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Background: Obstructive sleep apnea (OSA) is characterized by repetitive episodes of 
upper airway collapse during sleep. The contraction of upper airway dilator muscles plays 
a crucial role in maintaining UA patency. Chronic intermittent hypoxia (CIH) is the most 
important pathophysiological process of OSA. Exposure to CIH induced not only the damage 
of dilator muscles but also the plasticity of the muscles. This study aimed to dynamically 
assess the influence of CIH on the upper airway.
Methods: The experiments were performed on 44 rats. They were randomly divided into 
a normoxia (NO) group (n=22) and CIH group (n=22). In each group (n=6, respectively), 
EMG, transcranial magnetic stimulation (TMS) response, and critical pressure (Pcrit) value 
were recorded on day 0 (the day before exposure), and the 7th, 14th, 21st, and 28th day of 
air/CIH exposure. For each group, 16 rats were used for transmission electron microscopy 
observations on day 0, and the 7th, 14th and 28th day of air/CIH exposure (n=4 for every 
time point).
Results: Compared to the NO group at the same point, the CIH group showed a damaged 
ultrastructure of genioglossus, increased activity of genioglossus corticomotor area, and 
increased Pcrit of the upper airway from the 7th to the 28th day of CIH. Increased EMG 
activity occurred at the 14th day of CIH and lasted for 2 weeks.
Conclusion: The elevated genioglossus corticomotor excitability in response to the CIH 
could not counterbalance the damage effect of CIH on upper airway dilator muscles, which 
ultimately increased the collapsibility of the upper airway.
Keywords: chronic intermittent hypoxia, ultrastructure, transcranial magnetic stimulation, 
upper airway critical pressure, electromyogram

Introduction
Obstructive sleep apnea (OSA) is characterized by recurrent partial or complete 
collapse of the upper airway during sleep, but it does not occur during wakefulness. 
The patency of the upper airway mainly depends on the balance between the 
negative airway pressure and the contraction of upper airway dilator muscles 
such as genioglossus, sternohyoid muscle. As a typical upper airway dilator muscle, 
genioglossus contracts synergistically with other dilator muscles to keep the upper 
airway open. Katz and White1 found that genioglossus activity decreased during 
sleep and compensatively increased during wakefulness in OSA patients. McSharry 
et al2 reported that, when compared to control subjects, OSA patients showed 
significantly decreased muscle fiber conduction velocity of genioglossus which 
meant increased fatigue. These suggest the dysfunction of genioglossus plays an 
important role in the development of OSA.
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Chronic intermittent hypoxia (CIH) is the dominant 
pathophysiological feature of OSA. Exposure to CIH dur-
ing neonatal development caused sternohyoid muscle 
weakness in male and female rats, and re-exposure to 
CIH in adulthood could still cause sternohyoid muscle 
weakness.3,4 However, it is known that hypoxia could 
also induce long-term facilitation of respiratory muscles. 
A recent study showed that CIH could bring a beneficial 
outcome to mitigate OSA by initiating respiratory 
plasticity.5 Our previous experiments also observed 
increased genioglossus corticomotor activity in CIH rats 
assessed by single-pulse transcranial magnetic stimulation 
(TMS).6,7 Furthermore, previous investigators suggested 
that dynamic response of the upper airway depended on 
the coordinated action of numerous rather than any single 
dilator muscle. In terms of the above changes of dilator 
muscles, what could happen to upper airway stability dur-
ing CIH? It has not been systematically evaluated yet.

Critical pressure (Pcrit) has been considered to directly 
reflect the dynamics of the upper airway because it is an 
integrated measure of many combined factors. By using 
negative pressure, it can show us how the contraction of 
upper airway dilator muscles influence the patency of the 
upper airway. Cao et al8 reported that Pcrit was correlated 
with the susceptibility of upper airway collapse. The upper 
airway of a normal human usually presents a negative 
Pcrit, instead, a positive Pcrit is frequently observed in 
OSA patients.9,10 Sforza et al11 reported that there was 
a positive correlation between the elevated Pcrit and the 
severity of OSA. These suggested that Pcrit could be used 
to evaluate the stability of the upper airway.

Based on the above considerations, we hypothesized 
that CIH could cause different degrees of damage and 
compensation of upper airway dilator muscles which 
depended on the time of exposure. These changes might 
dynamically affectthe upper airway patency. Therefore, we 
aimed to assess the influence of CIH on the upper airway 
in the rats at different stages of CIH. Given that genio-
glossus was an important dilator muscle, we also studied 
the structure of genioglossus and its neuromuscular 
response at the same time.

Materials and Methods
Animals
Adult male Wistar rats were provided by Liaoning 
Changsheng Biotechnology Company (Benxi City, 
China). The weight ranged from 280–320 g. All rats had 

free access to water and food, and were housed under 
controlled conditions (temperature 24±2°C, relative air 
humidity 40%) with a 12–12 hour light–dark cycle (lights 
on at 8:00 am and lights off at 8:00 pm). All procedures 
were performed in accordance with the National 
Institution of Health Guide for Care and Use of 
Laboratory Animals, and approved by the animals Ethics 
and Use Committee of China Medical University.

CIH
The establishment of CIH was based on the principal of N2 

dilution. During the exposure of CIH, the rats were housed in 
a polypropylene animal chamber (A-15274-P-EVAC, 
BioSpherix), and the capacity of the chamber was 
15”W×20”D×20”H. All rats were randomly divided into 
two groups: the normoxia group (NO group) and the CIH 
group. The rats in the CIH group were subjected to an 
oxycycler (Oxycycler model A84XOV, BioSpherix, NY, 
USA). In this apparatus, hypoxia (10% O2 in N2 lasted for 
45 seconds) and normoxia (21% O2 in N2 lasted for 72 
seconds) were alternated every 180-second cycle (20 -
per hour) for 8 hours per day (from 8:00 am to 16:00 pm). 
The O2 concentration was continuously measured by the O2 

analyzer of the oxycycler and changed by a computer- 
controlled gas outlet. CIH exposure lasted for 4 weeks. The 
rats in the NO group were subjected to alternating cycles of 
air under identical experimental conditions in parallel.

Electromyogram (EMG)
Each rat was appropriately anesthetized with isoflurane 
induction at first, then intraperitoneal injection of sodium 
pentobarbital was used to maintain anesthesia. Effective 
anesthesia was judged by abolition of the pedal withdrawal 
and corneal blink reflexes. Then the rat was positioned on 
a wooden board with its head, body, and limbs restrained. 
A concentric needle electrode (NM-131T, Nihon Kohden, 
Japan) was inserted into the genioglossus. The EMG sig-
nal of genioglossus was amplified and filtered (JB-904BK, 
Nihon Kohden, filter frequency was 300–10,000 Hz, time 
constant: 200 ms). The integrated signal was digitized and 
rectified with an electric stimulator (Neuropack Manager, 
Nihon Kohden). After the EMG recording, the electrode 
was removed gently and the submental region was cleaned 
with iodophor disinfectant solution.

TMS
The rats were prepared as EMG measurement by inserting 
a centric needle electrode (NM-131 T, NIHON Kohden, 
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Japan) into the genioglossus. The TMS response of the 
genioglossus corticomotor area was recorded from the elec-
trode and described by the latency and the amplitude of the 
corresponding motor evoked potential (MEP). A computer 
software package (AxoScopesoftware9.0, Axon Instruments, 
Inc., USA) was used to collect the signals. Single-pulse TMS 
was carried out by a Magstim 200 stimulator (Magstim, 
Whiteland, Dyfed, UK) with a 70 mm figure-eight coil. The 
coil was hold against the rat’s head, and the stimulation site 
was 3.0–5.0 mm rostral to bregma and 2.0–4.0 mm lateral 
from the midline according to the previous studies.6,7 The 
coil position with the best response to TMS (the highest MEP 
amplitude and the shortest MEP latency) was defined as the 
optimal position and marked with the special pen. The coil 
was kept constantly on the optimal position by a high- 
precision multi-positional support. For each rat, five stimuli 
were applied at least 30 second intervals and averaged for 
mean TMS response. MEP signals were amplified (with 
filters at 10 Hz to 5 kHz), digitized and recorded by 
a computer software package (AxoScopesoftware9.0, Axon 
Instruments, Inc., USA).

Pcrit
Each rat was appropriately anesthetized with isoflurane 
induction at first, then intraperitoneal injection of sodium 
pentobarbital was used to maintain anesthesia. Airway secre-
tion after anesthesia was gently cleaned by a slender cotton 
swab. The preparation of the upper airway for Pcrit measure-
ment is illustrated in Figure 1A. In order to noninvasively 
and dynamically investigate the alteration of the mechanical 
properties of the UA, a double-deck 30.0 mm-long PE can-
nula with a side hole at the tip was intraorally inserted. The 
tip of the inner cannula protruded 3.7 mm out of the outer 
one. The OD of the inner and outer cannula was 2.1 and 
3.7 mm separately. The tip of the inner tube was positioned at 
the boundary of the soft palate and oropharynx. The outer 
cannula was connected with fresh air. The upper airway Pcrit 
was determined as previously described.12 To enable the 
measurement of the negative driving pressure (Pd) and 
instantaneous airflow ( _VI ) across the velopharynx simulta-
neously, the downstream end of the inner cannula was con-
nected to a pressure and airflow transducer, while the other 
end of the transducer was further connected to a medical 
negative pressure suction device. The gradually increased 
negative pressure were given until the _VI plateaued or 
decreased. When the negative pressure was administered 
through the cannula, the lips and snout of rats were well- 

sealed with acrylate adhesive. Maximum expiratory flow 
( _VI max ) was determined by rapidly lowering the upper air-
way pressure (Pd). With the increment of the absolute value 
of negative driving pressure, the upper airway CT 3D recon-
struction technology was performed to verify the site of 
collapse (Figure 1B). Pd and _VI were amplified and digitized 
for real-time display, and analyzed by the PowerLab software 
(AD Instruments, Colorado Springs, CO, USA). The nega-
tive pressure through the intra-oral cannula were considered 
to induce flow limitation when instantaneous flow ( _VI ) pla-
teaued or decreased despite a persistent increase in negative 
driving pressure (Pd) (Figure 1C). The UA dynamic response 
of flow-limited twitches was modeled by characterizing the 
Pd vs _VI relationship (including a flow value ranging from 0 
to _VI max ) with a second-degree polynomial regression 
model ( _VI ¼ k1Pd þ k2P2

d). The flow-pressure relationships 
fitted well with this polynomial regression model (r2≥0.90, 
P<0.001, Figure 1D). Solving this equation 
( _VI ¼ k1Pd þ k2P2

d) for _VI =0 and Pd≠0 provided 
a theoretical value of Pcrit.

Transmission Electron Microscopy
The rats were anesthetized with isoflurane induction at first 
and then intraperitoneal injection of sodium pentobarbital to 
maintain anesthesia until the absence of the pedal withdrawal 
and corneal blink reflexes. According to the research of 
McClung and Goldberg,13 we removed the genioglossus 
rapidly after the rats were euthanized. The genioglossus 
was sliced into several tissue pieces with a volume of about 
1.0 mm3 for each. They were fixed in 2.5% glutaraldehyde 
phosphate buffer at 4°C to process for paraffin embedded 
tissue sections. Subsequently, the sections were fixed into 1% 
osmium tetroxide at 4°C for 30 minutes, flushed with 0.1 
mmol/L of PBS three times, dehydrated in graded alcohol, 
and embedded in paraffin by standard methods. The samples 
were examined under a transmission electron microscope 
(JEM-101, Jeol electron Inc., Japan) by three independent 
investigators with the same and standardized criteria. 
Mitochondrial analysis was determined by blinded quantifi-
cation of mitochondria number and area per section using 
a computerized image analysis system (Image Pro Plus, ver. 
6.0 Media Cybernetics, Silver Spring, MD), as previously 
reported.14,15

Experimental Protocol
The experiments were performed on 44 rats. They were 
randomly divided into a NO group (n=22) and CIH group 
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Figure 1 The measurement of pharyngeal critical pressures (Pcrit). (A) The schematic diagram of the experimental model used to study pharyngeal Pcrit. (B) The CT images of rat’s 
upper airway during normal respiration and negative pressure suction. The arrow shows the representative collapse of the upper airway. (C) The pressure-flow recordings. The red 
vertical dotted line represents the instant of the occurrence of upper airway collapse. During the gradual increment of driving pressure caused by negative pressure suction device (which 
was observed when Pd fell progressively), _VI reached a maximum and maintained a plateau ( _VI max at vertical dotted line) in spite of the further decrement of Pd. This moment could be 
considered as initiation of the upper airway collapse. The upper picture in (B) represents the state of the upper airway patency, which was consistent with the data on the left of the red 
dotted line in (C). Besides, the lower picture in (B) represents the upper airway collapse (see the red arrow), which was consistent with the data following the red dotted line in (C). (D) It 
is indicated that the flow-pressure relationships fitted well with this polynomial regression model.
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(n=22). In each group (n=6, respectively), EMG, TMS 
response, and Pcrit were performed in one single animal 
in this order on day 0 (the day before exposure), the 7th, 
14th, 21st and 28th day of air/CIH exposure. Each proce-
dure took about 5 minutes and an additional 5 minutes was 
used for recovery. For each group, 16 rats were used for 
transmission electron microscopy observations on day 0, 
and the 7th, 14th and 28th day of air/CIH exposure (n=4 
for every time point). The experimental protocol is shown 
in Supplementary Figure 1.

Statistical Analyses
The results are reported as means±SD. Unpaired t-test was 
used in two independent series of specimen data. Two-way 
repeated measures analysis of variance (ANOVA) was 
performed for the analysis of genioglossus EMG, TMS, 
and Pcrit between two groups. For the analysis of mito-
chondria, we used a two-way ANOVA method. The group-
ing factors of the two-way ANOVA were time (day) and 
stimulus (chronic intermittent hypoxia). All analyses were 
performed with SPSS 17.0. P<0.05 was considered as 
statistically significant.

Results
Genioglossus Ultrastructure of Different 
Groups
For the NO group and day 0 of the CIH group, genioglos-
sus ultrastructure showed regular myofibrils composing of 
clear discernible parazones (containing regularly arranged 
Z lines) and a dark band (containing evident H bands and 
M lines). The shape of the mitochondria was regular with 
abundant cristae and an intact inner. Compared with the 
corresponding NO group, the CIH group presented 
a damaged ultrastructure characterized by disordered 
arrangement of partial myofibrils, little vacuolar degenera-
tion, slight edema, and disruption of cristae occurred in 
some mitochondria on the 7th day of CIH. On the 14th and 
28th day, the CIH group showed more obvious ultrastruc-
tural changes and presented by disordered structure of 
myofibrils with blurred parazones and dark band, such as 
massive lysis and vacuolar degeneration, aggregated, and 
edematous mitochondria with lysis of mitochondria cristae 
(Figure 2A). The quantification of mitochondria number 
results are as follows: Two-way analysis of variance 
revealed that a significant main effect between two groups 
(F=98.743, P<0.01, partial η2=80.4%). The main effect of 
hypoxia time was also significant (F=40.382, P<0.01, 

partial η2=83.5%), and there was a significant interaction 
effect (F=37.271, P<0.01, partial η2=82.3%). The quanti-
fication of mitochondria area results were as follows: Two- 
way analysis of variance revealed a significant main effect 
between two groups (F=69.741, P<0.01, partial 
η2=74.4%). The main effect of hypoxia time was also 
significant (F=16.015, P<0.01, partial η2=66.7%), and 
there was a significant interaction effect (F=20.048, 
P<0.01, partial η2=71.5%). The quantification of mito-
chondria number and area decreased from day 14 to day 
28 of CIH when compared with those of the NO group 
(Figure 2B and C).

Genioglossus EMG Activity of Two 
Groups
Figure 3A showed typical EMG activity of genioglossus in 
the NO and CIH groups on day 28 of exposure. Two-way 
repeated measures analysis of variance revealed 
a significant main effect between two groups (F=32.908, 
P<0.01, partial η2=86.8%). The main effect of hypoxia 
time was also significant (F=32.181, P<0.01, partial 
η2=86.6%), and there was a significant interaction effect 
(F=13.669, P<0.01, partial η2=73.2%). The comparison of 
genioglossus EMG activity between two groups at the 
same time point is shown in Figure 3B. When compared 
with the NO group, the CIH group showed a significantly 
increased genioglossus EMG activity from the 14th day of 
CIH which lasted for 2 weeks.

TMS Responses of Genioglossus 
Corticomotor Areas in CIH and NO 
Groups
The typical TMS responses of genioglossus corticomotor 
area are shown in Figure 4A. Motor evoked potentials 
(MEP) latency results are as follows: Two-way repeated 
measures analysis of variance revealed a significant main 
effect between two groups (F=224.310, P<0.01, partial 
η2=97.8%). The main effect of hypoxia time was also 
significant (F=24.099, P<0.01, partial η2=82.8%), and 
there was a significant interaction effect (F=11.135, 
P<0.01, partial η2=69.0%). MEP amplitude results were 
as follows: Two-way repeated measures analysis of var-
iance revealed a significant main effect between two 
groups (F=19.741, P<0.01, partial η2=79.8%). The main 
effect of hypoxia time was also significant (F=3.807, 
P=0.019, partial η2=43.2%), and there was a significant 
interaction effect (F=3.652, P=0.022, partial η2=42.2%). 
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Compared with the NO group, the CIH group showed 
shorter motor evoked potentials (MEP) latency from the 
7th day to the 28th day and higher MEP amplitude on the 
21st and 28th day of exposure (Figure 4B and C).

Pcrit Measurements for CIH and NO 
Groups
Two-way repeated measures analysis of variance revealed 
a significant main effect between two groups (F=31.611, 
P<0.01, partial η2=86.3%). There was no statistical differ-
ence in the main effect of hypoxia time and interaction effect 
as well. When compared to the NO group, the CIH group 

showed increased Pcrit on the 7th day of CIH, and this 
increase lasted to the 28th day of hypoxia exposure (Table 1).

Discussion
Previous studies have observed abnormal structure and 
function of genioglossus in OSA patients. Carrera et al16 

reported that OSA patients showed greater fatigue and 
a higher percentage of type II fibers in genioglossus than 
control subjects. Jordan et al17 found that genioglossus 
activity significantly reduced during REM stage, which 
might be responsible for the higher severity of OSA at 
that stage. Hence, does CIH induced by OSA contribute to 

Figure 2 The genioglossus ultrastructure in different groups. (A) Mitochondria assessed by transmission electron microscope in genioglossus of rats from different time 
points of NO and CIH groups. (B) Quantification of mitochondria number in the genioglossus of rats from different time points of NO and CIH groups. (C) Quantification 
of mitochondria area in the genioglossus of rats from different time points of NO and CIH groups. **P<0.01 when compared with the NO group at the same time point.
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Figure 3 The genioglossus EMG activity of NO and CIH groups. (A) Typical genioglossus EMG activity during NO and CIH. (B) The genioglossus EMG activity in the NO 
and CIH groups. * P<0.05 when compared with NO group at the same time point, ** P<0.01 when compared with the NO group at the same time point.

Figure 4 The TMS responses of genioglossus corticomotor area in response to TMS in NO and CIH groups. (A) Typical genioglossus motor evoked potential (MEP) during 
NO and CIH. (B) The MEP latency of genioglossus in the NO and CIH groups. (C) The MEP amplitude of genioglossus in the NO and CIH groups. * P<0.05 when compared 
with the NO group at the same time point, ** P<0.01 when compared with the NO group at the same time point.
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the structural and functional abnormality of genioglossus 
and increase upper airway collapsibility? Up to now, there 
has been no explicit conclusion. Huang et al18 found that 
CIH could lead to the impairment of genioglossus ultra-
structure after 5 weeks of CIH, suggesting that recurrent 
hypoxia-reoxygenation may be a major driving force for 
the dysfunction of the upper airway. The present study 
further dynamically observed the change of genioglossus 
structure at different stages of CIH, but also explored 
genioglossus activity and its central control at the same 
time. The ultrastructure damage of genioglossus occurred 
on the 7th day of CIH and gradually aggravated with the 
extension of CIH. Meanwhile, CIH could induce the cen-
tral compensation first and then elicited an elevation of the 
genioglossal activity. However, combined with the results 
of Pcrit, we confirmed that, during CIH, although genio-
glossus and its central control showed compensation to 
increase the activity, the collapsibility of the upper airway 
still increased because of ultrastructure damage of upper 
airway dilator muscles. This was the first study to system-
atically investigate the effect of CIH on the upper airway 
from the perspective of muscle, central regulation to upper 
airway dynamics.

Ding and Liu19 found that CIH could decrease the 
fatigue resistance of genioglossus at the end of 5-week’s 
specific hypoxia (a 2-minute cycle, 1 minute on, 1 minute 
off with a nadir O2 at 6–8%, 8 hours per day for successive 
5 weeks). These could be explained by the observation of 
Huang et al18 that the genioglossus ultrastructure of the 
rats was obviously damaged after 5-week’s CIH (a 2-min-
ute cycle, 1 minute on, 1 minute off with a nadir O2 at 
5–6%, 8 hours per day for successive 5 weeks), mainly 
manifested as structural impairment and dysfunction of the 
mitochondria. Our results confirmed this damage and 
further found that this damage occurred at the first week 
of CIH and gradually aggravated with the time of CIH 
exposure. Genistein treatment could reverse the above 

fatigability by down-regulating the oxidative stress level 
and up-regulating antioxidant enzymatic activity through 
the ERK1/2 signaling pathway.19 The good part of inter-
mittent hypoxia was that it could initiate respiratory plas-
ticity. In a previous study, CIH induced the longterm 
facilitation of genioglossus in rats.20 In our study, 1 week 
of CIH was long enough to induce the central compensa-
tion of genioglossus in rats, but the increased genioglossus 
corticomotor excitability and EMG activity could not com-
pensate for the damage of genioglossus ultrastructure 
resulting from CIH. These ultimately increased the collap-
sibility of the upper airway. This suggested that the 
damage was related to the oxidant–antioxidant imbalance 
to some extent.

Few studies have been done to directly evaluate the 
effect of CIH on upper airway dynamics. This was the first 
study to dynamically observe the change of upper airway 
stability during different stages of CIH. We found that CIH 
could induce structural damage and central compensation 
of upper airway dilator muscle, which might eventually 
increase the collapsibility of the upper airway. In the 4th 
week of CIH, the stability of the upper airway still 
decreased even if EMG activity of the genioglossus 
increased. Ray et al21 also revealed that exposure to CIH 
in lean Zuker rats increased the upper airway collapsibility, 
but they only observed the effect of CIH in the 12th week 
of CIH. These suggested that CIH might contribute to the 
development of OSA.

Several limitations of this study should be considered. 
First, in order to keep the integrity of the upper airway, we 
did not isolate the upper airway to measure Pcrit. With 
reference to the method of Series and Ethier,12 we applied 
a second-degree polynomial regression model to calculate 
Pcrit and tested the occlusion of the upper airway by 3D 
CT. It had good stability and repeatability. Furthermore, 
the Pcrit values in the NO group of our study were similar 
to those reported by the previous study.22 Second, this 
study was conducted only in male rats and did not explore 
the effect of sex. The incidence of OSA shows a sex 
difference. It is higher in males than in females before 
demonstration. This indicates that estrogen might play 
a role in keeping upper airway patency. Li et al23 sug-
gested that estrogen might protect OSA patients by affect-
ing genioglossus muscle tension and upper airway 
collapsibility. Therefore, we only chose male rats for this 
study to avoid the influence of sex. Besides intermittent 
hypoxia, hypercapnia is another important pathophysiolo-
gical change in obstructive sleep apnea patients. It also has 

Table 1 The Comparison of Pharyngeal Critical Pressure (Pcrit) 
Between NO and CIH Groups

Group Day 0 Day 7 Day 14 Day 21 Day 28

NO 

(n=6)

−4.19 

±0.72

−4.18 

±1.49

−5.01 

±1.82

−4.81 

±2.14

−4.75 

±2.05

CIH 
(n=6)

−4.18 
±0.22

−1.97 
±0.47**

−2.52 
±0.62*

−2.39±0. 
51*

−2.25 
±0.67*

Notes: Values are means±SD, *P<0.05, **P<0.01 compared with the NO group at 
the same time point. 
Abbreviations: NO, normoxia; CIH, chronic intermittent hypoxia.
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an important effect on the activity of upper airway dilator 
muscles. The combined effect of CO2 and CIH on the 
upper airway dilator muscles deserves further study. 
However, this study mainly aimed to observe the influence 
of CIH itself. We will conduct further studies to assess the 
effect of CO2 on the upper airway.

In conclusion, the present study revealed that the CIH 
could result in the ultrastructural damage and the central 
compensation of genioglossus. However, the elevated gen-
ioglossus corticomotor excitability in response to the CIH 
could not counterbalance its damage effect on upper air-
way dilator muscles, which ultimately increased the col-
lapsibility of the upper airway. It will be interesting to 
continuously explore whether the above changes could 
be reversed by reoxygenation.
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