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Dental pulp stem cells promote genioglossus
repair and systemic amelioration
in chronic intermittent hypoxia

Meng-Han Zhang,' % Wei-Hua Zhang,”* Yun Lu,” Li-Ming Yu,? Xin-Xin Han,? Yan Xu,” Meng-Jie Wu,’
Wang-Hui Ding,"* and Yue-Hua Liu?4*

SUMMARY

Obstructive sleep apnea (OSA) leads to chronic intermittent hypoxia (CIH) and is not well addressed by
current therapies. The genioglossus (GG) is the largest upper airway dilator controlling OSA pathology,
making its repair a potential treatment. This study investigates dental pulp stem cells (DPSCs) in repairing
GG injury in a CIH mouse model. We induced DPSCs to myogenic lineage cells (iDPSCs) and transplanted
them into GG of CIH mice. DPSCs/iDPSCs grafts improved EMG®® and muscle type transitions while
reducing tumor necrosis factor o (TNF-a), alanine aminotransferase (ALT), lactate dehydrogenase
(LDH), and creatine kinase (CK) levels, improving body weight. Moreover, iDPSCs increased Pax7*/
Ki67* and human-derived STEM121 cells in the GG compared with DPSCs. DPSCs/iDPSCs enhanced
Desmin™ myotube formation in myoblasts under hypoxia in vitro, with iDPSCs increased human-derived
myogenic markers and nuclei in myotubes. These results indicate that iDPSCs, beyond their paracrine ef-
fects like DPSCs, directly participate in myogenic differentiation, supporting the potential use of DPSCs
for OSA treatment.

INTRODUCTION

Obstructive sleep apnea (OSA) is a common disorder characterized by recurrent episodes of upper airway collapse during sleep. There is
increasing evidence that anatomical stenosis of the upper airway does not invariably result in OSA." The function of upper respiratory dilators
is crucial for maintaining upper airway patency during sleep.” The activity of upper airway dilators in OSA patients decreased at sleep, making
them unable to compensate for anatomical deficiencies, which leads to airway obstruction.” In this case, carbon dioxide levels, negative pres-
sure, and respiratory drive continue to increase until waking up from sleep, at which point the airway reopened.” This recurrent airway obstruc-
tion can lead to the development of chronic intermittent hypoxia (CIH), making the pharyngeal dilator more susceptible to fatigue. CIH, a
hallmark manifestation of OSA, triggers sympathetic activation, leading to spikes in blood pressure and cardiac workload, elevating inflam-
matory products and reactive oxygen species, and ultimately causing systemic inflammation.” Increased cardiac workload and the resulting
inflammation can lead to metabolic disturbances and endothelial dysfunction, consequently, cardiovascular disease.®” OSA/CIH is also asso-
ciated with increased liver fibrosis, oxidative damage, and hepatic inflammatory injury.® All in all, OSA may eventually lead to a series of com-
plications and even sudden death.”

The genioglossus (GG) is the largest dilator muscle controlling the upper airway. The onset of apnea is strongly correlated with a decline in
GG activity during sleep, but this is not well addressed by current therapy.'® Continuous positive airway pressure (CPAP), surgery, or oral ap-
pliances can only mechanically expand the upper airway, with limited capacity to improve GG function."" Although hypoglossal nerve
stimulation is dedicated to GG function, it stimulates the nerve through invasively implanted devices to induce GG contraction rather than
to protect the GG itself, with varying response and unknown long-term effects.'” Therefore, a promising therapeutic approach is urged to
protect GG and effectively improve GG function.

Dental pulp stem cells (DPSCs) are mesenchymal stem cells (MSCs) derived from dental pulp that have wide implications in regenerative
medicine due to several advantages: better proliferative and multi-differentiation potential, a simpler primary isolation method, long-term
storage capability, immunomodulatory properties, and low immunogenicity.'* ' Evidence shows that DPSCs can be myogenically
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induced'”'® and have therapeutic potential for muscle injury.'” At present, DPSCs transplantation can indeed repair muscle injury by

secreting multiple factors with no immune rejection'® but not by direct contribution to myogenic differentiation. Compared to other mus-
cle-derived cells, the efficiency of MSCs in muscle formation is relatively low.?° Studies have shown that myogenic-induced MSCs may increase
transplantation efficiency.”’ However, it remains unclear whether myogenic induction of DPSCs can enhance the transplantation efficiency,
and its repair effect on GG muscle in OSA/CIH has not been fully studied.

In our study, DPSCs were myogenic induced (iDPSCs). We then implanted DPSCs/iDPSCs into the GG of CIH mice to test their potential
treatment for OSA. We explored the possibility of DPSCs as a cell source of cells for OSA treatment.

RESULTS
DPSCs/iDPSCs transplantation relieved muscle hypertrophy and improved electromyography of GG in CIH mice

To investigate the impact of DPSCs/iDPSCs on GG in OSA, we examined the structure and function of GG in CIH mice after DPSCs/iDPSCs
transplantation. Firstly, DPSCs were myogenic induced to iDPSCs showing high expression of muscle stem cell marker Pax7 (Figure 1A) and
these iDPSCs can be differentiated into multinuclear myotube-like cells (Figure 1B). Then we established CIH modeling to imitate OSA by
placing mice in chambers controlled by a computerized delivery profile system connected to N, and O, (Figure 1C), regulating 21%~7.5%
O, circulation (Figure 1D). DPSCs/iDPSCs were transplanted into the GG of mice (Figure 1E), and the injection position was proved by anat-
omy (left) and histology (right) pre-experiment (Figure 1F). DPSCs/iDPSCs was injected at the fourth-week of CIH exposure, structure and
function examinations were tested at the sixth-week of CIH exposure (Figure 1G).

We found the structural changes in GG using H&E and Masson staining (Figure 2A). CIH showed a mild muscle fiber hypertrophy (Fig-
ure 2B), and iDPSCs reduced the proportion of larger muscle bundles with a 1,300 pm? area, thus relieving muscle hypertrophy (Figure 2C).
To determine the effect of stem cell therapy on GG function, electromyography of the GG (EMG®C®) was performed (Figures 2D and 2E).
Both DPSCs and iDPSCs treatments significantly increased the mean and max frequencies, as well as the mean amplitude of EMG®©
(Figures 2F-2H). Notably, iDPSCs also increased the max amplitude and min frequency of EMG®C (Figures 21 and 2J), yet there was no sta-
tistically significant improvement in min amplitude (Figure 2K). It implied that both DPSCs and iDPSCs can improve GG function of CIH mice,
with iDPSCs showing better performance. Notably, a mild T cell infiltration with activated FasL/PDL1 was observed after DPSCs/iDPSCs in-
jection in GG, but it is relatively rare, verifying their low immunogenicity (Figure S1).

In addition, GG works in conjunction with other muscle groups, such as the geniohyoid, mylohyoid, and digastric muscles (DM), to control
the position of the tongue, hyoid, jaw, and chin, which play an important role in OSA pathology.”” Due to the small volume of the GG, local
stem cell injection may affect adjacent tissues, such as DM. Therefore, the EMG signals of DM (EMGPM) were also detected. No significant
differences were found among the measurement indicators after DPSCs/iDPSCs treatment, except for a slight improvement in mean fre-
quency (Figure S2). This may indicate the relative accuracy of the injection.

DPSCs/iDPSCs transplantation reduced the ratio of fast to slow twitch muscle fibers in CIH mice

The diverse distribution patterns of muscle fiber types are the physiological basis for muscle function differences. Myosin heavy chain (MyHC)
protein is the molecular marker used to distinguish muscle fiber types, with the isomers of MyHC-I (MYH7b) and the isomers of MyHC-IIA
(MYH2), MyHC-IIB (MYH4), and MyHC-IIX (MYH1) corresponding to the slow-twitch (aerobic) and fast-twitch (anaerobic) muscle fibers, respec-
tively (Figure 3A).° Upper airway dilator muscles undergo a slow to fast fiber-type transition in OSA/CIH models. To explore the histological
basis of DPSC/iDPSC grafts on GG function, the distribution of fiber types in the GG was evaluated. Firstly, we tested the relative mRNA
expression of MYH2 (Figure 3B), MYH4 (Figure 3C), MYH1 (Figure 3D), and MYH7b (Figure 3E) in GG. Both DPSCs and iDPSCs treatments
can reduce the mRNA expression levels of fast-twitch genes MYH1, MYH2, and MYH4 (Figures 3C-3E) yet with no significant difference in
the expression of slow-twitch gene MYH7b among the groups (Figure 3B). Secondly, we measured the protein levels of MyHC-I (Figure 3F),
MyHC-IIA (Figure 3G), MyHC-IIB (Figure 3H), and MyHC-IIX (Figure 31) in GG using immunofluorescence. Both DPSCs and iDPSCs treatments
can increase the levels of slow-twitch protein MyHC-I (Figure 3J). However, only iDPSCs can reduce the levels of fast-twitch proteins MyHC-IIA
and MyHC-IIB in GG tissue (Figures 3K and 3L) with no improvement on MyHC-IIX (Figure 3M). It is implied that both DPSCs and iDPSCs can
encourage a more aerobic fiber type from fast to slow in GG of CIH mice, with iDPSCs showing better performance. To further validate the
increased aerobic respiration, mitochondrial activity levels were measured by immunohistochemistry of succinate dehydrogenase (SDHA) in
GG of CIH mice (Figure 3N). The results showed that iDPSCs can significantly increase the SDHA levels in the GG of CIH mice (Figure 30),
implying enhanced aerobic respiration after iDPSCs treatment.

To further explore the systemic action of DPSC/iDPSC grafts, the distribution of fiber types in the lower limb gastrocnemius muscle (GA)
was also evaluated. We found that both DPSCs and iDPSCs treatments can reduce the mRNA expression levels of the slow-twitch gene
MYH7b (Figure 4A) and increase the fast-twitch genes MYH1, MYH2, and MYH4 (Figures 4B-4D) in the GA of CIH mice. We then measured
the protein levels of MyHC-I, MyHC-IIA (Figure 4E), MyHC-IIB, and MyHC-IIX (Figure 4F) in GA using immunofluorescence. Both DPSCs and
iDPSCs treatments can increase the levels of slow-twitch protein MyHC-| (Figure 4G). However, only iDPSCs can also reduce the levels of fast-
twitch protein MyHC-IIA in GG tissue (Figure 4H) with no improvement on MyHC-IIB and MyHC-IIX (Figures 41 and 4J). Next, to better quantify
the aerobic respiration for fueling slow-twitch muscle fibers, mitochondrial activity levels were also assessed in GA using SDHA staining (Fig-
ure 4K). Regarding the hypoxia adaptation in fatigue-resistant muscles of the lower limb muscles (e.g., GA) are not as sensitive as those in the
upper airway muscles (e.g., GG) in OSA/CIH state, the baseline for aerobic respiration was not high in GA.”* The results revealed that the
abundance of SDHA was relatively low in GA (Figure 4K). However, iDPSCs therapy can still increase the levels of SDHA in GA (Figure 4L),
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Figure 1. DPSCs/iDPSCs were transplanted into the GG of CIH mice
(A) Protein expression of Pax7 and MyoD were assessed using western blot after DPSCs were myogenic-induced to pr-iDPSCs with 5-Aza and finally to iDPSCs

following with BMP antagonists.

(B) Immunofluorescence staining with Desmin (red), hNu (green), and DAPI (blue) after DPSCs/iDPSCs were myogenic differentiated. Yellow dotted line indicated
the outline of myotube-like cell. Scale, 40 pum. Des: Desmin. hNu: human nuclei.

(C) Establishment of CIH animal model.

(D) A schematic diagram reporting 21%-7.5% O2 180s a circle.

(E) Schematic diagram of GG injection operation from lateral and frontal view, showing injection position and depth.

(F) The correction of injection position was verified by crystal violet solution injected into GG. Anatomy proof of injection position (left): blue arrow indicates DM.
Green arrow indicates GG muscle. Histological proof of injection position was displaced by position of masseter, mandible, cervical membrane, tongue, digastric
muscle, and purple-stained GG in cross section of head and neck. Scale, T mm.

(G) Animals were divided into four groups: NOR, CIH, CIH + DPSCs, and CIH + iDPSCs. CIH was exposed for six months, and DPSCs/iDPSCs or control saline

were transplanted into the GG of mice at the end of 4th week.

promoting a transition to a more aerobic fiber type from fast to slow in the GA of CIH mice. It is implied that DPSC/iDPSC grafts can have a
systemic effect, inducing a transition from fast to slow fiber types in limb muscles in CIH mice.

DPSCs/iDPSCs transplantation reduces TNF-o, ALT, LDH, and CK levels in CIH mice
OSA is linked to the onset of various systemic complications. CIH caused by recurrent airway obstruction would induce sympathetic activation,
oxidative stress, and systemic inflammation (elevated tumor necrosis factor o [TNF-a] and C-reactive protein [CRP]), consequently, developing
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Figure 2. DPSCs transplantation improved the EMG®€ in CIH mice

(A-C) H&E and Masson staining of GG (A), and cross sectional area of muscle bundle were analyzed by ordered categorical variables for H&E (B) and Masson
staining (C), respectively. 300 pm? represents muscle bundles with an area range of 200-400 um2, and so on. Green dots indicate =300 um? muscle bundle, Blue
dots indicate = 1,300 um? muscle bundle. Scale, 50 um. Data are shown as mean + SEM, n = 3, two-way ANOVA by Fisher’s LSD test for multiple comparison,

*p < 0.05, **p < 0.01, **p < 0.001.
(D) Schematic diagrams of EMG®C detection: GG were exposed after stripping DM with cervical fascia, and the electrodes were inserted to record EMG®C.
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Figure 2. Continued

(E-K) EMG signals of GG were detected (E), and quantitative analysis was conducted including mean frequency (F), mean amplitude (G), max frequency (H), max
amplitude (I), min frequency (J) and min amplitude (K). CIH, chronic intermittent hypoxia; NOR, normoxia; DPSCs, dental pulp stem cells; iDPSCs, myogenic
induced DPSCs; GG, genioglossus; DM, digastric muscles; EMGES, electromyogram of GG; max, maximum; min, minimum. Data are shown as mean + SEM,
n = 3, Student’s t test for NOR vs. CIH, One-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher's LSD test for multiple comparison, *p < 0.05,

**p < 0.01, **p < 0.001.

to cardiovascular disease (elevated lactate dehydrogenate [LDH] and creatine kinase [CK]), hepatic injury (elevated aspartate aminotrans-
ferase [AST] and alanine aminotransferase [ALT]) and kidney disease (elevated Cre), etc (Figure 5A).%?° To test DPSCs/iDSPCs therapy on
the development of OSA complications, the serum levels of ALT, AST, CK, Cre, and LDH, as well as the plasma levels of TNF-a and CRP,
were measured after DPSCs/iDSPCs therapy. In our study, CIH increased the levels of TNF-a (Figure 5B), CRP (Figure 5C), ALT (Figure 5D),
AST (Figure 5E), LDH (Figure 5F), and Cre (Figure 5G) in mice compared with the normoxia (NOR) group. Both DPSC and iDPSC treatments
significantly reduced the levels of TNF-a (Figure 5B), ALT (Figure 5D), LDH (Figure 5F), and CK (Figure 5H) and but not CRP (Figure 5C), AST
(Figure 5E), and Cre (Figure 5G) levels in CIH mice. This implies that DPSCs/iDSPCs therapy can reduce systemic inflammation factors, thereby
improving cardiac and liver function.

DPSCs/iDPSCs transplantation improved body weight, food intake, and water consumption in CIH mice

To investigate the effect of DPSCs/iDSPCs therapy on diet and weight, food intake, water consumption, and body weight were measured in
CIH mice after DPSCs/iDPSCs treatments. In our study, we found that CIH restrained body weight gain in mice compared to the NOR group.
When stem cells (or control saline) were transplanted at the end of the 4™ week, the body weights were temporarily reduced in CIH exposure
but were not significantly affected in NOR. By the end of the 5™ week, stem cell therapy led to weight gain. By the end of the 6" week, the
temporary weight loss caused by the injection process had ceased. The body weights of mice in both DPSCs and iDPSCs groups were signif-
icantly higher than those in CIH groups, and iDPSC groups exhibited greater weight gain than the DPSC groups (Figure 5I).

Similarly, the mean food intake and water consumption of mice decreased after 4 weeks of CIH. When stem cells (or control saline) were
injected at the 4th week, the water consumption of all groups decreased temporarily, and the food intake of the hypoxia groups also
decreased. By the 5th week, the mean food intake significantly increased under iDPSCs treatment (Figure 5J). By the 6th week, the temporary
changes induced by the injection had almost ceased. The mean water consumption and food intake of both DPSCs and iDPSCs groups were
much higher than those of the CIH alone group (Figures 5J and 5K). We speculated that DPSCs/iDPSCs therapy may improve weight gain by
controlling diet.

DPSCs/iDPSCs promote myogenic repair of GG in CIH mice, with iDPSCs directly participate to muscle regeneration

Given that muscle regeneration requires activated satellite cells (Pax7") to differentiate into myoblasts (MyoD") for muscle repair, while
another subset achieve self-renewal (Figure 6A). To test the myogenic repair of DPSCs/iDPSCs, the expression levels of Pax7 and MyoD in
GG were measured. Firstly, the mRNA expressions of Pax7 and MyoD in the GG after DPSCs/iDPSCs therapy were assessed. The results
showed that iDPSCs treatment increased Pax7 and MyoD mRNA expression, suggesting that iDPSCs were beneficial for the population of
satellite cells and activated myogenic cells, respectively (Figures 6B and 6C). To further evaluate the renewal of satellite cells (Ki67*/Pax7™),
immunofluorescence was used (Figure 6D). The results showed that the ratio of Pax7*/Ki67" vs. Pax7*/Ki67~ cells decreased significantly in
the cross-section of the genioglossus muscle in CIH mice. When treated with DPSCs or iDPSCs, the ratio of Ki67*/Pax7™ cells increased, with a
greater increase observed with iDPSCs compared to DPSCs (Figure 4E). This indicates that stem cell therapy enhances the proliferation and
renewal of satellite cells in CIH mice. To further explore the contribution of DPSCs/iDPSCs to upper airway repair in CIH mice, immunohis-
tochemistry was performed using human-specific cytoplasmic proteins STEM121. STEM121 was only identified in the GG after iDPSCs, sug-
gesting that iDPSCs directly participate in myogenic differentiation for GG repair in CIH mice (Figure 6F).

DPSCs/iDPSCs help strengthen myotube formation in the DPSC-C2C12 direct and indirect coculture system under hypoxia
in vitro

To explore the protective mechanism of DPSCs/iDPSCs, a direct co-culture of DPSCs/iDPSCs and C2C12 cells was performed, respectively
(Figure 7A). Immunofluorescence staining of Desmin, hNu, and DAPI was performed. We found that C2C12 culture alone can form robust
multinucleated myotubes under normoxia (Figure 7B first column). DPSCs cultured alone cannot induce cell fusion after 7 days (Figure 7B
second column), whereas iDPSCs cultured alone appeared to initiate cell fusion into myotubes (Figure 7B third column). However, hypoxia
disrupted this process, leading to cell atrophy (Figure 7B last two columns; Figure 7C last column). When cells were directly co-cultured, both
DPSCs and iDPSCs were able to promote the formation of much thicker myotubes under hypoxia (Figure 7C third and fourth columns). It was
observed that human nuclei (hNu) were incorporated into myotubes in iDPSCs-C2C12 coculture system (Figure 7C third column). While no
fused hNu was found in DPSCs-C2C12 coculture system (Figure 7C fourth column), quite different when they were co-cultured under nor-
moxia (Figure 7C second column). This revealed that DPSCs/iDPSCs can promote myogenic differentiation under hypoxia. iDPSCs participate
in myogenic differentiation, with human-derived nuclei incorporated into the newly regenerated muscles, while DPSCs may have an effect
through other mechanisms.
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(A) MYH genes were displayed with the corresponding protein products, muscle twich pattern, and metabolic features. Slow-twich (aerobic) muscle fiber MyHC-|,
and fast-twitch (anaerobic) muscle fiber MyHC-IIA, MyHC-IIB, and MyHC-IIX are encoded by MYH7b, MYH2, MYH4, and MYH1, respectively. Hypoxia promotes
slow to fast fiber-type transition, while normoxia brings fast to slow fiber-type transition.
(B-E) Relative mRNAs of (B) MYH2, (C) MYH4, (D) MYH1, and (E) MYH7b in GG were assessed using quantitative PCR. Data are shown as mean + SEM, n = 3,

Student's t test for NOR vs. CIH, one-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher's LSD test for multiple comparison, *p < 0.05, **p < 0.01.
(F-) Slow fibers were identified by MyHC-I (F), and fast fibers were identified by MyHC-IIA (G), MyHC-IIB (H), and MyHC-IIX (I) in GG using immunofluorescence
staining. They were co-expression with Nuclei (DAPI) and fiber basement (Des, Desmin). Scale bar, 50 um.
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Figure 3. Continued

(J-M) Quantitative analysis of MyHC-I (J), MyHC-IIA (K), MyHC-IIX (L), and MyHC-IIB (M)-positive fiber in GG cross sectional area was conducted, showing the fast-
to-slow fiber-type transition under iDPSCs treatment. Data are shown as mean + SEM, n = 3, Student's t test for NOR vs. CIH, One-way ANOVA for CIH vs. CIH +
DPSCs vs. CIH + iDPSCs by Fisher's LSD test for multiple comparison, *p < 0.05, **p < 0.01.

(N) Mitochondrial activity levels were measured by immunohistochemistry of succinate dehydrogenase (SDHA) staining in GG, stand for slow-twitch (aerobic)
fibers. Scale bar, 50 pm.

(O) Quantitative analysis of DSHA" vs. DSHA™ fiber cross sectional area, stand for the ratio of slow-twitch (aerobic) fibers against fast twitch (anaerobic) fibers.
Data are shown as mean + SEM, n =3, Student’s t for NOR vs. CIH, One-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher’s LSD test for multiple
comparison, *p < 0.05.

Our pilot study tested the paracrine effects of DPSCs to protect myoblasts under hypoxia in vitro.”® Therefore, the conditioned medium of
DPSCs/iDPSCs was used to further explore the paracrine effect of DPSCs/iDPSCs under hypoxia, respectively (Figure 7A). We found that both
DPSCs and iDPSCs can promote the formation of much thicker myotubes under hypoxia (Figure 7D). This revealed both DPSCs and iDPSCs
can promote myogenic differentiation through paracrine effects.

iDPSCs protect myoblasts under hypoxia by transcriptionally increasing myogenic gene expression

To determine whether iDPSC nuclei merged in mouse hybrid myotubes can contribute to muscle-specific gene expression, we detected
sequential expression of human and/or mouse muscle transcripts, such as Pax7, MyoD, and Desmin, in C2C12-DPSC/iDPSCs co-cultures.
Therefore, the relative mRNA expression levels of hMyoD, hPax7, and hDesmin (human source) and mMyoD, mPax7, and mDesmin (mouse
source) were measured. The results showed that on the 4th day, the mRNA expression of hPax7 in the iDPSCs group was lower than that in the
DPSCs group (Figure 7E). However, the mRNA expression of hMyoD was higher in the iDPSC group than in the DPSC group (Figure 7F), indi-
cating that iDPSCs accelerated the myogenic process compared to DPSCs. No significant differences were found in mPax7 and mMyoD
expression (Figures 7G and 7H). The mRNA expression of hDesmin and mDesmin in the iDPSC group also increased more than that in
the DPSC groups on the 4th and 5th days (Figures 71 and 7J), suggesting that iDPSCs significantly enhanced the formation of myotube-
like cells. These results suggest that the potential myogenic repair of iDPSCs under hypoxia may be related to increased transcription of
myogenic genes.

DISCUSSION

In our study, DPSCs/iDPSCs grafts in vivo improved EMG®® and muscle fiber type transition, diet and body weight, and decreased levels of
TNF-a, ALT, LDH, and CKin CIH mice, all of which were more pronounced in the iDPSC groups. This indicates that DPSCs/iDPSCs grafts have
both local and systemic actions, but the specific mechanism is unclear. We found iDPSCs promote myogenic repair by elevating MyoD and
Pax7 expression and increasing the ratio of Ki67*/Pax7 ™ cells of GG in CIH mice. iDPSCs directly participate in muscle regeneration, as human-
derived cytoplasmic proteins STEM121 can be identified in the regenerated muscles after iDPSCs grafts. Moreover, C2C12-DPSCs/iDPSCs
co-culture or conditional medium of DPSCs/iDPSCs to C2C12 systems were established to explore their protective effects under hypoxia
in vitro. The results revealed that both DPSCs and iDPSCs can promote muscle regeneration through paracrine effects. iDPSCs can participate
in myogenic differentiation, by fusing human-derived nuclei and increasing human-derived myogenic transcripts. These findings provide the
experience foundation for the treatment of OSA with DPSCs.

Generally, muscle contraction is regulated in two main ways: (1) by the number of motor units (amplitude) and (2) by the frequency of motor
units (frequency).”” Animal experiments have shown that CIH can alter the motion control of the hypoglossal nucleus by reducing the ampli-
tude and frequency of genioglossus (GG) motor units.”® The contractility of the GG are reduced in OSA patients or CIH animals.**” In our
study, we observed that both DPSCs and iDPSCs transplantation enhanced GG function by increasing the amplitude and frequency of
EMGCC, especially in the iDPSCs group (Figure 2). Ray et al. transplanted induced myogenic progenitor cells into damaged muscles and
observed enhanced muscle contraction strength. It is highly related to newly generated muscle fibers with motion units innervating.™ There-
fore, we speculate that DPSCs/iDPSCs may promote muscle regeneration, thereby enhancing EMG.

Muscle regeneration goes through the process: satellite cells being activated, myogenic differentiation into myotubes, and finally devel-
oping into fibers. In general, fiber maturation involves a sequential expression of MyHC: MyHC-I (MYH7b), MyHC-IIA (MYH2), and MyHC-IIB
(MYH4)/MyHC-IIX (MYH1).” This process is similar to embryonic myogensis, with time-dependent expression of MyHCs: A significant propor-
tion of slow MyHC-I fibers during the first postnatal week are subsequently transformed into fast MyHC fibers during the first 1-4 postnatal
weeks.”’ Two weeks after stem cell transplantation, MYH7b completes transcription (no significant differences can be found in mRNA expres-
sion of MYH7b) and gives rise to the expression of MyHC-I. iDPSCs have a more rapid effect on MyHC-I protein levels. We speculate that stem
cells may initially promote the regeneration of slow-switch muscle fibers. Incitti T et al. transplant myogenic-induced pluripotent stem cells
into dystrophic mice and also found PSC-derived myofibers express slow and oxidative myosin heavy-chain isoforms.*” Next, this newly
formed muscle began to progressively transition to fast-twitch fibers. Notably, there are two key triggers for muscle fiber transitions: repeated
high-level muscle activity or exposure to hypoxia.>** It is now believed that hypoxia (oxygen levels) is the primary cause of muscle fiber tran-
sitions.** In our study, we speculated that the enhanced EMG®® may result in oxygen inhalation during the non-CIH phase or reoxygenation
period, resulting in a decrease in fast muscle fibers. This decreased fast muscle fiber transitions is considered a primary adaptation to
increased oxygen content resulting from enhanced muscle strength, rather than a pathological change due to high-level muscle vibration.*®
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Figure 4. DPSCs therapy can increase the ratio of fast to slow twitch muscle fibers in gastrocnemius muscle

(A-D) Relative mRNAs of (A) MYH7b, (B) MYH2, (C) MYH4, and (D) MYH1 in GA were assessed using quantitative PCR. Data are shown as mean + SEM, n =4,
Student'’s t test for NOR vs. CIH, one-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher’s LSD test for multiple comparison, *p < 0.05, **p < 0.01.
(A and B) Slow fibers were identified by MyHC-I (E), and fast fibers were identified by MyHC-IIA (E), MyHC-IIX and MyHC-IIB (F) in GA using immunofluorescence
staining. They were co-expression with fiber outline (Laminin). Scale bar, 50 um.

(G-J) Quantitative analysis of MyHC-I (G), MyHC-IIA (H), MyHC-IIX (1), and MyHC-IIB (J)-positive fiber in GA cross-sectional area. Data are shown as mean + SEM,
n = 3, Student’s t test for NOR vs. CIH, one-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher's LSD test for multiple comparison, *p < 0.05,
**p < 0.01.

(K) Mitochondrial activity levels were measured by immunohistochemistry of succinate dehydrogenase (SDHA) staining in GA, stand for slow-twitch (aerobic)
fibers. Scale bar, 100 pm.

(L) Quantitative analysis of DSHA™ vs. DSHA™ fiber cross-sectional area, stand for the ratio of slow-twitch (aerobic) fibers against fast twitch (anaerobic) fibers. Data
are shown as mean + SEM, n = 3, Student's t test for NOR vs. CIH, one-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher’s LSD test for multiple
comparison, *p < 0.05.

Similar to upper airway muscles, DPSCs/iDPSCs therapy can increase the proportion of slow type | fibers and aerobic respiration in GA. This
may be due to the enhanced GG function in response to increased oxygen inhalation, or the systemic action by DPSCs/iDPSCs grafts.
CIH, a hallmark of OSA, is linked to the onset of various systemic complications, such as cardiovascular disease, metabolic disorders, and
hepatic injury, etc.® CIH disrupted food intake and water consumption, leading to a restriction in body weight.”’ To further investigate the
systemic effects of DPSCs/iDPSCs treatment, the aforementioned conditions have been assessed. DPSCs/iDPSCs transplantation improved
body weight in CIH mice. Exposure to CIH of mice, notably, the weight loss associated with CIH may be attributed to interference with diet.*®
In our study, the trend of changes in food intake and water consumption of mice was similar to that of body weight, supporting the previous
suspicion that body weight loss was related to the reduction in food intake in CIH mice.? In addition, weight loss due to CIH exposure may be
related to metabolic dysfunction, thus inducing chronic liver injury by increasing the levels of ALT and AST.*” In our study, stem cell therapy
significantly reduced the level of ALT. The level of ALT was directly proportional to the severity of hypoxia stimulation, and oxygen supply
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Figure 5. DPSCs transplantation improved systemic complications in CIH mice

(A) Pathological mechanisms of OSA and its complication. The activity of upper airway dilators in OSA patients decreased at sleep, resulting in airway obstruction.
In this case, carbon dioxide, negative pressure and respiratory drive continue to increase until arousal, then the airway reopened. CIH caused by the airway
recurrent obstruction would induce sympathetic activation, oxidative stress and systemic inflammation (elevated TNF-o. and CRP), thereby cause blood
pressure surges and metabolic disturbance, consequently, developing to cardiovascular disease (elevated LDH and CK), hepatic injury (elevated AST and
ALT), and kidney disease (elevated Cre), etc. Additionally, appetite disturbed by metabolic problems might bring to body weight changes.

(B and C) Plasma levels of TNF-a (B) and CRP (C) were assessed by Elisa after DPSCs/iDPSCs treatment at the end of sixth week. Data are shown as mean + SEM,
n = 3, Student'’s t test for NOR vs. CIH, One-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher’s LSD test for multiple comparison, *p < 0.05,
**p < 0.01, ***p < 0.001.

(D-H) Serum levels of ALT (D), AST (E), LDH (F), Cre (G), and CK (H) were assessed after DPSCs/iDPSCs treatment at the end of sixth week. Data are shown as
mean + SEM, n =4, Student's t test for NOR vs. CIH, one-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher's LSD test for multiple comparison,
*p < 0.05, **p < 0.01, ***p < 0.001.

(I) Body weight changes during the six-week CIH exposure accompanied with DPSCs/DPSCs or Saline control injection at the end of fourth week.

(J and K) Mean food intake (J) and water intake (K) changes per mouse -week were also measured for the last four week. Data are shown as mean + SEM, n = 6,
two-way ANOVA by Fisher's LSD test for multiple comparison, CIH vs. NOR **p < 0.01, ***p < 0.001; DPSCs vs. CIH *p < 0.05, ##p < 0.001; iDPSCs vs. CIH
&&p < 0.01, &&&p < 0.001; iDPSCs vs. DPSCs 2P < 0.01. TNF-g, tumor necrosis factor alpha; CRP, C-reactive protein; ALT, alanine aminotransferase; AST,
aspartate aminotransferase; LDH, lactate dehydrogenase; Cre creatinine; CK, creatine kinase.
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Figure 6. iDPSCs promote muscle rengeration of GG in CIH mice

(A) Schematic diagram of muscle regeneration: satellite cells (Pax7™) are activated to proliferate (Ki67*) and differentiated to myoblast (MyoD™) for muscle repair,
while another subset achieve self-renewal.

(B and C) mRNA expression level of Pax7 (B) and MyoD (C) in GG in CIH mice after DPSCs/iDPSCs treatment at the end of sixth week. Data are shown as mean +
SEM, n = 3, Student's test for NOR vs. CIH, One-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher's LSD test for multiple comparison, *p < 0.05,
**p < 0.01 (D) Pax7(red) and Kié7 (green) co-immunostaining of GG cross-sections in CIH mice. Nuclei are counterstained with DAPI. Laminin staining is shown in
white in the merged image. Scale bar, 20 pm. White arrowheads indicate only Pax7* cells. Yellow arrowheads indicate Pax7*/Ki67 cells.

(E) The ratio of Pax7*/Ki67 " vs. Pax7"/Ki67~ cells from all groups is represented as a bar graph. Data are shown as mean + SEM, n = 3, Student's t test for NOR vs.
CIH, One-way ANOVA for CIH vs. CIH + DPSCs vs. CIH + iDPSCs by Fisher’s LSD test for multiple comparison, *p < 0.05, **p < 0.01.

(F) Human-derived cytoplasmic proteins (STEM121) were only identified in GG after iDPSCs treatment using immunohistochemistry. The arrows indicate
Stem121-positive cells. Scale bar, 50 pm.

restored it to normal levels.? Intravenously administered with DPSCs can improved body weight in mice by regulating glucose and lipid meta-
bolism in liver.*' DPSCs transplantation improved body weight in a mouse chronic obstructive pulmonary disease model by regulating inflam-
mation.*? In our study, DPSCs/iDPSCs protect against cardiac injury by reducing the levels of LDH and CK, thereby improving the metabolic
status and hypoxia condition. Conditioned medium from DPSCs reduced myocardial infarct size as well as decreased inflammatory factorsin a
mouse model of ischemia-reperfusion.”” These changes may be regulated by systemic inflammation induced from CIH.® Transplanting DPSCs
intramuscularly showed better improvement in body weight with a reduction in TNF-a. and CRP levels in the blood plasma.** We found that
DPSCs/iDPSCs can reduce TNF-a« levels in CIH mice. This is in line with earlier reports demonstrating the anti-inflammatory effects of MSC
transplantation in OSA-rats.”> Therefore, we speculate that DPSCs/iDPSCs help promote systemic amelioration in CIH mice by reducing
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Figure 7. iDPSCs help strengthen myogenic repair in co-culture system under hypoxia in vitro

(A) Schematic diagram of C2C12-DPSCs/iDPSCs co-culture system under hypoxia. DPSCs were myogenic induced into iDPSCs. C2C12 are directly co-cultured
with DPSCs or iDPSCs under hypoxia for 7 days (above). C2C12 are also cultured with CM-DPSCs or CM-DPSCs under hypoxia for 7 days (below).

(B) Immunofluorescence staining with Desmin (red), hNu (green), and DAPI (blue) in cultured alone cells. White dotted line outlined the cells’ morphology.
Scale, 50 pm.

(C) Immunofluorescence staining with Desmin (red), hNu (green), and DAPI (blue) in direct co-culture system. White dotted line indicated the outline of
multinucleated myotube cell. White arrow indicated fused hNu in Desmin™ myotube cells. Scale, 50 pm.
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Figure 7. Continued

(D) Immunofluorescence staining with Desmin (red) and DAPI (blue) shows multinucleated myotube and nuclei in C2C12 culture with condition medium of
DPSCs/iDPSCs (CMDPSCs/CMiDPSCs). White dotted line indicated the outline of multinucleated myotube. Scale, 50 um.

(E-J) The levels of relative mRNAs, including (E) hPax7, (F) hMyoD, (G) mPax7, (H) mMyoD, (I) hDesmin, and (J) mDesmin. Data are shown as mean + SEM, n= 3,
Student'’s t test, *p < 0.05, **p < 0.01, ***p < 0.001.

(K and L) Schematic diagram of the mechanism of DPSCs (K) and iDPSCs (L) protect myoblast under hypoxia in vitro. (K) Under the influence of C2C12, DPSCs
initially expressed hPax7", later promoted C2C12 myotubes (mDesmin*) by paracrine effects.

(L) Provided with previously induced to Pax7* cells, some iDPSCs accelerated myogenic differentiation to hPax7"hMyoD*, while others were preserved (hPax7™).
This in turn hastened the fusion of C2C12 (mDesmin*) by paracrine effects. Then some iDPSCs continued to differentiate with human/mouse nuclei fused into
myotubes (hDesmin® and mDesmin™), while others still retained hPax7" by self-renewal.

systemic inflammation to provide an anti-inflammatory microenvironment, thus improve liver metabolism and cardiac function, ultimately
leading to weight gain.

At present, the main effects of MSCs in treating OSA/CIH are committed differentiation and paracrine effects (for example, secreting mul-
tiple proangiogenic, antiapoptotic, or anti-inflammatory factors).’**” Systemic treatment with DPSCs has been shown to regulate inflamma-
tion to treat Duchenne muscular dystrophy.*® DPSCs have demonstrated anti-fibrotic and immunomodulatory properties to interact with the
surrounding microenvironment and strongly support their contribution to tissue regeneration.”” In addition, DPSCs showed pronounced
immunosuppressive activity, and can be used in animal models without immunosuppression.’®>° This can be explained that DPSCs respond
to systemic inflammation and secrete immunomodulatory factors (PDL1, FasL) that inhibit T cell activity, thus reducing immune attacks on self-
tissues.”"°> DPSCs can ameliorate sciatic nerve conduction velocity when administered into unilateral hindlimb skeletal muscles, and the ef-
ficacy is mainly attributed to the multiple secretomes secreted from transplanted DPSCs.>* GFP* DPSCs can repair myocardial infarction when
injected intramyocardially, with no histologic evidence of GFP* muscle cells within the infarct.> This suggests that DPSCs mainly secrete fac-
tors rather than directly differentiate to repair. We then tested the effects of conditioned medium from DPSCs or iDPSCs, and found that both
DPSCs and iDPSCs can promote myogenic differentiation through paracrine effects. Furthermore, we tested the effects of iDPSCs under hyp-
oxia in vitro and in vivo. Pisciotta et al. transplanted myogenic-induced DPSCs by 5-Aza into the gastrocnemius muscle of mdx/SCID mice and
observed muscle regeneration.'? In our study, we found that iDPSC transplantation increased the expression of Pax7 in tissues, which was
beneficial to the muscle satellite cell population (Figures 6B, 6D, and 6E). Additionally, human-derived cytoplasmic proteins STEM121
were identified in GG after iDPSC treatment (Figures 5E and 5F). Some scholars also tested human-specific hNu, hLaminin, or hPax7" in mus-
cle fibers,”* indicating that induced myogenic cells were stably transplanted in vivo and contributed to the muscle satellite cell pool.

We further verified through coculture in vitro that both DPSCs and iDPSCs promoted the formation of myotubes. Specifically, nuclei
derived from iDPSCs fused into the myotubes formed under hypoxia. Similar to our findings, both human and mouse nuclei were observed
in newly formed hybrid myotubes when coculturing DPSCs with C2C12 cells.'”” Grabowska et al. cocultured umbilical cord blood MSCs with
C2C12 cells. On the seventh day, myotube-like cells were arranged. On the ninth day, approximately 15% of all formed myotubes were hybrid
myotubes containing human nuclei.”® Direct coculture system was shown to promote stronger myotubes compared to the conditioned me-
dium system. This resembles the result that direct cocultures can better drives DPSCs toward smooth muscle cells differentiation.”” We spec-
ulate that direct contact with cells forces DPSCs/iDPSCs to contribute to myogenic differentiation (through fusion with human-derived nuclei)
in addition to paracrine effects under normoxia. However, hypoxia disrupted this process, resulting in fusion of only iDPSCs-derived nuclei.
Yuchen Zhang et al. also found that direct cocultures with endothelial cells significantly drive DPSCs toward smooth muscle cell differentiation
compared to indirect cocultures.®” This indicates that direct cocultures can drive committed differentiation apart from paracrine action when
compared to indirect cocultures. As a potential source of cells to help in the regeneration of functioning muscle tissue, it is important that
fused nuclei be able to produce muscle-specific transcripts from donor sourse.®” Milner et al. found increased myogenic transcripts from
mouse or pig sources by co-culturing porcine adipose MSCs with mouse C2C12 cells, verifying that the nuclei incorporated into myotubes
are functioning myonuclei.’" In our study, we observed sequential alterations in myogenic transcripts and speculated on the protective mech-
anism of DPSCs/iDPSCs (Figures 7K and 7L). When compared with DPSCs, iDPSCs increased the levels of Desmin, Pax7, and MyoD from hu-
man sources. This suggests that iDPSCs promote myotubes through both paracrine effects and myogenic committed differentiation.

Conclusion

In our study, DPSCs/iDPSCs therapy in vivo enhances GG function by promoting muscle repair and reducing inflammatory factors. This
improvement leads to enhanced systemic condition and body weight, resulting in muscle fiber transition in the upper airway and lower
limb muscles. Moreover, iDPSCs grafts increased the proportion of Pax7*/Kié7* and human-derived cells in the GG of CIH mice compared
with DPSCs and were beneficial to the Pax7™ satellite cell pool for muscle repair in vitro and in vivo. Apart from the paracrine effect similar to
DPSCs, iDPSCs participate in myogenic differentiation, with the human-derived nucleus being incorporated into the newly regenerated mus-
cles. These data provide the experiment foundation for the treatment of OSA with DPSCs.

Limitations of the study

This study applied myogenic induced DPSCs to treat GG injury in CIH mice. An important limitation of the study was not differentiated donor
gender in cell use and the exclusive use of male recipient mice. It is possible that cells from different donor sources might exhibit heteroge-
neity issues and also might have different effect on female mice. Future research should differentiate the impact of gender/sex on
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experimental outcomes. Notably, the CIH model was aimed at studying GG injury in CIH pathological state as OSA consequence. DPSCs/
iDPSCs therapy can improve muscle regeneration and GG function, but this can only increase oxygen inhalation during the non-CIH phase or
reoxygenation period. It cannot be verified that the state of CIH has been altered. In the future, spontaneous OSA animal models can be used
to validate stem cell therapy, with blood oxygen saturation and sleep monitoring. Besides, GG located in deep intramuscular position. There-
fore, there are some difficulties in clinical application, although this GG injection can be trained to ensure accuracy. The future work aims to
identify intraoral landmarks for precise administration in GG of OSA patients. It can be achieved by combining the modification of a com-
puter-controlled local drug delivery system, which allows drugs to enter tissues at a very precise pressure/flow ratio and precise dosage,
with reduced injection pain. This provides basis for clinical appliance of stem cells or other drugs to treat OSA patients.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Pax7 DSHB Cat#PAX7; RRID: AB_2299243
Anti-Pax7 Santa Cruz Biotechnology Cat#sc-81648; RRID: AB_2159836
Anti-MyoD1 Proteintch Cat#18943-1-AP; RRID: AB_10603467
Anti-Ki67 Thermo Fisher Scientific Cat#14-5698-37; RRID: AB_2865119

Anti-Laminin

Anti-Laminin

Anti-MyHC-IIA

Anti-MyHC-IIB

Anti-MyHC-IIX

Anti-MyHC-|

Anti-human Nucleoli (hNu)

Anti-SDHA

Anti-STEM121

Anti-CD8

Anti-CD4

Anti-FasL

Anti-PDL1

Anti-Desmin

Anti-B-actin

Alexa Fluor® 488 AffiniPure Donkey Anti-Mouse 1gG
Alexa Fluor® 488 AffiniPure Donkey Anti-Rabbit IgG
Alexa Fluor® 594 AffiniPure Donkey Anti-Mouse IgG
Alexa Fluor® 594 AffiniPure Donkey Anti-Rabbit IgG
Alexa Fluor® 647 Donkey anti-Rat IgG

Anti-rabbit IgG, HRP-linked Antibody

Anti-mouse IgG, HRP-linked Antibody

Abcam

Santa Cruz Biotechnology
DSHB

DSHB

DSHB

DSHB

Abcam

Proteintch

Cellartis

Abclonal

Abclonal

Santa Cruz Biotechnology
Proteintch

Proteintch

Absin Bioscience

Jackson

Jackson

Jackson

Jackson

Thermo Fisher Scientific
Cell Signaling Technology
Cell Signaling Technology

Cat#ab11575; RRID: AB_298179
Cat#sc59854; RRID: AB_784266
Cat#SC-71; RRID: AB_2147165
Cat#BF-F3; RRID: AB_2266724
Cat#MF-20; RRID: AB_2147781
Cat#BA-F8; RRID: AB_10572253
Cat#ab190710; RRID: AB_2937055
Cat#14865-1-AP; RRID: AB_11182164
Cat#Y40410; RRID: AB_2801314
Cat#A23081; RRID: AB_3662930
Cat#A26036; RRID: AB_3662931
Cati#fsc-19681; RRID: AB_626940
Cat#66248-1-lg; RRID: AB_2756526
Cat#16520-1-AP; RRID: AB_2292918
Cat#abs830031; RRID: AB_2892540
Cat#715-545-150; RRID: AB_2340846
Cat#711-545-152; RRID: AB_2313584
Cat#715-585-150; RRID: AB_2340854
Cat#711-585-152; RRID: AB_2340621
Cat#A78947; RRID: AB_2910635
Cat#7074; RRID: AB_2099233
Cat#7076; RRID: AB_330924

Critical commercial assays

H&E staining kit BOSTER AR1180
Masson staining kit Biossci BP028
DAB Substrate Kit Solarbio DA1010
FastQuant RT Kit TIANGEN KR116-02
SuperReal PreMix PCR Kit TIANGEN FP205-02
Mouse TNF-alpha Uncoated ELISA Kit ThermoFisher 88-7324-88
Mouse CRP ELISA Kit Servicebio GEMO0007
Chemicals, peptides and recombinant proteins

Minimum Essential Medium o (a-MEM) Gibco 12571-063
Dulbecco’s Modified Eagle Medium (DMEM) Gibco 11965-092
Iscove’s Modified Dulbecco’s Medium (IMDM) Gibco 12440053
Dimethyl sulfoxide (DMSO) Sigma D4540
Phosphate-Buffered Saline (PBS) Hyclone SH30256.01
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REAGENT or RESOURCE SOURCE IDENTIFIER
Penicillin-Streptomycin (PS) Gibco 15140163
Fetal Bovine Serum (FBS) Gibco 16140071
Horse Serum (HS) Hyclone SH30074.02
0.05% Trypsin Gibco 25300
5-Azacytidine (5-Aza) Sigma 855049
Noggin Sino Biological 10267-HNAH
Trizol Thermo Fisher 15596018
Triton X-100 Sigma SLBT3016
Bovine Serum Albumin (BSA) Solarbio 9048-46-8
RIPA lysis buffer Thermo Fisher 89900
protease/phosphatase inhibitor cocktail CST 5872

DAPI Abcam ab228549
BD Vacutainer® SST™ Tubes BD Vacutainer 367957
alanine aminotransferase (ALT) Changchun Huili C052-day
aspartate aminotransferase (AST) Changchun Huili C072-e
creatinine (Cre) Changchun Huili C074-e
creatine kinase (CK) Changchun Huili C059-b
lactate dehydrogenase (LDH) Changchun Huili C018-b

Experimental models: Cell lines

C2C12 Cell Bank/Stem Cell Bank, Chinese
Academy of Sciences

CSTR:19375.09.3101MOUSCSP505

Experimental models: Organisms and strains

SPF mice SHANGHAI SLAC LABORATORY ANIMAL C57BL/6J

Software and algorithms

GraphPad Prism
LabChart https://www.adinstruments.com -

https://www.graphpad.com

ImageJ https://imagej.nih.gov/ij/

EXPERIMENTAL MODEL AND STUDY PARTICPANT DETAILS

DPSC culture

The research proposal for use of human samples were approved by Medical Ethical Committee of Shanghai Stomatological Hospital, Fudan
University (No. 2017-0004 and No. 2019-003). We have also obtained informed consents to participate from the human donors. The human
donors were Chinese from both genders ranged from 18 to 25 years old. Human third molar (free of caries and/or periodontitis) needed be
removed for dental preventive care were collected. It was ensured that the donors’ tooth extraction wounds healed well and their pain was
minimized. The dental pulp was immediately separated from the teeth, and was cut into 1 mm? pieces, adhered to a 10 mm dish with a-MEM
(Gibco, NY, USA) supplemented with 10% fetal bovine serum (FBS, Gibco, NY, USA) and 1% penicillin-streptomycin (Gibco, NY, USA) at 37°C
in the presence of 5% CO,. The medium was changed every 3 days. DPSCs were then cryopreserved in 90% FBS with 10% DMSQO in P1, and
were expanded to P3 - P4 for further experiments. In this study, we independently included DPSC cultures from twelve donors (8 female, 4
male). DPSCs from each donor were cultured separately, with cell migration not affected by gender. Twelve independent DPSC primary cell
cultures were allocated to cell proliferation and myogenic inducing pre-experiments (n = 3), direct coculture system (n = 3), conditional
medium preparation (n = 3), and stem cell transplantations (n = 3).

DSPC myogenic induction

When the confluence reached 80%, DPSCs were induced to a myogenic fate (iDPSCs) with 1 uM 5-aza (Sigma—-Aldrich, CA, USA) for 1 day, and
followed by 200 ng/mL BMP antagonist Noggin for 7 days. The differentiation medium was changed every 3 days. The myogenic markers were
tested by immunofluorescence and western blot analysis. DPSCs and iDPSCs used in each independent experiment were sourced from the
same donor.
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Cell hypoxia model

Cells were placed in an incubator controlled by a computerized delivery profile system (OxyCycler C42, Biospherix, Redfield, NY) at 37°C, and
connected to Ny, Oy, and CO,. Set the oxygen concentration to 1% and CO; to 5%, and adjust the control mode to automatic mode. The
intake volume can be automatically adjusted according to the set values. Pre place the culture medium in this hypoxia incubator to reduce
the oxygen content in the medium.

Direct coculture system

The murine myoblast cell line C2C12 was purchased from the Cell Bank/Stem Cell Bank of the Chinese Academy of Sciences and authenti-
cated by the China Center for Type Culture Collection (CSTR:19375.09.310TMOUSCSP505) using Short Tandem Repeat (STR) analysis tech-
nology. It was tested not having mycoplasma contamination. C2C12 was cultured in DMEM high glucose with 10% FBS and 1% penicillin-
streptomycin at 37°C in 5% CO,. DPSCs were myogenically induced with 5-Aza and the BMP antagonist Noggin (iDPSCs). Then, DPSCs/
iDPSCs and C2C12 cells were seeded on 6-well plates (or 24-well plates) at a ratio of 5:1 under 1% O, hypoxia and maintained in growth me-
dium until the cells reached confluency. At this point, the growth medium was replaced with differentiation medium containing DMEM high
glucose plus 2% Horse Serum (HS) and 1% penicillin-streptomycin and continued to be cocultured for 7 days.

Conditional medium (CM) of DPSCs/iDPSCs

DPSCs/iDPSCs were seeded in 100-mm dishes and, when reaching 70-80% confluence, the mediums were replaced by serum-free DMEM.
After 48 h, the supernatant was collected and filtered through a 0.22-um filter; subsequently, the CM was concentrated 30-fold using an ul-
trafiltration unit with a 10-kDa molecular weight cutoff (UFC901096, Millipore) centrifuged at 4,000 x g for 25 min at 4°C. Serum-free DMEM
without cells was used as control CM, and it was incubated, collected and stored in a similar manner. Then C2C12 myoblasts were treated for
7 days as follows: normoxia + control CM, hypoxia + control CM, hypoxia + CM-DPSCs, and hypoxia + CM-iDPSCs.

CIH animal model and GG transplantation

Eight-week-old C57BL/6J male mice (Shanghai SLAC Laboratory Animal Co., Ltd) were housed in the animal facility under stable conditions of
humidity and temperature on a 12:12 h light-dark cycle with free access to food and water. Male mice are chosen for OSA modeling to exclude
estrogen influence. The animal experiments were conducted at Shanghai Model Organisms Center (with License for the Use of Laboratory
Animals) in accordance with Guide for the Care and Use of Laboratory Animals, 8th edition, and approved by the Institutional Animal Care and
Use Committee at the Shanghai Research Center for Model Organisms (SRCMO-IACUC No. 2019-0020-1). Animals were exposed to CIH in
chambers controlled by a computerized delivery profile system (Oxycycler Model A84XQOV; Biospherix, Redfield, NY) connected to N, and O,
(Figure 1C). O, levels ranging from 21% to 7.5% circulated for 180 s, of which 7.5% O, was maintained for 20 s (Figure 1D). CIH circulation
lasted for 8 h per day from 10:00 a.m. to 18:00 p.m. Observe the mice for any abnormal behaviors in excitement, feeding, or overall mental
state.

Experimental animals were divided into four groups: normoxia (NOR) (n = 18), CIH (n = 18), CIH + DPSCs (n = 18), and CIH +iDPSCs (n = 18)
(Figure 1G). Among them, the latter three groups were exposed to CIH circulation. The NOR group was given normal air. DSPCs/iDPSCs from
the same source among 3 independent donors were used for each 6 animal repeats. At the end of the 4th week, DPSCs or iDPSCs were in-
jected into the GG using an insulin needle (29 G) (Figure 1E) in CIH + DPSCs and CIH + iDPSCs groups, while the remaining two groups
received the same volume of saline. The procedure of GG injection operation: 1) Mice were anesthetized by intraperitoneal injection of
1% pentobarbital (0.1 mL/10 g body weight), and placed in the supine position. 2) Place the mouse in the supine position on the operating
platform, and disinfect the mouth with iodophor. 3) Inject at the sublingual side near the root of lingual frenum with insulin needle (29 G) and
penetrate parallel to the epidermis of the tissue for about 5 mm. Stem cells solution were injected about 10 pL (10000 cells dissolved in ster-
ilized saline). Monitor the healing of injection wounds in mice to prevent suffocation due to bleeding or edema. During the experiment, the
body weight and food and water intake of all mice were measured. After 6 weeks, all mice were sacrificed.

METHOD DETAILS

Electromyography of the genioglossus muscle (EMG®C)

Mice were anesthetized by intraperitoneal injection of 1% pentobarbital (0.1 mL/10 g body weight) and placed in the supine position. After
stripping the neck skin and cervical membrane, the digastric muscles (DM) were exposed. The DM were then separated and removed to
expose the GG. Then, the EMG signals of both DM and GG were detected. Two Teflon-insulated wire loop electrodes were used to record
electromyographic activity with third electrodes inserted into the tails of mice (Figure 2A). The EMG signals were connected to the Biological
Functional System and amplified by bandpass filtering from 1 to 1000 Hz (AD Instrument Australia). LabChart 8 software was used to analyze
the experimental results. Eleven channels were set for data acquisition and analysis (Table S1). Because EMG testing could damage tissue
structure and result in unstable results, and these GG samples were not used for histological measures or blood collection.

Serum biochemical index detection

Blood was collected from mouse eyeballs into a blood collection tube (BD Vacutainer) in mice without EMG testing from each group. Then,
the mice were sacrificed by cervical dislocation. The blood collection tubes were gently inverted 180° 5-6 times. The serum specimens were
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centrifuged at 4000 rpm for 10 min at room temperature and stored at —80°C. Serum enzyme kits were used to mix with these serum spec-
imens by adding a specificamount of reagent R1 or R2 according to the manufacturer’s instructions. The R1 and R2 components can be found
in Table S2. Subsequently, the serum levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), creatinine (Cre), lactate de-
hydrogenase (LDH) and creatine kinase (CK) were measured using the automatic biochemistry analyzer Chemray-800 (Rayto Life and Analyt-
ical Sciences). The parameters, such as sample dosage, R1 or R2 reagent dosage, delay time, detection time, detection wavelength, etc., were
listed in Table S3.

ELISA experiments

ELISA experiments were performed following the instructions of the ELISA kit, such as Mouse TNF-alpha Uncoated ELISA Kit (No. 88-7324-88,
ThermoFisher), and Mouse CRP ELISA Kit (No. GEM00O07, Servicebio). ELISA plate with 100 uL/well of capture antibody in PBS. Seal the plate
and incubate overnight at 4°C. Block wells with 200 uL of Diluent Concentrate. Incubate at room temperature for 1 h. Aspirate and wash for a
total of 3-5 times. Add 100 pL/well of samples to the appropriate wells. Seal the plate and incubate at room temperature for 2 h. Repeat for a
total of 3-5 washes. Add 100 pL/well diluted Detection Antibody to all wells. Seal the plate and incubate at room temperature for 1 h. Repeat
for a total of 3-5 washes. Add 100 pL/well of diluted Streptavidin-HRP. Seal the plate and incubate at room temperature for 30 min. Add
100 plL/well of Tetramethylbenzidine Substrate Solution. Incubate at room temperature for 15 min. Add 100 plL/well of Stop Solution.
Read plate at 450 nm. Calculate the sample concentration based on the standard curve equation.

Hematoxylin and eosin staining

The muscles were excised from mice and fixed in ice-cold 4% PFA for further histological measures. Briefly, after deparaffinization and rehy-
dration, 5 um-thick sections were stained with hematoxylin solution for 3 min followed by 5 s of 1% acid ethanol (1% HCl in 70% ethanol) and
then rinsed in running water. Then, the sections were stained with eosin solution for 3 min, followed by running water for 5 min. Dehydration
with graded alcohol was then performed. After Histoclear washing, the slides were sealed with neutral gum.

Masson staining

Soak the dehydrated slices in Bouin's solution and rinse with running water. Next, the sections were stained with iron hematoxylin for
5-10 min, followed by 1% hydrochloric acid alcohol, lithium carbonate for a few seconds, bright spring red for 5-1 min, and phosphomolybdic
acid for 5 min. The sections were then stained with aniline blue for 5 min without washing, and then 1% acetic acid for 1 min, and finally seal
with neutral gum after dehydration.

Immunofluorescence

Muscle sections and cultured cells were fixed in 4% paraformaldehyde and permeabilized for 15 min in 0.25% Triton X-100 in PBS. The samples
were blocked in 5% BSA for 30 min at room temperature. The samples were then incubated with primary antibodies in 2.5% BSA at 4°C over-
night. Subsequently, the samples were washed with 0.5% Tween 20 in PBS (PBST) and stained with anti-mouse Alexa 594 or Alexa 488, anti-
rabbit Alexa 594 or Alexa 488 (Jackson ImmunoResearch, PA, USA), anti-rat Alexa 647 for 30 min at room temperature. After washing with
PBST, DAPI was used to stain nuclei for 5 min. The primary antibodies used were as follows: antibodies against MyHC-IIA (SC-71, DSHB),
MyHC-IIB (BF-F3, DSHB), MyHC-IIX (MF-20S, DSHB), Anti-MyHC-I (BA-F8, DSHB), Pax7 (PAX7, DSHB), Pax7 (sc-81648, Santa Cruz), Ki67
(14-5698-37, Invitrogen), MyoD1 (18943-1-AP, Proteintch), human Nucleoli (ab190710, Abcam), CD8 (A23081, Abclonal), CD4 (A26036, Abclo-
nal), FasL (sc-19681, Santa Cruz), PDL1 (66248-1-lg, Proteintch), Desmin (16520-1-AP, Proteintch), Laminin (ab11575, Abcam), and Laminin
(sc59854, Santa Cruz).

Immunohistochemistry staining

After deparaffinized and rehydration, the sections were conducted using citric acid buffer, and then 0.05% Triton X-100. Endogenous perox-
idase activity was quenched with 3% H,O,. The sections were blocked with 5% goat serum to prevent non-specific binding and incubated with
primary antibodies at 4°C overnight. The primary antibodies used were as follows: antibodies against STEM121 (Y40410, Cellartis) and SDHA
(14865-1-AP, Proteintch). The following day, sections were washed with PBST and incubated with horseradish peroxidase (HRP)-conjugated
secondary antibodies for 1 h at room temperature. After additional washes, chromogenic detection was performed using the DAB Substrate
Kit (DA1010, Solarbio). Sections were counterstained with hematoxylin, sequentially dehydrated with ethanol and xylene, and mounted.

RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from coculture cells and genioglossus tissue using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). cDNA was syn-
thesized using a FastQuant RT Kit (Tiangen, Beijing, China). SuperReal PreMix (Tiangen Biotech Co., Ltd.) was used for amplification of cDNA
to the relative mMRNA of genes on a Light Cycler 96 system (Roche, Basel, Switzerland) using a Real-Time PCR System (Biometra Bio-
medizinische Analytik GmbH). The primer sequences utilized for RT-gPCR can be found (Table S4). Relative mRNA expression was calculated
using the 2229 method.
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Western blot analysis

The whole cell lysate was prepared with RIPA lysis buffer (89900, Thermo Fisher, MA, USA) plus protease/phosphatase inhibitor cocktail (5872,
CST, MA, USA) at 25 mg protein lysate. SDS PAGE was performed on Mini-PROTEAN Tetra Precast Gels (Bio-Rad) and transferred using Mini
Trans-Blot Cell (Bio-Rad) by PowerPac Basic Power Supply (Bio-Rad). Pax7 (PAX7, DSHB), MyoD1 (18943-1-AP, Proteintch) and B-actin
(abs830031, Absin Bioscience) were blotted as a primary antibody for overnight. Secondary antibodies, anti-rabbit IgG (70745, CST)
and anti-mouse IgG (7076S, CST) were blotted afterward. The membranes were visualized using Super Signal West Dura substrate
(Thermo Scientific, MA, USA), and the bands were detected with an Al600 imager (GE Healthcare, IL, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS

The experimental data are expressed as the mean =+ standard error (mean + SEM), and the data were analyzed and plotted by GraphPad
Prism 5 software. For comparison of two samples, Student’s ttest was used. For comparison of multiple groups of samples, ANOVA was used,
followed by Fisher’s LSD test for multiple comparison. *p < 0.05, **p < 0.01, and ***p < 0.001 represent statistically significant differences, and
NS represents no statistically significant differences.
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