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Background: Obstructive sleep apnea is prevalent in patients with diabetic foot ulcers, while the effect of intermittent hypoxia on
wound healing is unclear. The objective of this study was to investigate the effect of severe intermittent hypoxia on wound healing.
Methods: C57BL/6 mice were exposed to 5 weeks of severe intermittent hypoxia or normoxia. The wound healing rate were
assessed. The gene expression of CD206 and HIF-2a was tested in vivo and in vitro. Inflammatory factors in RAW264.7 macrophages
were measured to investigate the effect of intermittent hypoxia on macrophage polarization. The proliferation of HUVECs and HaCaT
cells was also assessed after exposure to intermittent hypoxia.

Results: Severe intermittent hypoxia decreased wound healing at day 3. The expression of CD206 and HIF-2a was significantly
decreased after exposure to severe intermittent hypoxia. In vitro, severe intermittent hypoxia significantly promoted M1 phenotype
polarization of RAW264.7 macrophages and increased the expression of proinflammatory factors (IL-1f and TNF-a). Severe
intermittent hypoxia also decreased the proliferation of HUVECs cultured in endothelial cell medium and HaCaT cells cultured in
high glucose DMEM.

Conclusion: Severe intermittent hypoxia could lead to M1 but not M2 macrophage polarization through downregulation of HIF-2a,
and then lead to impaired wound healing.
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Introduction

Diabetic foot ulcers (DFUs) are very common in patients with diabetes mellitus, with a lifetime incidence estimated to be
between 19% and 34%." It is one of the most serious complications of patients with diabetes, with foot amputation
required in up to 20% of these patients.” DFUs are associated with a 2.5-fold higher risk of death than diabetic patients
without foot ulcers." DFUs impose a considerable burden on patients and health care service systems.

Obstructive sleep apnea (OSA) is a common form of sleep-disordered breathing. It is characterized by episodic sleep
state-dependent collapse of the upper airway, resulting in periodic reductions or cessation in ventilation, with consequent
intermittent hypoxia, hypercapnia, or arousals from sleep.® The prevalence of OSA is estimated to be 4% in men and 3%
in women in the general population.* However, it is more prevalent in patients with DFU, with more than 90% of patients
having OSA (AHI>5 events/h). Of people with OSA, the severity of moderate to severe accounted for more than half of
the population.’

Given the high prevalence of OSA in patients with DFU, it is imperative to investigate the impact of OSA on wound
healing. A previous study in patients with DFUs showed that a STOP-BANG score >4 significantly increased the relative
risk of poor wound healing.® Another study by Andres et al found that healing of amputation site wounds was not
significantly impaired by prior diagnosis of OSA;’ the use of continuous positive airway pressure treatment may explain
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the higher wound healing rate observed in patients with SDB, although only a small proportion of patients (28%)
received treatment.” In our previous study, we also did not find an association between AHI and wound healing, while
that study revealed that sleep fragmentation and hypoxemia of OSA in patients with DFUs were strong predictors of poor
wound healing, high ulcer recurrence, and increased risk of death.® Thus, it is imperative to investigate whether OSA
would further impair wound healing in DFUs.

Chronic intermittent hypoxia is one of the selected features of OSA and is commonly used as a model of human
disease.’ It was found that mild intermittent hypoxia was protective, while severe intermittent hypoxia exacerbated tissue
injury after artery occlusion.'®'" Similar findings were revealed in vitro experiments. Campillo et al revealed that the
frequency and magnitude of intermittent hypoxia could modulate endothelial wound healing in vitro.'*> Therefore, it is
important to distinguish models between mild and severe intermittent hypoxia when investigating the effect of
intermittent hypoxia.

Wound healing is a critical physiological process to maintain skin integrity and involves perfect interactions of
numerous cell types and molecules.'®> Among the cell types involved in wound healing, macrophages play a central role.
Inflammatory macrophages are engaged in the inflammation response after wounding, while alternatively activated
macrophages are essential for transition from inflammation stage to proliferation stage.'* Vascular endothelial cells and
fibroblasts are involved in the angiogenesis and formation of granulation tissue.'> Re-epithelialization by epithelial cells
occurs to close the skin gap and restores the barrier function of the skin.'> The impact of OSA on wound healing might
be introduced through the influence on the cell types.

In this study, we employed severe but not mild intermittent hypoxia to simulate the impact of OSA on wound healing.
The aim of this study was to investigate the impact of severe intermittent hypoxia on wound healing.

Methods

Animals

Experiments were performed in 10-week-old male C57BL/6 mice (Chengdu Dossy Experimental Animal Co. Ltd). The
average weight was 23.3+£0.8 gram, with mean blood glucose 8.3+1.1mmol/L. Severe intermittent hypoxia was applied
for 5 weeks. Then, two excisional full-thickness 6-mm wounds were created on the dorsum of the mice. The wound area
was recorded at day 0, 3, 7, and 10. The skin samples were flash frozen and stored at —80°C until analysis. The animal
studies were approved by the Ethics Review Committee of Experimental Animal, West China Hospital, Sichuan
University (Reference No. 2021410A). We followed the Guide for the Care and Use of Laboratory Animals on the
use of laboratory animals.

Protocols for Severe Intermittent Hypoxia

All mice were housed at room temperature and subjected to a 12 h light/dark cycle. Intermittent hypoxia was induced using
an animal hypoxic control machine (ProOx-100, Tow, China).'® Briefly, mice were randomly assigned to intermittent
hypoxia or sham groups. In the severe intermittent group, oxygen levels within the chamber rapidly transitioned from
ambient oxygen concentration (20.9%+0.5%) to low oxygen (5%+0.5%) over 30 sec, maintained for 30 sec, rapidly
returned to ambient oxygen and maintained for 30 sec. The low oxygen was generated with the rapid mixture of pure
oxygen and nitrogen from two separate tanks, and the oxygen concentration was assessed with a real-time oxygen
monitoring device of the hypoxic control machine (ProOx-100). On average, 30 episodes/h of intermittent hypoxia were
induced. Cyclic hypoxia was induced from 9:00 to 17:00 every day for 5 weeks. (Supplementary Figure 1A) Mice had free

access to water and food.!”

Cell Culture and in vitro Severe Intermittent Hypoxia Protocol

HaCaT cells, purchased from BeNa Culture Collection, were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Gibco, China) supplemented with 10% fetal bovine serum (Gibco, South America) and 1% penicillin/
streptomycin (Gibco, China) and maintained at 37°C in humidified air with 5% CO2. HUVECsS, purchased from
Sciencell research laboratories, were maintained in endothelial cell medium (ScienCell, US). RAW264.7 cells
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(macrophages), purchased from Guangzhou Jennio Biotech Co., Ltd, were maintained in RPMI 1640 medium supple-
mented with 10% fetal bovine serum.

Advanced Tyrode’s solution (Solarbio, China) was flushed with N, for 15 minutes to become hypoxic medium (3.1—
4.2% oxygen concentration). Hypoxia experiments were performed using a costumed airtight chamber. The chamber was
flushed with 99% N, pressurized gas until the partial pressure of O, in the chamber was 3%. For severe intermittent
hypoxia, the plates were changed with N,-saturated hypoxic medium and moved promptly to the hypoxia chamber for 5
minutes. The plates were then removed from the chamber and placed in a room air (20.9% O,) environment for 10
minutes. The 5-minute hypoxia and 10-minute normoxia cycles were repeated 12 times.'® (Supplementary Figure 1B)

Cell proliferation was determined using Cell Counting Kit-8 assays. Lysates were extracted for quantitative reverse
transcriptase-polymerase chain reaction (RT-PCR).

Quantitative Reverse Transcriptase-Polymerase Chain Reaction

Skin samples were flash frozen and stored at —80°C until analysis. Total RNA was extracted using TRIzol reagent (Invitrogen,
CA). cDNA was synthesized using the PrimeScript™ RT reagent kit with gDNA Eraser (Takara Bio Inc., JA), and qPCR was
performed with a LightCycler 96 (Roche, Switzerland) using TB Green Premix Ex Taq™ II (Takara Bio Inc., JA). The
following primers were used in reactions: HIF-2a F: 5’-GTGACATGATCTTTCTGTCGGAA-3’ and R: 5’-
CGCAAGGATGAGTGAAGTCAAA-3’, IL-1B F: 5’-GAAATGCCACCTTTTGACAGTG-3’ and R: 5’-TGGATGCTCTC
ATCAGGACAG-3’, IL-6 F: 5>-CTGCAAGAGACTTCCATCCAG-3’ and R: 5’-AGTGGTATAGACAGGTCTGTTGG-3’,
TNF-a F: 5-CTGAACTTCGGGGTGATCGG-3’ and R: 5’-GGCTTGTCACTCGAATTTTGAGA-3’, IL-10 F: 5’-GCTC
TTACTGACTGGCATGAG-3’ and R: 5’-CGCAGCTCTAGGAGCATGTG-3’, CD206 F: 5’-CTCTGTTCAGCTAT
TGGACGC-3’ and R: 5’-CGGAATTTCTGGGATTCAGCTTC-3’; VEGFA F: 5’-GCACATAGAGAGAATGAGCTTCC-3’
and R: 5’-CTCCGCTCTGAACAAGGCT-3". Expression levels were normalized to the expression of B-actin (a housekeeping
gene).

Statistics

Data are expressed as the mean + standard deviation. The P values < 0.05 were considered significant. Statistical analysis was
performed with Stata version 13 (Stata Corp, College Station, TX). Multilevel mixed-effects models were used to compare
wound healing among groups. Other intergroup comparisons were made using either #-test or ANOVA as appropriate.

Results

Severe Intermittent Hypoxia Impairs VWound Healing

After 5 weeks of severe intermittent hypoxia, wounds were created in all mice at the dorsum. We observed the area of
the wound for 10 days. Exposure to severe intermittent hypoxia significantly decreased the wound area reduction
at day 3 (P =0.006) (Figure 1). The gene expression of HIF-2a was significantly decreased after exposure to severe
intermittent hypoxia (P=0.025) (Figure 2A). We evaluated the macrophage phenotype using CD206 as a marker of M2
macrophages. The expression of CD206 was significantly decreased in mice that were exposed to severe intermittent
hypoxia (P= 0.016) (Figure 2B). This indicated that severe intermittent hypoxia significantly inhibited the expression
of M2 phenotype macrophages. In addition, the relative expression of VEGFA was lower at day 3 after intermittent
hypoxia than that of control (P< 0.001, Supplementary Figure 2).

Severe Intermittent Hypoxia Promotes M| Polarization of RAW264.7 Macrophages

and the Expression of Proinflammatory Factors

We evaluated the M1 and M2 polarization of RAW264.7 macrophages after severe intermittent hypoxia exposure. The
gene expression of CD86 was significantly increased after severe intermittent hypoxia (P <0.001) (Figure 3A), whereas
the expression of CD206 did not change after severe intermittent hypoxia (P =0.682) (Figure 3B). This indicated that
exposure to severe intermittent hypoxia could promote M1 polarization of macrophages.
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Figure | Severe intermittent hypoxia impairs wound healing. (A) typical images of wound healing. (B) the percentage of wound area was significantly decreased after
exposure to severe intermittent hypoxia at day 3 in mice.
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Figure 2 Severe intermittent hypoxia modulates the macrophage phenotype and decreases expression of HIF-2a in mice. The gene expression of HIF-2a (A) and CD206
(B) was decreased after exposure to severe intermittent hypoxia in mice. *P< 0.05.

We also evaluated the gene expression of IL-1pB, IL-6, and TNF-a, which are proinflammatory factors, and IL-10,
which is an anti-inflammatory factor. The gene expression of IL-1B and TNF-a was significantly increased after severe
intermittent hypoxia (P =0.002, P <0.001) (Figure 3C and E), whereas the expression of IL-6 and IL-10 did not change
after severe intermittent hypoxia (P =0.092, P =0.682) (Figure 3D and F). Thus, severe intermittent hypoxia could
promote inflammation.

Severe Intermittent Hypoxia Decreased the Proliferation of HUVECs and HaCaT
Cells

To investigate the impact of severe intermittent hypoxia on wound healing-related cells, we assessed the proliferation of
HUVECSs and HaCaT cells using the CCK-8 test. The results showed that the proliferation of HUVECs was significantly
decreased after severe intermittent hypoxia (P <0.001) (Figure 4A). The proliferation of HaCaT cells cultured in high
glucose DMEM medium was also decreased (P <0.001) (Figure 4B).

Discussion
The results of the current study demonstrated that exposure to severe intermittent hypoxia, a pathognomonic feature of
OSA, could lead to downregulation of HIF-2a and M1 macrophage polarization but not M2, eventually leading to
impaired wound healing in mice. In vitro, this study also revealed that exposure to severe intermittent hypoxia might
induce decreased proliferation of HUVECs and HaCaT cells.

To the best of our knowledge, this is the first study suggesting that exposure to severe intermittent hypoxia could
induce impaired wound healing in animal models. This is similar with previous work by Maltese et al® demonstrating that
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Figure 3 Exposure to severe intermittent hypoxia promotes proinflammatory polarization of RAW 264.7 cells. CD86 is a marker of M| macrophages, while CD206 is
a marker of M2 macrophages. Severe intermittent hypoxia significantly increased the gene expression of CD86 (A) but not CD206 (B). The gene expression of the
proinflammatory factors IL-1p (C) and TNF-a (E) was elevated, while the expression of the anti-inflammatory factor IL-10 (F) did not change. (D) Gene expression of the
proinflammatory factor IL-6. *P< 0.05; **P< 0.01; ***P< 0.001.

probable OSA, as identified from the STOP-Bang questionnaire, predicted poor wound healing in patients with DFUs. It
is well established that OSA is associated with daytime sleepiness and cardiovascular disease.'® Furthermore, a large
body of observational evidence indicates that OSA is associated with glucose intolerance, insulin resistance, and type 2
diabetes mellitus.”>*' OSA may contribute to ulcer development through the increased risk of diabetic polyneuropathy,
impaired glucose metabolism, and obesity.”**> The current study extends previous observations by demonstrating that
exposure to severe intermittent hypoxia could lead to impaired wound healing. This might further delay the wound
healing of DFUs.

In this study, we found that exposure to severe intermittent hypoxia could induce downregulation of HIF-2a, which is
consistent with previous studies.** *’ In fact, previous work has shown that, unlike continuous hypoxia, intermittent hypoxia
results in differential regulation of HIF-1a and HIF-2a.>*%’ Intermittent hypoxia leads to downregulation of HIF-20 via
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Figure 4 The impact of severe intermittent hypoxia on the proliferation of HUVECs and HaCaT cells. Exposure to severe intermittent hypoxia significantly decreased the
OD450 value of HUVECs (A) in endothelial cell medium and HaCaT cells (B) cultured in high glucose DMEM. ***P< 0.001.

a calpain-dependent signaling pathway and results in oxidative stress.”**® HIF-2a can induce macrophages to polarize to the
M2 phenotype by adjusting the levels of inducible nitric oxide synthase and arginase 1.2° HIF-2a can also upregulate
mitochondrial superoxide dismutase and inhibit the generation of reactive oxygen species (ROS),>**? thereby inhibiting the
activation of macrophages and exerting anti-inflammatory effects.®® Reduction of HIF-2a caused by severe intermittent
hypoxia may cause an increase in ROS levels. Increased ROS production can cause activation of the NF-kB pathway,
upregulate adhesion molecules, inflammatory factors, and adipokines, promote the activation of platelets and white blood
cells, and then promote inflammation.*'** ROS can also cause mitochondrial damage and apoptosis.>* Of note, in addition to
HIF-20, other HIF subunits also have important role in different stages of wound healing.** HIF-1 and HIF-2 have same
downstream targets such as VEGF that facilitate angiogenesis, while they also have different role in inflammation.?®

It is well established that macrophages are critical to normal wound healing and tissue regeneration.® Macrophages
are categorized as proinflammatory (M1) or anti-inflammatory (M2). M1 macrophages are observed in initial tissue
damage responses, facilitating innate immunity and wound debridement.*” M2 macrophages predominate later in repair,
expressing vascular endothelial growth factor and transforming growth factor beta, assisting in the resolution of
inflammation, and promoting vascularization and tissue formation and remodeling.** *° Continuous activation of M1
macrophages can cause an increase in inflammatory factors, leading to chronic inflammation of the wound.
Downregulated HIF-2a levels after exposure to severe intermittent hypoxia could polarize macrophages to the M1
phenotype rather than the M2 phenotype and thus lead to chronic inflammation.

The fact that severe intermittent hypoxia induced downregulation of M2 macrophages in the wound is consistent with
previous studies in other tissues. Severe intermittent hypoxia could induce a proinflammatory phenotype of visceral adipose
tissue in mice with M1 macrophage polarization.*! In vitro, our study demonstrated that severe intermittent hypoxia could
act as a potent proinflammatory stimulus, inducing macrophage polarization to an M1 but not M2 phenotype and resulting
in [I-1p and TNF-a expression. The proinflammatory potential of severe intermittent hypoxia was also revealed in TH1 cell
lines and bone marrow-derived macrophages.””*** Thus, exposure to severe intermittent hypoxia could decrease anti-
inflammatory M2 macrophage polarization through the downregulation of HIF-2a. The expression of proinflammatory
factors, such as ROS, could further lead to continuous chronic inflammation and tissue injury, which in turn leads to delayed
wound healing. In addition, the study also revealed that the level of VEGF was also decreased after intermittent hypoxia.
This might also be a mechanism that intermittent hypoxia interferes the wound healing.

Our study also revealed that exposure to severe intermittent hypoxia could significantly decrease the proliferation of
HUVECs and HaCaT cells in high glucose medium. The study by Campillo et al'> demonstrated that the frequency and
magnitude of intermittent hypoxia markedly altered endothelial wound closure in vitro, with reduced wound closure after
exposure to severe intermittent hypoxia. Another study also revealed that moderate and severe intermittent hypoxia
diminished the mobilization, chemotactic and angiogenetic ability of endothelial progenitor cells.** Chronic severe inter-
mittent hypoxia-induced mitochondrial dysfunction could mediate endothelial oxidative stress and apoptosis.*>*¢ Re-
epithelization involving keratinocytes and angiogenesis involving vascular endothelial cells are critical to wound
healing.'**” The regulation of severe intermittent hypoxia on these two cells might also contribute to impaired wound healing.
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The results we report here have implications for clinical practice. It is well known that infection and lower extremity
artery disease are the most complicating factors of DFUs. However, the prevalence of OSA in patients with DFUs is
relatively high.> Furthermore, as shown by our study, exposure to severe intermittent hypoxia might impair wound
healing, which, if neglected, might become an obstacle to timely wound closure in patients with OSA. Therefore, it is
imperative to pay attention to OSA in the management of DFUs, particularly those with a severe degree of OSA.

The current study has several limitations that merit discussion. First, we only investigated the impact of severe
intermittent hypoxia on wound healing, which is one aspect of OSA. In fact, sleep fragmentation, another important
feature of OSA, can promote inflammation by increasing proinflammatory cytokines, such as interleukin-1 and tumor

4849 and decreasing chemokines, such as interleukin-8.°° In turn, chronic inflammation can lead to

necrosis factor-a,
impaired angiogenesis and disorganized granulation, hence compromising wound healing in these patients.’' Thus, OSA
might have a more profound impact on wound healing. We summarized the findings of this study and potential
mechanism of OSA on wound healing in Figure 5. Second, the cycles of severe intermittent hypoxia in in vitro

experiments were relatively short. Third, in this study, we employed acute wound models to investigate the effect of

Obstructive sleep apnea

Intermittent hypoxia Sleep fragmentation
v : H
HIF2a l HIFla T TNF-a, IL-1 T IL-8 l
, v
M2 polorizatioin l M1 polorizatioin T
of macrophages of macrophages '| Ty
A
VEGF l
— » Impaired angiogenisis Persistent inflammation

Impaired wound healing

Figure 5 The potential mechanism of OSA on wound healing. The solid arrows (—) depicted the mechanism that was investigated in this study, while the dotted arrows
(- - - %) depicted the proposed potential mechanism through which obstructive sleep apnea might influence wound healing.

Abbreviations: OSA, obstructive sleep apnea; HIF, hypoxia inducible factor; VEGF, vascular endothelial growth factor; TGF- B, transforming growth factor-p; SDF-1,
stromal-cell derived factor-1; TNF-0, tumor necrosis factor-a; IL-1, interleukin-1.
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severe intermittent hypoxia on wound healing. It would be better to employ a chronic wound model to simulate clinical
chronic wounds, such as DFUs.

Conclusion

Severe intermittent hypoxia could lead to M1 but not M2 macrophage polarization through downregulation of HIF-2a
and eventually lead to impaired wound healing. The regulation of severe intermittent hypoxia on the proliferation of
HUVECs and HaCaT cells might also contribute to impaired wound healing. Further research is needed to ascertain
whether the identification and treatment of OSA could improve wound healing in patients with chronic wounds,
especially in patients with DFUs.
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