hypothermia experiments,
and the elevated hematocrit during torpor in brown bears (Ursus arctos) [25,50]. The in-
crease in hematocrit is caused by a decrease in plasma/blood volume due to dehydration
during torpor and not by an increased production of erythrocytes [53]. Besides, in the
present study, arterial PO2 (105 mmHg) and oxygen saturation (94%) in the LT group were
higher than that in the SA group (PO2 42 mmHg and oxygen saturation 80%) of ground
squirrels, almost close to that of non-hibernators. For example, systemic arterial oxygen
saturation was about 95% and PO2 was 138 mmHg in healthy rats [54,55]. Consistently, the
PO2 in torpor (99 mmHg) is higher than that in the SA group (65 mmHg) in thirteen-line
ground squirrels [56]. Therefore, the oxygen reserve is increased in LT ground squirrels
to provide oxygen when they re-enter arousal. On the contrary, the oxygen supply may
become limited during arousal thermogenesis. For example, arterial PO2 falls to a min-
imum of 7 mmHg from the early stages of torpor to re-entering arousal (with the body
temperature 10 ◦C) in Arctic ground squirrels [21]. In addition, the lactate concentration in-
creases in brain tissue under peak oxygen consumption during arousal from torpor in bats,
which suggests that animals experience oxygen deficiency during arousal reperfusion [57].
Moreover, consistent with the increased lactate concentration measured in the arterial blood
of the IBA group as compared with the LT group in our study (Figures 3D and 8), the
lactate concentration also increased in the brain of non-hibernators under hypoxia [58].
However, in the present study, samples of the IBA group were taken from late-arousal
ground squirrels (with a body temperature ~36 ◦C), and as the awakening time extended,
the hypoxia state of the arousal from torpor was alleviated, so arterial PO2 and oxygen
saturation in the IBA group were equal to those in the SA group.

CO2 solubility is increased in all body fluids of hibernators when body temperature
decreases during torpor [49]. Similarly, in the present study, arterial blood PCO2 was
significantly increased in the LT group as compared with the SA group, and there was no
difference between the SA and IBA groups (Figures 3E and 8). The decrease in ventilation
leads to a significant increase in blood CO2, which results in respiratory acidosis (less CO2
removed than metabolically produced), as reported in torpid marmots (Marmota jauiven-
tris), golden hamsters (Mesocricetus aureus) and dormice (Glis glis) [59–61]. Respiratory
acidosis can induce initial metabolic suppression, either directly by reducing general body
metabolism or indirectly by its depressant effect on central integrative processes in ground
squirrels (Citellus lateralis) and European hamsters (Cricetus cricetus) [62,63]. In addition,
arterial pH was significantly decreased and [HCO3

−] was significantly increased in the
LT group as compared with the SA group, but showed no difference between SA and IBA
ground squirrels (Figures 3F,G and 8), which is consistent with the decrease in blood pH
from 7.45 to 7.42 and the increase of [HCO3

−] from 30.3 to 37.4 mEq/L in golden mantled
ground squirrels (Spermophilus lateralis) in torpor [60]. However, blood pH is unchanged
during torpor as compared with the SA group in thirteen-lined ground squirrels [64].
Altogether, hibernators use pH-state regulation as a means of metabolic repression [60].
Moreover, consistent with our results (pH decreased and [HCO3

−] increased in LT as
compared with the SA group), hypercapnia and respiratory acidosis lower the threshold
for shivering, inhibit cold-induced non-shivering thermogenesis and depress the metabolic
rate in golden mantled ground squirrels, golden hamsters and dormice in order to maintain
a hypometabolic and hypothermic state during torpor [61,65,66].

Melatonin can be found in all living organisms and exerts antioxidant effects via its
expected long-term effects and being able to control cell and tissue function around the
clock [67,68]. In our study, the melatonin concentration in serum was dramatically increased
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in the LT group compared to the SA group and showed no difference between SA and IBA
ground squirrels (Figures 4 and 8). Additionally, studies have shown that the MT receptor
signal plays a protective role during the extreme physiological transition from torpor to
arousal in thirteen-lined ground squirrels [37]. MT can also improve mitochondrial function,
reduce oxidative stress, and increase respiratory chain activity [69,70]. LONP1, induced
under oxidative stress and hypoxia conditions, is an essential mitochondrial protease that
is crucial for maintaining mitochondrial protease homeostasis and reducing cellular stress,
supporting cell viability in response to acute cellular stress [19,71]. In addition, NF-κB
(Nuclear Factor κB) can be activated by oxidative stress [72], and it activates the expression
of nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3), which can
be inhibited by MT, thereby suppressing pro-inflammatory factor maturation and secre-
tion [73,74]. In the current study, MT treatment abrogated the hypoxia-induced increase
of LONP1, NF-κB, NLRP3 and IL-6 mRNA expression in VMSCs (Figure 5B–F), which is
consistent with MT inhibition of the hyperactivity of NLRP3 inflammasomes by inhibiting
NF-κB pathway activity under hypoxia in neonatal rats [75]. In addition, MT treatment
reversed the increase in TNF, IL-6, and NF-κB expression under hypoxia/reoxygenation
conditions in human primary villous cytotrophoblasts cells [76]. Therefore, our findings
have indicated that MT can protect against oxidative stress and inflammation in VSMCs
from ground squirrels under hypoxic conditions.

As previously mentioned, mitochondrial ROS increased during high oxygen consump-
tion in the early stage of torpor to re-entering arousal, leading to oxidative stress [9,10].
Oxidative stress-mediated mitochondrial dysfunction stimulates the upregulation of mito-
chondrial HSP60 and ultimately initiates inflammatory pathways [77]. In the present study,
the expression levels of HSP60 mRNA and protein were significantly reduced in the LT and
IBA groups as compared with the SA group, and there was no difference between the LT
and IBA groups (Figures 6A,C,D and 8), which is consistent with the mRNA expression of
HSP60, which showed no difference between the torpor and arousal groups in the hypotha-
lamus of golden-mantled ground squirrels [78]. Additionally, protein expression of HSP60
increased in white adipose tissue during the transitory periods of the torpor–arousal cycle
in thirteen-lined ground squirrels [79]. The different expression trends of HSP60 appear
to be because white adipose tissue provides the fuel to support energy needs for ground
squirrels to re-enter arousal, leading to a high metabolic rate and oxygen consumption.
In the present study, the expression of LONP1 mRNA and protein in the carotid artery
was decreased in the LT and IBA groups as compared with the SA group but increased in
the IBA group as compared with LT ground squirrels (Figures 6B,C,E and 8). The LONP1
expression level was highest in tissues with high energy demands such as heart, brain, liver,
and skeletal muscles, acting to maintain mitochondrial function [71]. In addition, hypoxia
upregulates LONP1, responding to oxidative stress by abrogating deleterious processes
that threaten cell survival through its protease and chaperone activity [80]. Therefore, the
hypoxia caused in the early stage of arousal from torpor, that, in turn, leads to oxidative
stress, can be alleviated during the late-arousal period.

Oxidative stress can activate many transcription factors that promote the expression
of inflammatory cytokines and anti-inflammatory molecules [72]. In non-hibernators, such
as humans, increased levels of oxidative stress and inflammation in the carotid artery
leads to tissue ischemia and is believed to impair cerebrovascular function [81,82]. In
addition, NF-κB can trigger the activation of the NLRP3 inflammasome, and the activation
of both the NLRP3 inflammasome and the NF-κB innate immune pathway results in the
overproduction of pro-inflammatory factors such as IL-1β and TNF-α [73,81,83,84]. In the
present study, the expression of pro-inflammatory factors TNF-α, IL-1β, IL-6, and CRP (a
suggestive or discriminatory indicator of bacterial infection), and anti-inflammatory factor
IL-10 in the carotid artery were significantly and consistently decreased in the LT group
compared to the SA group (Figures 7 and 8). Similarly, no inflammation was observed
in the arteries of torpid brown bears [85]. However, a systemic inflammatory response
was observed in torpid Arctic ground squirrels and brown bears, which is consistent with
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our previous study that showed that pro-inflammatory factors (TNF-α, IL-1β, IL-6, and
CRP) were elevated and anti-inflammatory factors (IL-10 in the serum) were decreased
in the LT group compared to the SA group [4,5,86,87]. Furthermore, in the current study,
although IL-6 and CRP were significantly increased in the IBA group, as compared with
the LT group, there was no difference in IL-1β, IL-6, CRP, or IL-10 between the SA and
IBA groups, and TNF-α was significantly reduced in the IBA group as compared with the
SA group (Figures 7 and 8). Thus, the carotid arteries exhibit no inflammatory response
and maintain their structure and function during the torpor–arousal cycle despite rapid
changes in blood flow velocity.

4. Materials and Methods
4.1. Animal Collection and Grouping

The Laboratory Animal Management Committee of the Ministry of Health of the Peo-
ple’s Republic of China (SL-2012-42) and the Ethics Committee of Northwestern University
have approved the procedures. As previously mentioned by our laboratory [4], 90 ground
squirrels were captured in June to July from the Weinan Plain in Shaanxi Province, China.
Animals were transported back to the laboratory, weighed, caged, and then provided with
water, standard rat food and peanuts. A summer active (SA) group of 30 ground squirrels
was held in an animal house, where temperature and light changes due to sunrise and
sunset were consistent with local conditions in June/July. From the end of October to
the beginning of November, as the remaining 60 ground squirrels became hypothermic,
they were transferred to the hibernation room, where temperature was almost the same
as the outdoor temperature and the animals were held in totally darkness. The animals
entered hibernation, and their body temperatures were monitored by a visual infrared
thermometer (Fluke VT04 Visual IR Thermometer, Washington, DC, USA) and recorded at
9:00 a.m. and 9:00 p.m. every day (12 h intervals). These squirrels did not eat or drink after
entering torpor and woke up for 12–24 h (interbout arousal) before re-entering torpor. Body
weights were measured again before hibernation, and the animals were randomly divided
into 3 groups (each group consisted of about 30 ground squirrels): (1) summer active (SA)
ground squirrels were sampled from the end of June to the middle of July, when body
temperatures were 36–38 ◦C; (2) the late torpor (LT) group of ground squirrels underwent
a torpor–arousal cycle at 5–10 ◦C for about 60 days, and then went into another torpor bout
for 3–4 days with body temperatures of 5–10 ◦C, when the animals were sampled; (3) the
interbout arousal (IBA) squirrels naturally aroused after 60 days of a torpor–arousal cycle,
and samples were collected within 12 h at a body temperature of 33–36 ◦C.

4.2. Sample Collection
4.2.1. Carotid Artery Tissue Sample Collection

All squirrels were weighed and anesthetized by intraperitoneal injection dose of
1 mL/100 g of 20% ethyl carbamate. After anesthesia was completed in about 10 min,
squirrels were placed on a dissection table and the neck skin was cut for the dissection
and isolation of the carotid artery. We placed 0.5 cm carotid artery tissue slices into 2 mL
cryovials containing 4% paraformaldehyde and stored them in a refrigerator at 4 ◦C for
subsequent paraffin sectioning and HE staining. The remaining section of each carotid
artery (~1 cm) was then placed in a 2 mL cryopreservation tube and snap-frozen in liquid
nitrogen, then stored in a −60 ◦C freezer for subsequent experiments.

4.2.2. Serum Sample Collection

The abdominal cavities of ground squirrels were opened to collect blood from the
abdominal aorta and left to stand for 30 min. Samples were then centrifuged at 10,000 rpm
at 4 ◦C for 5 min. The supernatant was removed and centrifuged at 3000 rpm for 5 min at
4 ◦C. We collected the supernatant from the second centrifugation and distributed it into
200 µL centrifuge tubes, each containing 150 µL, and stored it at −60 ◦C for subsequent
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experiments. After all samples were collected, the animals were euthanized by injection of
a 20% overdose of ethyl carbamate.

4.3. Protein Extraction and Concentration Determination

As mentioned earlier, total soluble protein extracts were prepared from frozen samples
of carotid artery from three groups (SA, LT, and IBA) [4]. Frozen tissue samples were ground
and lysed in 150 µL RIPA lysis buffer (Heart, Xi’an, China), and 20 µL/mL phosphatase
inhibitor and 10 µL/mL protease inhibitor (PMSF) were added and then centrifuged at
15,000 rpm for 15 min at 4 ◦C followed by collection of the supernatant. The protein
concentrations were determined by the BCA method (Boster, Wuhan, China) in an enzyme
labeling apparatus. The supernatant was adjusted to the appropriate concentration with
5× SDS and 1× SDS buffer, boiled in a metal bath at 98 ◦C for 10 min, and then stored at
−60 ◦C for subsequent use.

4.4. Western Blots

Proteins were separated using 10% SDS–PAGE gels as described in previous studies [4,5].
Electrophoresis involved 80 V for 30 min, followed by 120 V for 70 min. Then, under the
conditions of 20 V, 5 min; 40 V, 20 min; and 60 V, 30 min, the proteins were then transferred
onto polyvinylidene difluoride membranes (PVDF membranes 0.20 µm pore size, Merck,
Darmstadt, Germany) using a semi-dry transfer apparatus (Bio-Rad, Hercules, CA, USA).
Then, we placed the membrane in a solution of 50 mL of 4% PVA-203 (Aladdin, Shanghai,
China) of distilled water for 20 min, followed by incubation with rabbit anti-primary
antibody diluted in distilled water containing 2% polyvinylpyrrolidone (PVP40, Amresco,
Houston, TX, USA) at 4 ◦C overnight. The primary antibodies were anti-HSP60 (1:2000,
Abcam, ab190828, Cambridge, UK) and anti-LONP1 (1:2000, Proteintech, 15440-1-AP,
Wuhan, China). Then, we washed the membrane three times with 0.1% TBST on a horizontal
oscillator, each time for 10 min, followed by incubation with HRP-conjugated anti-rabbit
antibody (1:2000, Zhuangzhi, EK020, Xi’an, China) for 90 min at room temperature, and
then washed it three times with 0.1% TBST for ten minutes each time. We used enhanced
chemiluminescence reagents (Thermo Fisher Scientific, NCI5079, Waltham, MA, USA)
to observe the fluorescence bands and Image Pro Plus software (ipwin32) was used for
quantitative analysis. The density of the immunoblot bands in each lane was standardized
against the density of the total protein bands in the same lane [4,5].

4.5. RNA Extraction and RT-qPCR (Real-Time Fluorescence Quantitative PCR)
4.5.1. RNA Extraction

Total RNA from tissues was extracted using AG RNAex Pro RNA extraction reagent
(Accurate Biology, AG21101, Wuhan, China) as described in the literature [88]. Briefly,
60–100 mg of tissue was ground to a powder under liquid nitrogen and then placed into
1.5 mL centrifuge tubes with 1 mL of AG RNAex Pro RNA extraction reagent and left to
stand at room temperature for 10 min before being centrifuged for 10 min at 4 ◦C and
12,000 rpm. Supernatants were then removed and placed into new 1.5 mL centrifuge tubes
and then 200 µL of trichloromethane was added to each, vortexed for 30–60 s, left on ice for
10 min, and then centrifuged for 15 min at 4 ◦C, 12,000 rpm. The supernatant was removed
and 500 µL of isopropanol was added, vortexed for 3 s and left on ice for 10 min, then
centrifuged for 10 min at 4 ◦C and 12,000 rpm. The supernatant was discarded, and the
precipitate was washed with 75% ethanol and centrifuged for 5 min at 4 ◦C and 12,000 rpm,
which was performed twice. The ethanol was evaporated, and the RNA precipitate was
dissolved and diluted with an appropriate amount of DEPC water and then RNA samples
were frozen at −60 ◦C until use.

4.5.2. Reverse Transcription and RT-qPCR

Reverse transcription was performed using the PerfectStart Uni RT & qPCR Kit (TransGen
Biotech, Beijing, China). The reaction system was as follows: 1 µg of total RNA (the volume
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addition depended on the concentration of extracted RNA), 4 µL of 5× TransScript® Uni
All-in-One SuperMix for qPCR, 1 µL of gDNA Remover, and the rest of the 20 µL volume was
made up with RNase-free water. Samples were then gently, incubated at 50 ◦C for 5 min, and
then heated at 85 ◦C for 5 s. After reverse transcription, cDNA was stored at −20 ◦C.

RT-qPCR was performed using the PerfectStart Uni RT & qPCR Kit (TransGen Biotech,
Beijing, China). The reaction system was 2× PerfectStart® Green qPCR SuperMix 10 µL,
upstream and downstream primers (10 µM) of 0.4 µL each, template 1 µL, and nuclease-
free water 8.2 µL for a total volume of 20 µL. After addition and centrifugation, eight
tubes containing the samples to be tested were placed in the QuantGene 9600 Fluorescent
Quantitative Polymerase Reaction (PCR) System and set up for the assay. The relevant
procedures and times were as follows: cycling section (initial 94 ◦C, 30 s, followed by
40 cycles of 94 ◦C 5 s), then 60 ◦C 30 s followed by a dissolution section) 95 ◦C 15 s, 60 ◦C
1 min, 95 ◦C 15 s). Fluorescence was selected for SYBR.

4.6. Enzyme-Linked Immunosorbent Assay (ELISA)

All inflammatory factors in the carotid artery and melatonin (Fankew, FANKEL, F3532-
B, Shanghai, China) in serum were measured using kits (Fankew, Shanghai FANKEL
Industrial Co., Ltd., Shanghai, China). Indicators of inflammatory factors in the carotid
artery was used to assess IL-1β (F2923-A), IL-6 (F3066-A), IL-10 (F3071-A), CRP (F2957-A),
and TNF-α (F3056-A).

4.7. Hematoxylin and Eosin (HE) Staining

In brief, as described in the previous literature [4,5], the soaked tissues were removed
from paraformaldehyde, trimmed tissues were dehydrated with gradient alcohol, tissues
were put into melted and cut paraffin wax and placed in an embedding frame and then
into an embedding machine, followed by cooling on a freezer table at −20 ◦C. After the
wax had solidified, wax blocks were removed from the embedding frame and trimmed.
The tissue blocks were then placed in a paraffin slicer to cut tissue sections of about 4 µm.
The slides were picked up from the slicing machine and placed in an oven at 60 ◦C to bake
the slices and then taken out of the oven and placed at room temperature.

Sections were dewaxed sequentially with the following steps: dewaxing solution I
20 min → dewaxing solution II 20 min → anhydrous ethanol I 5 min → anhydrous ethanol
II 5 min → 75% alcohol for 5 min, and a final wash with tap water. Sections were then
put into hematoxylin staining solution for 3–5 min, followed by washing with tap water,
then differentiated with differentiation solution, washed again with tap water, returned
to blue with a re-blue solution, and then rinsed with running water. Tissue sections were
then dehydrated by placing them in an 85% to 95% gradient alcohol for 5 min each, then
stained in eosin staining solution for 5 min. After staining, we dehydrated the slices and
sealed them as follows: anhydrous ethanol I for 5 min → anhydrous ethanol II for 5 min
→ anhydrous ethanol III for 5 min → dimethyl I for 5 min → xylene II for 5 min for
transparency and finally sealed with neutral gum.

Sections were examined microscopically (Nikon Eclipse E100, Nikon, Tokyo, Japan),
and images were collected and analyzed (Nikon DS-U3, Nikon, Japan). Finally, the endo-
medial thickness was measured using Photoshop software (20.0.0 20180920.r.24 2018/09/20:
1193433 x64) to determine the size of the vascular lumen at different times.

4.8. Color Doppler Ultrasonography

Five to seven ground squirrels of varying body weights were selected from each of the
three groups, anesthetized using the inhalational anesthetic isoflurane (RWD Life Science
Co., Ltd., R510-22, Shenzhen, China), fixed and depilated (Reckitt Benckiser Plc. G20161333,
Jinzhou, China). In this experiment, an ultrasound imaging system of VINNO 6LAB
(Suzhou, China) model was used, and the 8–18 MHz frequency probe was selected. Before
starting the experiment, the number of ground squirrels was registered, the laboratory
vascular module was selected, the coupling agent was lightly applied to the probe, and
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the carotid arteries were probed percutaneously to obtain a clear two-dimensional carotid
arterial image. After saving the pictures, the color Doppler was turned on, and the probe
position and gain were adjusted slightly to ensure that the blood flow was well filled, and
the pulsed spectral Doppler was started to adjust the sampling volume and to ensure that
the angle between the direction of the blood flow and the sampling line was not more than
60◦. The video and pictures were saved and analyzed to obtain the relevant hemodynamic
parameters of the carotid artery in different groups of ground squirrels.

4.9. Arterial Blood Gas Measurement

After opening the abdominal cavity of the ground squirrels as described in the pre-
vious section, blood was collected from the abdominal aorta using a disposable human
Arterial Blood Sampler (safe PICO, Radiometer, Copenhagen, Denmark) in accordance
with standard procedures. Air from the blood collection tube was quickly removed after
collection, then the blood was mixed with a slight shake because it contained gold-plated
mixing spheres and electrolyte-balanced dry heparin to reduce the risk of clots in the blood
samples. The collected blood sample was placed in the inlet of the ABL9 blood gas analyzer
(Radiometer, Denmark), the sample number was entered after automatic aspiration, and
the relevant indices were measured.

4.10. Cell Culture, Identification, and Sample Collection

After anesthesia, ground squirrel samples from the summer group were soaked in 75%
ethanol, as described in the previous section, then the squirrels were placed on a dissection
table and the neck skin was cut for carotid artery dissection and isolation. Carotid artery
samples were placed in Petri dishes containing DMEM/F12 medium (Pricella, PM150312,
Wuhan, China) and rinsed of blood clots inside and outside the vessels. The surrounding
connective tissue was stripped and the carotid arteries were transferred to a second Petri
dish containing DMEM/F12 medium and the carotid was cleaned again. Artery samples
were then transferred to another clean Petri dish and smaller pieces of tissue were cut with
ophthalmic scissors. The tissue block was transferred to a 15 mL centrifuge tube containing
3 mL of digestive solution (7.5 mg of type II collagenase) (Solarbio, C8150, Beijing, China)
dissolved in 5 mL of DMEM/F12 containing 20% fetal bovine serum (FBS) (Corning, IC-
1905, Corning, NY, USA) and digested in an incubator for 6 h. After centrifugation at 1200
rpm for 5 min, the supernatant was removed and 2 mL of DMEM/F12 medium containing
20% FBS was added, gently blowing the dispersed cells to inoculate them into 25 cm2

culture flasks, followed by placing them in a 5% CO2, 37 ◦C saturated humidity incubator
for cultivation, and they were then passaged when the cells had grown to 80% confluence
(7~10 d).

Subsequently, the old medium was aspirated and discarded, and the cells were washed
by adding PBS phosphate buffer (Boster, AR0030, Wuhan, China) to adequately wash away
residual serum components. Subsequently, 1 mL of 0.25% trypsin (New Cell Molecular
Biotech, C100C1, Suzhou, China) was added to the culture flask and digested at 37 ◦C for
3 min. When the contraction and rounding of the cells was observed under the inverted
microscope, the digestion was terminated by adding FBS-containing medium immediately,
and the cells were rinsed off from the bottom of the culture flasks, then centrifuged at
1000 rpm for 3 min followed by transfer to new culture flasks at a 1:3 ratio. The solution
was changed every 2 days, and the cells were passaged again when they grew to 70% or
more confluence. Cell proliferation accelerated on days 3–5, and cell confluence reached
more than 80% after 7 days of growth. Experiments were performed with cells from the
3rd to 5th generations.

A cellular immunofluorescence technique was used. Well-grown vascular smooth
muscle cells were taken and rinsed with pre-cooled PBS three times for 3 min each time,
then 4% paraformaldehyde was used to fix the cells for 30 min. Cells were then rinsed with
PBS three times for 3 min each, and the cells were permeabilized with 0.3% Triton X-100 and
left to stand for 30 min at room temperature, 500 µL FBS was added at room temperature
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for 1 h and then discarded, and they were rinsed 3 times for 3 min each with PBS. Smooth
muscle cell-specific marker factor anti-a-SMA antibody (1:100, Proteintech, 14395-1-AP,
Wuhan, China) was added and incubated at 4 ◦C overnight, followed by rinsing with PBS
3 times for 3 min each. Secondary antibody (1:100, Zhuangzhi, EK022, Xi’an, China) was
then added and incubated for 1 h at room temperature away from light followed by rinsing
3 times with PBS for 3 min each. The samples were sealed with Antifade Mounting Medium
with DAPI (Servicebio, G1407, Wuhan, China). Cell morphology and immunohistochemical
results were observed under a Nikon ECLIPSE Ts2 microscope (Nikon, Tokyo, Japan).

The cells were randomly divided into four groups: Con, Con + MT, Hypoxia, and
Hypoxia + MT. Cells were then cultured for 24 h after passaging, and the control + MT
and hypoxia + MT groups were incubated with melatonin (MedChemExpress, HY-B0075,
Monmouth Junction, NJ, USA) at a concentration of 1 mmol/L for 24 h. Both hypoxia
groups were subjected to hypoxia treatment and cultured in an incubator at 37 ◦C, 6% O2
for 24 h. Cells from the normal group were cultured in an incubator at 5% CO2 and 37 ◦C
saturated humidity for 24 h. The well-grown cells were taken, the medium was discarded,
and PBS was added and rinsed 2 times, after which the PBS was discarded and the cells
were lysed by adding AG RNAex Pro RNA extraction reagent. The solution was later
placed into a 1.5 mL centrifuge tube for subsequent RNA extraction experiments.

4.11. Statistical Analysis of Data

All statistical testing was performed using SPSS statistical software version 20.0 (IBM,
Armonk, NY, USA). Inter group differences were tested using one-way analysis of variance
(ANOVA) and Fisher’s least significant difference (LSD). Tamhane was used for testing
when homogeneity was not detected. Finally, all data were statistically analyzed and
plotted using GraphPad Prism version 8.0 software. Data are presented as mean ± standard
deviation (Mean ± SD). p < 0.05 was considered a statistically significant difference.

5. Conclusions

In summary, our results provide evidence that the intima-media and blood flow
velocity of the carotid is significantly reduced, and melatonin accumulates during torpor.
In addition, carotid artery PO2 and oxygen saturation of the LT group remained close to
those in non-hibernators, whereas PO2 and oxygen saturation in the SA and IBA groups
were lower than in non-hibernators. The carotid artery did not experience oxidative stress
or an inflammatory response during the torpor–arousal cycle. Additionally, our study also
suggests a possible protective role of melatonin on oxidative stress and inflammation in
VSMCs of the carotid artery under hypoxic conditions in vitro. This is the first exploration of
the vascular protective function of melatonin in ground squirrels during the torpor–arousal
cycle in hibernation. Finally, an understanding the mechanisms by which hibernators
maintain carotid structure and function under severe hemodynamic changes during the
torpor–arousal cycle may inform strategies for addressing ischemia–reperfusion injury
in humans.

Author Contributions: Conceived and designed the experiments: Z.H., Y.H., X.L., Y.Y., N.A., D.H.,
E.L., K.B.S., H.C. and M.X.; Performed the experiments: Z.H., Y.H., Q.Z. and M.Z.; Analyzed the data:
Z.H. and Y.H.; Wrote the paper: Z.H., H.C., E.L. and K.B.S. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by funds from the National Nature Science Foundation of China
82072101, the Shaanxi Fundamental Science Research Project for Chemistry & Biology (22JHQ040),
the Shaanxi Province Natural Science Basic Research Program (2023-JC-YB-179), and the Ministry of
Science and Technology-High End Foreign Expert Introduction Program (G2022040019L).

Institutional Review Board Statement: Animal collection and experimental procedures were ap-
proved by the Animal Care Committee of the Chinese Wildlife Conservation Society (SL-2012-42)
and the Ethics Committee of Northwest University.



Int. J. Mol. Sci. 2024, 25, 12888 19 of 22

Data Availability Statement: The data presented in this study are available from the corresponding
author on request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Geiser, F. Hibernation. Curr. Biol. 2013, 23, R188–R193. [CrossRef]
2. Carey, H.V.; Andrews, M.T.; Martin, S.L. Mammalian hibernation: Cellular and molecular responses to depressed metabolism

and low temperature. Physiol. Rev. 2003, 83, 1153–1181. [CrossRef]
3. Andrews, M.T. Molecular interactions underpinning the phenotype of hibernation in mammals. J. Exp. Biol. 2019, 222 Pt 2,

jeb160606. [CrossRef]
4. Han, Y.; Miao, W.; Hao, Z.; An, N.; Yang, Y.; Zhang, Z.; Chen, J.; Storey, K.B.; Lefai, E.; Chang, H. The Protective Effects on

Ischemia–Reperfusion Injury Mechanisms of the Thoracic Aorta in Daurian Ground Squirrels (Spermophilus dauricus) over the
Torpor–Arousal Cycle of Hibernation. Int. J. Mol. Sci. 2022, 23, 10248. [CrossRef] [PubMed]

5. Miao, W.; Han, Y.; Yang, Y.; Hao, Z.; An, N.; Chen, J.; Zhang, Z.; Gao, X.; Storey, K.B.; Chang, H.; et al. Dynamic Changes in
Colonic Structure and Protein Expression Suggest Regulatory Mechanisms of Colonic Barrier Function in Torpor–Arousal Cycles
of the Daurian Ground Squirrel. Int. J. Mol. Sci. 2022, 23, 9026. [CrossRef]

6. Saito, H.; Thapaliya, S.; Matsuyama, H.; Nishimura, M.; Unno, T.; Komori, S.; Takewaki, T. Reversible impairment of endothelium-
dependent relaxation in golden hamster carotid arteries during hibernation. J. Physiol. 2002, 540 Pt 1, 285–294. [CrossRef]
[PubMed]

7. Zatzman, M.L. Renal and cardiovascular effects of hibernation and hypothermia. Cryobiology 1984, 21, 593–614. [CrossRef]
[PubMed]

8. Henning, R.H.; Deelman, L.E.; Hut, R.A.; Van der Zee, E.A.; Buikema, H.; Nelemans, S.; Lip, H.; De Zeeuw, D.; Daan, S.; Epema,
A.H. Normalization of aortic function during arousal episodes in the hibernating ground squirrel. Life Sci. 2002, 70, 2071–2083.
[CrossRef] [PubMed]

9. Hermes-Lima, M.; Zenteno-Savín, T. Animal response to drastic changes in oxygen availability and physiological oxidative stress.
Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2002, 133, 537–556. [CrossRef] [PubMed]

10. Ramos-Vasconcelos, G.R.; Hermes-Lima, M. Hypometabolism, antioxidant defenses and free radical metabolism in the pulmonate
land snail Helix aspersa. J. Exp. Biol. 2003, 206 Pt 4, 675–685. [CrossRef] [PubMed]

11. Tøien, Ø.; Drew, K.L.; Chao, M.L.; Rice, M.E. Ascorbate dynamics and oxygen consumption during arousal from hibernation in
Arctic ground squirrels. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2001, 281, R572–R583. [CrossRef]

12. Drew, K.; Tøien, Ø.; Rivera, P.; Smith, M.; Perry, G.; Rice, M. Role of the antioxidant ascorbate in hibernation and warming from
hibernation. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 2002, 133, 483–492. [CrossRef] [PubMed]

13. Ballo, P.; Quatrini, I.; Giacomin, E.; Motto, A.; Mondillo, S. Circumferential versus longitudinal systolic function in patients with
hypertension: A nonlinear relation. J. Am. Soc. Echocardiogr. 2007, 20, 298–306. [CrossRef] [PubMed]

14. Samaja, M. Blood gas transport at high altitude. Respiration 1997, 64, 422–428. [CrossRef]
15. Sutton, J.R.; Reeves, J.T.; Wagner, P.D.; Groves, B.M.; Cymerman, A.; Malconian, M.K.; Rock, P.B.; Young, P.M.; Walter, S.D.;

Houston, C.S. Operation Everest II: Oxygen transport during exercise at extreme simulated altitude. J. Appl. Physiol. 1988, 64,
1309–1321. [CrossRef]

16. Jelicks, L.A.; Gupta, R. 31P-NMR of high-energy phosphates in perfused rat heart during metabolic acidosis. Am. J. Physiol. Circ.
Physiol. 1992, 263 Pt 2, H903–H909. [CrossRef] [PubMed]

17. da Silva, T.F.G.; de Bem, G.F.; da Costa, C.A.; Santos, I.B.; de Andrade Soares, R.; Ognibene, D.T.; Rito-Costa, F.; Cavalheira, M.A.;
da Conceição, S.P.; Ferraz, M.R.; et al. Prenatal hypoxia predisposes vascular functional and structural changes associated with
oxidative stress damage and depressive behavior in adult offspring male rats. Physiol. Behav. 2021, 230, 113293. [CrossRef]

18. Chen, M.; Liu, Y.; Yi, D.; Wei, L.; Li, Y.; Zhang, L. Tanshinone IIA promotes pulmonary artery smooth muscle cell apoptosis
in vitro by inhibiting the JAK2/STAT3 signaling pathway. Cell. Physiol. Biochem. 2014, 33, 1130–1138. [CrossRef] [PubMed]

19. Venkatesh, S.; Lee, J.; Singh, K.; Lee, I.; Suzuki, C.K. Multitasking in the mitochondrion by the ATP-dependent Lon protease.
Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2012, 1823, 56–66. [CrossRef] [PubMed]

20. Malkov, M.I.; Lee, C.T.; Taylor, C.T. Regulation of the Hypoxia-Inducible Factor (HIF) by Pro-Inflammatory Cytokines. Cells 2021,
10, 2340. [CrossRef] [PubMed]

21. Ma, Y.L.; Zhu, X.; Rivera, P.M.; Tøien, Ø.; Barnes, B.M.; LaManna, J.C.; Smith, M.A.; Drew, K.L. Absence of cellular stress in brain
after hypoxia induced by arousal from hibernation in Arctic ground squirrels. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005,
289, R1297–R1306. [CrossRef] [PubMed]

22. Lin, C.-L.; Hsiao, C.-J.; Hsu, C.-H.; Wang, S.-E.; Jen, P.H.-S.; Wu, C.-H. Hypothermic neuroprotections in the brain of an
echolocation bat, Hipposideros terasensis. NeuroReport 2017, 28, 956–962. [CrossRef] [PubMed]

23. Heldmaier, G.; Ortmann, S.; Elvert, R. Natural hypometabolism during hibernation and daily torpor in mammals. Respir. Physiol.
Neurobiol. 2004, 141, 317–329. [CrossRef]

24. Revsbech, I.G.; Fago, A. Regulation of blood oxygen transport in hibernating mammals. J. Comp. Physiol. B 2017, 187, 847–856.
[CrossRef]

https://doi.org/10.1016/j.cub.2013.01.062
https://doi.org/10.1152/physrev.00008.2003
https://doi.org/10.1242/jeb.160606
https://doi.org/10.3390/ijms231810248
https://www.ncbi.nlm.nih.gov/pubmed/36142152
https://doi.org/10.3390/ijms23169026
https://doi.org/10.1113/jphysiol.2001.013188
https://www.ncbi.nlm.nih.gov/pubmed/11927687
https://doi.org/10.1016/0011-2240(84)90220-7
https://www.ncbi.nlm.nih.gov/pubmed/6394214
https://doi.org/10.1016/S0024-3205(02)01505-9
https://www.ncbi.nlm.nih.gov/pubmed/12148699
https://doi.org/10.1016/S1532-0456(02)00080-7
https://www.ncbi.nlm.nih.gov/pubmed/12458182
https://doi.org/10.1242/jeb.00124
https://www.ncbi.nlm.nih.gov/pubmed/12517985
https://doi.org/10.1152/ajpregu.2001.281.2.R572
https://doi.org/10.1016/S1532-0456(02)00118-7
https://www.ncbi.nlm.nih.gov/pubmed/12458177
https://doi.org/10.1016/j.echo.2006.08.024
https://www.ncbi.nlm.nih.gov/pubmed/17336758
https://doi.org/10.1159/000196718
https://doi.org/10.1152/jappl.1988.64.4.1309
https://doi.org/10.1152/ajpheart.1992.263.3.H903
https://www.ncbi.nlm.nih.gov/pubmed/1415618
https://doi.org/10.1016/j.physbeh.2020.113293
https://doi.org/10.1159/000358682
https://www.ncbi.nlm.nih.gov/pubmed/24733040
https://doi.org/10.1016/j.bbamcr.2011.11.003
https://www.ncbi.nlm.nih.gov/pubmed/22119779
https://doi.org/10.3390/cells10092340
https://www.ncbi.nlm.nih.gov/pubmed/34571989
https://doi.org/10.1152/ajpregu.00260.2005
https://www.ncbi.nlm.nih.gov/pubmed/15976308
https://doi.org/10.1097/WNR.0000000000000856
https://www.ncbi.nlm.nih.gov/pubmed/28914739
https://doi.org/10.1016/j.resp.2004.03.014
https://doi.org/10.1007/s00360-017-1085-6


Int. J. Mol. Sci. 2024, 25, 12888 20 of 22

25. McArthur, M.D.; Jourdan, M.L.; Wang, L.C. Prolonged stable hypothermia: Effect on blood gases and pH in rats and ground
squirrels. Am. J. Physiol. Regul. Integr. Comp. Physiol. 1992, 262 Pt 2, R190–R197. [CrossRef] [PubMed]

26. Stanton, T.L.; Daley, J.C., 3rd; Salzman, S.K. Prolongation of hibernation bout duration by continuous intracerebroventricular
infusion of melatonin in hibernating ground squirrels. Brain Res. 1987, 413, 350–355. [CrossRef] [PubMed]

27. Perreau-Lenz, S.; Kalsbeek, A.; Garidou, M.; Wortel, J.; Van Der Vliet, J.; Van Heijningen, C.; Simonneaux, V.; Pévet, P.; Buijs, R.M.
Suprachiasmatic control of melatonin synthesis in rats: Inhibitory and stimulatory mechanisms. Eur. J. Neurosci. 2003, 17, 221–228.
[CrossRef] [PubMed]

28. Zeman, M.; Herichova, I. Melatonin and clock genes expression in the cardiovascular system. Front. Biosci. 2013, 5, 743–753.
[CrossRef]

29. Govender, J.; Loos, B.; Marais, E.; Engelbrecht, A. Mitochondrial catastrophe during doxorubicin-induced cardiotoxicity: A
review of the protective role of melatonin. J. Pineal Res. 2014, 57, 367–380. [CrossRef] [PubMed]

30. Simko, F.; Paulis, L. Melatonin as a potential antihypertensive treatment. J. Pineal Res. 2007, 42, 319–322. [CrossRef] [PubMed]
31. Zawilska, J.B.; Skene, D.J.; Arendt, J. Physiology and pharmacology of melatonin in relation to biological rhythms. Pharmacol. Rep.

2009, 61, 383–410. [CrossRef] [PubMed]
32. Herrera, E.A.; Macchiavello, R.; Montt, C.; Ebensperger, G.; Díaz, M.; Ramírez, S.; Parer, J.T.; Serón-Ferré, M.; Reyes, R.V.; Llanos,

A.J. Melatonin improves cerebrovascular function and decreases oxidative stress in chronically hypoxic lambs. J. Pineal Res. 2014,
57, 33–42. [CrossRef]

33. Lin, H.-W.; Lee, E.-J. Effects of melatonin in experimental stroke models in acute, sub-acute, and chronic stages. Neuropsychiatr.
Dis. Treat. 2009, 5, 157–162. [CrossRef] [PubMed]

34. Pearce, W.J.; Williams, J.M.; White, C.R.; Lincoln, T.M.; Ducsay, C.A.; Goyal, R.; Wilson, S.; Hu, X.-Q.; Zhang, L.; Curran-Everett,
D.; et al. Effects of chronic hypoxia on soluble guanylate cyclase activity in fetal and adult ovine cerebral arteries. J. Appl. Physiol.
2009, 107, 192–199. [CrossRef]

35. Lee, F.; Sun, C.; Sung, P.; Chen, K.; Chua, S.; Sheu, J.; Chung, S.; Chai, H.; Chen, Y.; Huang, T.; et al. Daily melatonin protects the
endothelial lineage and functional integrity against the aging process, oxidative stress, and toxic environment and restores blood
flow in critical limb ischemia area in mice. J. Pineal Res. 2018, 65, e12489. [CrossRef] [PubMed]

36. Ralph, C.L.; Harlow, H.J.; Phillips, J.A. Delayed effect of pinealectomy on hibernation of the golden-mantled ground squirrel. Int.
J. Biometeorol. 1982, 26, 311–328. [CrossRef] [PubMed]

37. Schwartz, C.; Ballinger, M.A.; Andrews, M.T. Melatonin receptor signaling contributes to neuroprotection upon arousal from
torpor in thirteen-lined ground squirrels. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309, R1292–R1300. [CrossRef]
[PubMed]

38. Weekley, B.; Harlow, H.J. Effects of pharmacological manipulation of the renin-angiotensin system on the hibernation cycle of the
13-lined ground squirrel (Spermophilus tridecemlineatus). Physiol. Behav. 1985, 34, 147–149. [CrossRef] [PubMed]

39. Baluk, P.; Hashizume, H.; McDonald, D.M. Cellular abnormalities of blood vessels as targets in cancer. Curr. Opin. Genet. Dev.
2005, 15, 102–111. [CrossRef]

40. Barton, M.; Haudenschild, C.C. Endothelium and atherogenesis: Endothelial therapy revisited. J. Cardiovasc. Pharmacol. 2001, 38
(Suppl. 2), S23–S25. [CrossRef]

41. Lin, X.; Zhan, J.-K.; Wang, Y.-J.; Tan, P.; Chen, Y.-Y.; Deng, H.-Q.; Liu, Y.-S. Function, Role, and Clinical Application of MicroRNAs
in Vascular Aging. BioMed Res. Int. 2016, 2016, 6021394. [CrossRef] [PubMed]

42. Arinell, K.; Sahdo, B.; Evans, A.L.; Arnemo, J.M.; Baandrup, U.; Fröbert, O. Brown bears (Ursus arctos) seem resistant to
atherosclerosis despite highly elevated plasma lipids during hibernation and active state. Clin. Transl. Sci. 2012, 5, 269–272.
[CrossRef] [PubMed]

43. Li, Y.; Ren, W.; Wang, X.; Yu, X.; Cui, L.; Li, X.; Zhang, X.; Shi, B. MicroRNA-150 relieves vascular remodeling and fibrosis in
hypoxia-induced pulmonary hypertension. Biomed. Pharmacother. 2019, 109, 1740–1749. [CrossRef]

44. Kyotani, Y.; Ota, H.; Itaya-Hironaka, A.; Yamauchi, A.; Sakuramoto-Tsuchida, S.; Zhao, J.; Ozawa, K.; Nagayama, K.; Ito, S.;
Takasawa, S.; et al. Intermittent hypoxia induces the proliferation of rat vascular smooth muscle cell with the increases in
epidermal growth factor family and erbB2 receptor. Exp. Cell Res. 2013, 319, 3042–3050. [CrossRef] [PubMed]

45. Bonis, A.; Anderson, L.; Talhouarne, G.; Schueller, E.; Unke, J.; Krus, C.; Stokka, J.; Koepke, A.; Lehrer, B.; Schuh, A.; et al.
Cardiovascular resistance to thrombosis in 13-lined ground squirrels. J. Comp. Physiol. B 2019, 189, 167–177. [CrossRef]

46. Eltzschig, H.K.; Collard, C.D. Vascular ischaemia and reperfusion injury. Br. Med. Bull. 2004, 70, 71–86. [CrossRef]
47. Ozari, H.O.; Oktenli, C.; Celik, S.; Tangi, F.; Ipcioglu, O.; Terekeci, H.M.; Top, C.; Uzun, M.; Sanisoglu, Y.S.; Nalbant, S. Are

increased carotid artery pulsatility and resistance indexes early signs of vascular abnormalities in young obese males? J. Clin.
Ultrasound. 2012, 40, 335–340. [CrossRef]

48. Yang, Y.; Hao, Z.; An, N.; Han, Y.; Miao, W.; Storey, K.B.; Lefai, E.; Liu, X.; Wang, J.; Liu, S.; et al. Integrated transcriptomics and
metabolomics reveal protective effects on heart of hibernating Daurian ground squirrels. J. Cell. Physiol. 2023, 238, 2724–2748.
[CrossRef] [PubMed]

49. Milsom, W.K.; Jackson, D.C. Hibernation and gas exchange. Compr. Physiol. 2011, 1, 397–420. [PubMed]
50. Revsbech, I.G.; Malte, H.; Fröbert, O.; Evans, A.; Blanc, S.; Josefsson, J.; Fago, A. Decrease in the red cell cofactor 2,3-

diphosphoglycerate increases hemoglobin oxygen affinity in the hibernating brown bear Ursus arctos. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 2013, 304, R43–R49. [CrossRef] [PubMed]

https://doi.org/10.1152/ajpregu.1992.262.2.R190
https://www.ncbi.nlm.nih.gov/pubmed/1539726
https://doi.org/10.1016/0006-8993(87)91027-4
https://www.ncbi.nlm.nih.gov/pubmed/3607484
https://doi.org/10.1046/j.1460-9568.2003.02442.x
https://www.ncbi.nlm.nih.gov/pubmed/12542658
https://doi.org/10.2741/S404
https://doi.org/10.1111/jpi.12176
https://www.ncbi.nlm.nih.gov/pubmed/25230823
https://doi.org/10.1111/j.1600-079X.2007.00436.x
https://www.ncbi.nlm.nih.gov/pubmed/17439547
https://doi.org/10.1016/S1734-1140(09)70081-7
https://www.ncbi.nlm.nih.gov/pubmed/19605939
https://doi.org/10.1111/jpi.12141
https://doi.org/10.2147/NDT.S4815
https://www.ncbi.nlm.nih.gov/pubmed/19557110
https://doi.org/10.1152/japplphysiol.00233.2009
https://doi.org/10.1111/jpi.12489
https://www.ncbi.nlm.nih.gov/pubmed/29570854
https://doi.org/10.1007/BF02219502
https://www.ncbi.nlm.nih.gov/pubmed/7166441
https://doi.org/10.1152/ajpregu.00292.2015
https://www.ncbi.nlm.nih.gov/pubmed/26354846
https://doi.org/10.1016/0031-9384(85)90093-9
https://www.ncbi.nlm.nih.gov/pubmed/3898161
https://doi.org/10.1016/j.gde.2004.12.005
https://doi.org/10.1097/00005344-200111002-00007
https://doi.org/10.1155/2016/6021394
https://www.ncbi.nlm.nih.gov/pubmed/28097140
https://doi.org/10.1111/j.1752-8062.2011.00370.x
https://www.ncbi.nlm.nih.gov/pubmed/22686205
https://doi.org/10.1016/j.biopha.2018.11.058
https://doi.org/10.1016/j.yexcr.2013.08.014
https://www.ncbi.nlm.nih.gov/pubmed/23968588
https://doi.org/10.1007/s00360-018-1186-x
https://doi.org/10.1093/bmb/ldh025
https://doi.org/10.1002/jcu.21927
https://doi.org/10.1002/jcp.31123
https://www.ncbi.nlm.nih.gov/pubmed/37733616
https://www.ncbi.nlm.nih.gov/pubmed/23737179
https://doi.org/10.1152/ajpregu.00440.2012
https://www.ncbi.nlm.nih.gov/pubmed/23174858


Int. J. Mol. Sci. 2024, 25, 12888 21 of 22

51. Maginniss, L.A.; Milsom, W.K. Effects of hibernation on blood oxygen transport in the golden-mantled ground squirrel. Respir.
Physiol. 1994, 95, 195–208. [CrossRef]

52. Clausen, G.; Ersland, A. The respiratory properties of the blood of the hibernating hedgehog Erinaceus europaeus L. Respir. Physiol.
1968, 5, 221–233. [CrossRef]

53. Græsli, A.R.; Evans, A.L.; Fahlman, Å.; Bertelsen, M.F.; Blanc, S.; Arnemo, J.M. Seasonal variation in haematological and
biochemical variables in free-ranging subadult brown bears (Ursus arctos) in Sweden. BMC Vet. Res. 2015, 11, 301. [CrossRef]
[PubMed]

54. Christen, T.; Lemasson, B.; Pannetier, N.; Farion, R.; Segebarth, C.; Rémy, C.; Barbier, E.L. Evaluation of a quantitative blood
oxygenation level-dependent (qBOLD) approach to map local blood oxygen saturation. NMR Biomed. 2011, 24, 393–403.
[CrossRef]

55. Franchini, K.G.; Cestari, I.A.; Krieger, E.M. Restoration of arterial blood oxygen tension increases arterial pressure in sinoaortic-
denervated rats. Am. J. Physiol. Circ. Physiol. 1994, 266 Pt 2, H1055–H1061. [CrossRef]

56. Frerichs, K.U.; Dienel, G.A.; Cruz, N.F.; Sokoloff, L.; Hallenbeck, J.M. Rates of glucose utilization in brain of active and hibernating
ground squirrels. Am. J. Physiol. Integr. Comp. Physiol. 1995, 268 Pt 2, R445–R453. [CrossRef] [PubMed]

57. Lee, M.; Choi, I.; Park, K. Activation of stress signaling molecules in bat brain during arousal from hibernation. J. Neurochem.
2002, 82, 867–873. [CrossRef] [PubMed]

58. Hanson, A.; Johansson, B.W. Myocardial lactate concentration in guinea-pigs, normothermic and hypothermic, and hedgehogs,
in a hibernating and a non-hibernating state. Acta Physiol. Scand. 1961, 53, 137–141. [CrossRef] [PubMed]

59. Goodrich, C. Acid-base balance in euthermic and hibernating marmots. Am. J. Physiol. 1973, 224, 1185–1189. [CrossRef] [PubMed]
60. Kim, A.B.; Milsom, W.K. pH regulation in hibernation: Implications for ventilatory and metabolic control. Comp. Biochem. Physiol.

A Mol. Integr. Physiol. 2019, 237, 110536. [CrossRef] [PubMed]
61. Kreienbühl, G.; Strittmatter, J.; Ayim, E. Blood gas analyses of hibernating hamsters and dormice. Pflug. Arch. 1976, 366, 167–172.

[CrossRef]
62. Snapp, B.D.; Heller, H.C. Suppression of Metabolism during Hibernation in Ground Squirrels (Citellus lateralis). Physiol. Zool.

1981, 54, 297–307. [CrossRef]
63. Malan, A.; Rodeau, J.L.; Daull, F. Intracellular pH in hibernation and respiratory acidosis in the European hamster. J. Comp.

Physiol. B 1985, 156, 251–258. [CrossRef]
64. Lyman, C.P.; Hastings, A.B. Total CO2, plasma pH and pCO2 of hamsters and ground squirrels during hibernation. Am. J. Physiol.

1951, 167, 633–637. [CrossRef]
65. Bharma, S.; Milsom, W.K. Acidosis and metabolic rate in golden mantled ground squirrels (Spermophilus lateralis). Respir. Physiol.

1993, 94, 337–351. [CrossRef] [PubMed]
66. Kuhnen, G.; Wloch, B.; Wünnenberg, W. Effects of acute hypoxia and/or hypercapnia on body temperatures and cold induced

thermogenesis in the golden hamster. J. Therm. Biol. 1987, 12, 103–107. [CrossRef]
67. Amaral, F.G.D.; Cipolla-Neto, J. A brief review about melatonin, a pineal hormone. Arch. Endocrinol. Metab. 2018, 62, 472–479.

[CrossRef] [PubMed]
68. Nagy, A.D.; Iwamoto, A.; Kawai, M.; Goda, R.; Matsuo, H.; Otsuka, T.; Nagasawa, M.; Furuse, M.; Yasuo, S. Melatonin adjusts the

expression pattern of clock genes in the suprachiasmatic nucleus and induces antidepressant-like effect in a mouse model of
seasonal affective disorder. Chronobiol. Int. 2015, 32, 447–457. [CrossRef] [PubMed]

69. Acuna-Castroviejo, D.; Escames, G.; Rodriguez, M.I.; Lopez, L.C. Melatonin role in the mitochondrial function. Front. Biosci. 2007,
12, 947–963. [CrossRef]

70. Acuña-Castroviejo, D.; Escames, G.; López, L.C.; Hitos, A.B.; León, J. Melatonin and nitric oxide: Two required antagonists for
mitochondrial homeostasis. Endocrine 2005, 27, 159–168. [CrossRef] [PubMed]

71. Venkatesh, S.; Li, M.; Saito, T.; Tong, M.; Rashed, E.; Mareedu, S.; Zhai, P.; Bárcena, C.; López-Otín, C.; Yehia, G.; et al.
Mitochondrial LonP1 protects cardiomyocytes from ischemia/reperfusion injury in vivo. J. Mol. Cell. Cardiol. 2019, 128, 38–50.
[CrossRef]

72. Reuter, S.; Gupta, S.C.; Chaturvedi, M.M.; Aggarwal, B.B. Oxidative stress, inflammation, and cancer: How are they linked? Free
Radic. Biol. Med. 2010, 49, 1603–1616. [CrossRef] [PubMed]

73. Volt, H.; García, J.A.; Doerrier, C.; Díaz-Casado, M.E.; Guerra-Librero, A.; López, L.C.; Escames, G.; Tresguerres, J.A.; Acuña-
Castroviejo, D. Same molecule but different expression: Aging and sepsis trigger NLRP3 inflammasome activation, a target of
melatonin. J. Pineal Res. 2016, 60, 193–205. [CrossRef] [PubMed]

74. Liu, Q.; Su, L.-Y.; Sun, C.; Jiao, L.; Miao, Y.; Xu, M.; Luo, R.; Zuo, X.; Zhou, R.; Zheng, P.; et al. Melatonin alleviates morphine
analgesic tolerance in mice by decreasing NLRP3 inflammasome activation. Redox Biol. 2020, 34, 101560. [CrossRef]

75. Qin, M.; Liu, Y.; Sun, M.; Li, X.; Xu, J.; Zhang, L.; Jiang, H. Protective effects of melatonin on the white matter damage of neonatal
rats by regulating NLRP3 inflammasome activity. NeuroReport 2021, 32, 739–747. [CrossRef] [PubMed]

76. Sagrillo-Fagundes, L.; Salustiano, E.M.A.; Ruano, R.; Markus, R.P.; Vaillancourt, C. Melatonin modulates autophagy and
inflammation protecting human placental trophoblast from hypoxia/reoxygenation. J. Pineal Res. 2018, 65, e12520. [CrossRef]
[PubMed]

77. Liyanagamage, D.S.N.K.; Martinus, R.D. Role of Mitochondrial Stress Protein HSP60 in Diabetes-Induced Neuroinflammation.
Mediat. Inflamm. 2020, 2020, 8073516. [CrossRef]

https://doi.org/10.1016/0034-5687(94)90116-3
https://doi.org/10.1016/0034-5687(68)90060-1
https://doi.org/10.1186/s12917-015-0615-2
https://www.ncbi.nlm.nih.gov/pubmed/26646442
https://doi.org/10.1002/nbm.1603
https://doi.org/10.1152/ajpheart.1994.266.3.H1055
https://doi.org/10.1152/ajpregu.1995.268.2.R445
https://www.ncbi.nlm.nih.gov/pubmed/7864240
https://doi.org/10.1046/j.1471-4159.2002.01022.x
https://www.ncbi.nlm.nih.gov/pubmed/12358792
https://doi.org/10.1111/j.1748-1716.1961.tb02271.x
https://www.ncbi.nlm.nih.gov/pubmed/13904450
https://doi.org/10.1152/ajplegacy.1973.224.5.1185
https://www.ncbi.nlm.nih.gov/pubmed/4700637
https://doi.org/10.1016/j.cbpa.2019.110536
https://www.ncbi.nlm.nih.gov/pubmed/31401311
https://doi.org/10.1007/BF00585873
https://doi.org/10.1086/physzool.54.3.30159944
https://doi.org/10.1007/BF00695780
https://doi.org/10.1152/ajplegacy.1951.167.3.633
https://doi.org/10.1016/0034-5687(93)90028-9
https://www.ncbi.nlm.nih.gov/pubmed/8108611
https://doi.org/10.1016/0306-4565(87)90046-5
https://doi.org/10.20945/2359-3997000000066
https://www.ncbi.nlm.nih.gov/pubmed/30304113
https://doi.org/10.3109/07420528.2014.992525
https://www.ncbi.nlm.nih.gov/pubmed/25515595
https://doi.org/10.2741/2116
https://doi.org/10.1385/ENDO:27:2:159
https://www.ncbi.nlm.nih.gov/pubmed/16217129
https://doi.org/10.1016/j.yjmcc.2018.12.017
https://doi.org/10.1016/j.freeradbiomed.2010.09.006
https://www.ncbi.nlm.nih.gov/pubmed/20840865
https://doi.org/10.1111/jpi.12303
https://www.ncbi.nlm.nih.gov/pubmed/26681113
https://doi.org/10.1016/j.redox.2020.101560
https://doi.org/10.1097/WNR.0000000000001642
https://www.ncbi.nlm.nih.gov/pubmed/33994520
https://doi.org/10.1111/jpi.12520
https://www.ncbi.nlm.nih.gov/pubmed/30091210
https://doi.org/10.1155/2020/8073516


Int. J. Mol. Sci. 2024, 25, 12888 22 of 22

78. Bitting, L.; Watson, F.L.; O’Hara, B.F.; Kilduff, T.S.; Heller, H.C. HSP70 expression is increased during the day in a diurnal animal,
the golden-mantled ground squirrel Spermophilus lateralis. Mol. Cell. Biochem. 1999, 199, 25–34. [CrossRef]

79. Rouble, A.N.; Tessier, S.N.; Storey, K.B. Characterization of adipocyte stress response pathways during hibernation in thirteen-
lined ground squirrels. Mol. Cell. Biochem. 2014, 393, 271–282. [CrossRef] [PubMed]

80. Shetty, R.; Noland, R.; Nandi, G.; Suzuki, C.K. Powering down the mitochondrial LonP1 protease: A novel strategy for anticancer
therapeutics. Expert Opin. Ther. Targets 2023, 28, 9–15. [CrossRef] [PubMed]

81. Salminen, A.; Kaarniranta, K.; Kauppinen, A. Inflammaging: Disturbed interplay between autophagy and inflammasomes. Aging
2012, 4, 166–175. [CrossRef]

82. Campbell, A.K.; Beaumont, A.J.; Hayes, L.; Herbert, P.; Gardner, D.; Ritchie, L.; Sculthorpe, N. Habitual exercise influences carotid
artery strain and strain rate, but not cognitive function in healthy middle-aged females. Eur. J. Appl. Physiol. 2023, 123, 1051–1066.
[CrossRef] [PubMed]

83. Baylis, D.; Bartlett, D.B.; Patel, H.P.; Roberts, H.C. Understanding how we age: Insights into inflammaging. Longev. Heal. 2013, 2,
8. [CrossRef] [PubMed]

84. Green, D.R.; Galluzzi, L.; Kroemer, G. Mitochondria and the autophagy-inflammation-cell death axis in organismal aging. Science
2011, 333, 1109–1112. [CrossRef]

85. Mominoki, K.; Morimatsu, M.; Karjalainen, M.; Hohtola, E.; Hissa, R.; Saito, M. Elevated plasma concentrations of haptoglobin
in European brown bears during hibernation. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 2005, 142, 472–477. [CrossRef]
[PubMed]

86. Stenvinkel, P.; Jani, A.H.; Johnson, R.J. Hibernating bears (Ursidae): Metabolic magicians of definite interest for the nephrologist.
Kidney Int. 2013, 83, 207–212. [CrossRef] [PubMed]

87. Bogren, L.K.; Olson, J.M.; Carpluk, J.; Moore, J.M.; Drew, K.L. Resistance to systemic inflammation and multi organ damage after
global ischemia/reperfusion in the arctic ground squirrel. PLoS ONE 2014, 9, e94225. [CrossRef] [PubMed]

88. Fu, W.; Hu, H.; Dang, K.; Chang, H.; Du, B.; Wu, X.; Gao, Y. Remarkable preservation of Ca2+ homeostasis and inhibition of
apoptosis contribute to anti-muscle atrophy effect in hibernating Daurian ground squirrels. Sci. Rep. 2016, 6, 27020. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1023/A:1006942814185
https://doi.org/10.1007/s11010-014-2070-y
https://www.ncbi.nlm.nih.gov/pubmed/24777704
https://doi.org/10.1080/14728222.2023.2298358
https://www.ncbi.nlm.nih.gov/pubmed/38156441
https://doi.org/10.18632/aging.100444
https://doi.org/10.1007/s00421-022-05123-x
https://www.ncbi.nlm.nih.gov/pubmed/36637510
https://doi.org/10.1186/2046-2395-2-8
https://www.ncbi.nlm.nih.gov/pubmed/24472098
https://doi.org/10.1126/science.1201940
https://doi.org/10.1016/j.cbpa.2005.09.017
https://www.ncbi.nlm.nih.gov/pubmed/16289771
https://doi.org/10.1038/ki.2012.396
https://www.ncbi.nlm.nih.gov/pubmed/23254895
https://doi.org/10.1371/journal.pone.0094225
https://www.ncbi.nlm.nih.gov/pubmed/24728042
https://doi.org/10.1038/srep27020
https://www.ncbi.nlm.nih.gov/pubmed/27256167

	Introduction 
	Results 
	Changes in Carotid Artery Intima-Media Thickness of Ground Squirrels 
	Changes in Carotid Artery Hemodynamics of Ground Squirrels 
	Arterial Blood Gas Value of Ground Squirrels 
	Melatonin Level in Serum of Ground Squirrels 
	The Effect of MT on Oxidative Stress and Inflammatory Factor Expression in Hypoxia-Induced Primary Cultured VSMCs of Ground Squirrels 
	Oxidative Stress Levels in Carotid Arteries of Ground Squirrels 
	Inflammatory Factor Levels in Carotid Arteries of Ground Squirrels 

	Discussion 
	Materials and Methods 
	Animal Collection and Grouping 
	Sample Collection 
	Carotid Artery Tissue Sample Collection 
	Serum Sample Collection 

	Protein Extraction and Concentration Determination 
	Western Blots 
	RNA Extraction and RT-qPCR (Real-Time Fluorescence Quantitative PCR) 
	RNA Extraction 
	Reverse Transcription and RT-qPCR 

	Enzyme-Linked Immunosorbent Assay (ELISA) 
	Hematoxylin and Eosin (HE) Staining 
	Color Doppler Ultrasonography 
	Arterial Blood Gas Measurement 
	Cell Culture, Identification, and Sample Collection 
	Statistical Analysis of Data 

	Conclusions 
	References

