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United States, 6 Joslin Diabetes Center, Boston, MA, United States

Obesity leads to a loss of muscle mass and impaired muscle regeneration. In obese 
individuals, pathologically elevated levels of prolyl hydroxylase domain enzyme 2 (PHD2) 
limit skeletal muscle hypoxia-inducible factor-1 alpha and vascular endothelial growth 
factor (VEGF) expression. Loss of local VEGF may further impair skeletal muscle regener-
ation. We hypothesized that PHD2 inhibition would restore vigorous muscle regeneration 
in a murine model of obesity. Adult (22-week-old) male mice were fed either a high-
fat diet (HFD), with 60% of calories derived from fat, or a regular diet (RD), with 10% 
of calories derived from fat, for 16 weeks. On day 5 following cryoinjury to the tibialis 
anterior muscle, newly regenerated muscle fiber cross-sectional areas were significantly 
smaller in mice fed an HFD as compared to RD, indicating an impaired regenerative 
response. Cryoinjured gastrocnemius muscles of HFD mice also showed elevated PHD2 
levels (twofold higher) and reduced VEGF levels (twofold lower) as compared to RD. 
Dimethyloxalylglycine, a cell permeable competitive inhibitor of PHD2, restored VEGF 
levels and significantly improved regenerating myofiber size in cryoinjured mice fed an 
HFD. We conclude that pathologically increased PHD2 in the obese state drives impair-
ments in muscle regeneration, in part by blunting VEGF production. Inhibition of PHD2 
over activity in the obese state normalizes VEGF levels and restores muscle regenerative 
potential.

Keywords: obesity, hypoxia, prolyl hydroxylase domain enzymes, skeletal muscle regeneration, vascular 
endothelial growth factor

inTrODUcTiOn

Skeletal muscle maintenance and recovery from injury rely on robust endogenous repair mecha-
nisms, which become impaired with obesity. Diminished capacity of muscle regeneration may 
contribute to the loss of lean muscle mass often seen in obese diabetic patients (1) and can result 
from a myriad of factors, including insulin resistance, impaired metabolism, and chronic inflamma-
tion (2). Multiple studies suggest that muscle wasting in these patients can be severe, especially for 
those above the age of 60 (3–5). Mice fed a high-fat diet (HFD) similarly exhibit impaired muscle 
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regeneration following injury, as well as a reduced number of 
muscle satellite cells (6, 7). The mechanisms underlying obesity-
associated loss of skeletal muscle mass and regenerative potential 
are not entirely known.

Upregulation of the hypoxia-inducible factor-1 alpha 
(HIF-1α) and induction of vascular endothelial growth factor 
(VEGF) have been suggested as critical components for promot-
ing proper muscle regeneration after injury. Loss of HIF-1α 
decreases skeletal muscle endurance (8), and the loss of VEGF 
in transplanted muscle stem cells impairs their engraftment and 
myofiber regeneration following transplantation (9). HIF-1α 
is dysregulated in diabetic patients, resulting in a reduction of 
local HIF-1α bioavailability, low VEGF activity, poor angio-
genesis following injury, and impaired wound healing (10, 11). 
In addition, relative tissue hypoxia in obesity can itself lead to 
increased systemic inflammation and loss of insulin sensitivity, 
both of which exert deleterious effects on muscle regeneration 
(12, 13).

Interestingly, deletion of the hypoxia-response element in 
the VEGF promoter results in neural degeneration and loss of 
lean muscle mass (14). In patients with obesity, limited VEGF 
expression is implicated in impaired skeletal muscle regeneration, 
although the mechanism(s) underlying this effect is unclear (15). 
The etiology that results in coincidence of lower HIF-1α and 
VEGF levels occurring with obesity, especially in tissue injury 
responses, also remains unknown.

Previous studies suggest that the prolyl hydroxylase domain 
(PHD) family of enzymes, which regulate HIF-1α and VEGF 
activity, are pathologically increased in models of obesity and 
type 2 diabetes mellitus (T2DM) (16, 17). PHDs are active in 
normoxic conditions and function to degrade HIF-1α and 
inhibit the hypoxia-response pathway (18). Multiple PHD 
isoforms exist, with prolyl hydroxylase domain enzyme 2 
(PHD2) being the predominant form in skeletal muscle (19, 
20). In normoxic conditions, PHD-mediated hydroxylation of 
proline residues within the HIF-1α protein results in its binding 
to the Von Hippel–Lindau tumor-suppressor protein, which 
interacts with the protein elongin C and thereby recruits an E3 
ubiquitin-protein ligase that targets HIF-1α for ubiquitination 
and degradation by the proteasome. In hypoxic conditions, 
PHD2 is normally inactivated, and HIF-1α and HIF-2α activities 
increase (21).

Silencing of EGLN1 (the gene encoding PHD2) locally in 
skeletal muscle is protective from ischemia–reperfusion injury 
and promotes neovascularization, mediated by VEGF activity 
(22, 23). Likewise, pharmacologic inhibition of PHD2 increases 
VEGF transcription, with corollary enhancement of angiogenesis 
shown in a model of T2DM wound healing (24). In addition, 
mice with decreased PHD1 or PHD3 activity similarly exhibit 
protection against hind limb ischemia and preservation of muscle 
mass following ischemic insult (21, 25–27). However, this PHD2/
HIF-1α/VEGF pathway has yet to be assessed in the context of 
induced skeletal muscle injury and repair. The present study 
was therefore designed to evaluate the involvement of PHDs in 
muscle regeneration in a murine obesity model and to determine 
whether pharmacologic inhibition of PHD2 can improve muscle 
regenerative responses in this context.

aniMals anD MeThODs

animals
The Institutional Animal Care and Use Committee of Brigham 
and Women’s Hospital and Joslin Diabetes Center approved all 
animal procedures described (2016N000375). Twenty-two-
week-old male C57Bl/6J mice fed a control diet [regular diet 
(RD)], ad  libitum, for 16  weeks and diet-induced obesity male 
C57BL/6J mice fed an HFD, ad  libitum (60% calories from 
fat), were obtained from pathogen-free breeding colonies (The 
Jackson Laboratory, Bar Harbor, ME, USA). These mice exhibit 
obesity and are prediabetic, with impaired glucose tolerance 
tests and decreased insulin sensitivity.1 For maintenance of 
diet, RD (D12450Bi) and HFD (D12492) were obtained from 
Research Diets (New Brunswick, NJ, USA), which contained 10 
and 60% calories from fat, respectively. To determine the in vivo 
therapeutic efficacy of PHD2 inhibition in promoting skeletal 
muscle regeneration, mice continuously fed either an RD or an 
HFD were injected intraperitoneal (IP) with a 160 mg/kg dose 
of dimethyloxalylglycine (DMOG) (Sigma-Aldrich, St. Louis, 
MO, USA) prepared in saline vehicle (0.9% sodium chloride) for 
5 days, starting 1 day prior to cryoinjury. As a control, another 
group of mice received IP saline vehicle injections only.

cryoinjury of Muscle and Quantification of 
cross-sectional area of regenerating 
Myofibers
For cryoinjury, mice were anesthetized, and dry ice was applied 
directly to the exposed tibialis anterior (TA) and gastrocnemius 
muscles for 5 s. The skin incision was closed with 4–0 Prolene 
suture (Ethicon Inc., Somerville, NJ, USA) immediately after 
injury. This procedure generates a reproducible injury in the 
muscle with a discrete border between uninjured and injured 
muscle (28, 29). Injured muscles were allowed to recover for 
5 days prior to mouse euthanasia and muscle harvest. For quan-
tification of regenerating myofiber size after cryoinjury, a series of 
images were taken spanning the entire regenerating area in cross 
section (CSA); the sizes of 10 regenerating myofibers (identified 
by their centrally located nuclei) were measured in each image 
using ImageJ software (RRID: SCR_003070), which collectively 
resulted in a total of approximately 100 myofiber sizes measured 
for each animal.

histology and immunohistochemisty
Harvested TA muscles were fixed in 10% neutral buffered formalin 
solution (Sigma-Aldrich, St. Louis, MO, USA) for 48 h and trans-
ferred to 70% ethanol thereafter. Fixed tissues were embedded 
in paraffin blocks, and 8 µm sections were cut with a microtome 
(Microm HM 550, Thermo Fisher Scientific, Waltham, MA, USA) 
and mounted. Deparaffinization and rehydration were performed 
using xylene (Fisher Scientific, First Lawn, NJ, USA) and a series 
of graded ethanol solutions (100, 95, 75, and 50%). Sections were 

1 Diet-induced Obesity Models. The Jackson Laboratory. Available from: https://
www.jax.org/jax-mice-and-services/find-and-order-jax-mice/surgical-and- 
preconditioning-services/diet-induced-obesity-models/dio-b6.
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Table 1 | List of antibodies.

Protein species Dilution company

PHD2 Rabbit 1:1,000 Cell Signaling Technologies
RRID: AB_10561316

HIF-2α Rabbit 1:1,000 Novus
RRIS: AB_10002593

VEGFa Rabbit 1:1,000 Abcam
RRID: AB_2212642

α-Tubulin Rabbit 1:1,000 Cell Signaling Technologies
RRID: AB_2210548

CD31 (PECAM-1) Rat 1:50 Biocare Medical
RRID: –
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then stained with Gill’s 3 hematoxylin (Thermo Fisher Scientific, 
Cheshire, UK) and eosin (Sigma-Aldrich, St. Louis, MO, USA). 
Images were acquired using a DS-Fi1 camera and Nikon Eclipse 
E400 microscope (Nikon Corporation, Tokyo, Japan).

For immunohistochemical analysis, sections were first depar-
affinized. Epitope retrieval was performed using Leica enzyme 
retrieval agents for 10 min. Sections were then incubated with 
primary anti-CD31 (Biocare Medical, Concord, CA, USA) at 1:50 
overnight followed by incubation with secondary goat anti-rat 
IgG HRP antibody at 1:50 (Millipore, Darmstadt, GER). Slides 
were developed using 3-diaminobenzidine chromogen and 
counterstained with hematoxylin. For quantification of CD31 
positive vessels, serial sections were taken spanning the CSA, and 
the number of CD31 positive-stained capillaries was counted per 
high power field (200× magnification). A minimum of 10 distinct 
sections were analyzed per sample.

real-time Pcr
The gastrocnemius muscle was harvested and homogenized 
using a gentleMACS dissociator (Miltenyi Biotec, Cambridge, 
MA, USA) for RNA extraction using Trizol/chloroform. One 
microgram of total RNA was reverse transcribed in a 20 µL reac-
tion using the Super Script III First-Strand System (Invitrogen, 
Carlsbad, CA, USA). Hypoxia arrays were performed utilizing the 
RT2 qPCR Hypoxia Array (SABiosciences, Frederick, MD, USA). 
Arrays were performed using a StepOnePlus Real-time PCR 
(Applied Biosystems, Foster City, CA, USA) with denaturation 
at 95°C (10 min) followed by 40 cycles of 95°C (15 s) and 60°C 
(1 min). The Ct values were then analyzed using SABioscience’s 
Data Analysis Web Portal, and the resulting fold changes were 
normalized to housekeeping genes (Actb, B2m, Gapdh, Gusb, 
and Hsp90ab1). Fold difference values against control group >2 
were considered as upregulated genes and <0.5 were considered 
as downregulated genes. All array samples were confirmed to 
have genomic DNA amplification Ct levels greater than 35, sug-
gesting minimal or no contamination.

Western blotting and elisas
Whole muscle lysates were isolated from the gastrocnemius mus-
cle as previously described (NE-PER Nuclear and Cytoplasmic 
Extraction Reagent Kit, Pierce, Rockford, IL, USA) (30). Following 
subcellular fractionation, PHD2 and VEGF were analyzed in 
the cytoplasmic fraction, and both HIF-1α and HIF-2α were 
assessed in cytoplasmic and nuclear fractions through the use 
of ELISA and immunoblotting. In brief, proteins were separated 
on a 4–12% SDS-polyacrylamide gel with MOPS SDS Running 
Buffer (Novex-Life Technologies, Carlsbad, CA, USA) at 150 V. 
The gel was transferred onto an Immuno-Blot PVDF Membrane 
using the iBlot2 Dry Blotting System (Thermo Fisher Scientific, 
Cheshire, UK), for 7  min. Membranes were then blocked in 
blocking solution (Life Technologies, Frederick, MD, USA) for 
1 h at room temperature then probed overnight at 4°C with con-
stant shaking. Antibodies utilized are listed in Table 1. Following 
three 5 min washes in TBS-T buffer, membranes were incubated 
in anti-rabbit IgG HRP-linked (Cell Signaling Technology, 
Danvers, MA, USA, Cat# 7074 RRID: AB_2099233) secondary 
antibodies. All antibodies were diluted in blocking buffer. For 

immunodetection, membranes were washed three times with 
TBS-T buffer, incubated with ECL solutions per manufacturer’s 
specifications (Amersham Biosciences, Pittsburgh, PA, USA), 
and exposed to Hyperfilm ECL. The membranes were stripped 
and reprobed with an antibody recognizing α-tubulin for nor-
malization as a control. Band intensities were determined using 
ImageJ software.

statistical analysis
Data are presented as the mean and SD. Statistical comparisons 
for normally distributed data were performed using appropriate 
tests. Results comparing two different groups were assessed for 
statistical significance using Student’s t-test. Results comparing 
more than two groups were assessed by one-way ANOVA with 
Tukey’s multiple comparison test (GraphPad Prism, GraphPad 
Software Inc., San Diego, CA, USA, RRID: SCR_002798). For 
statistical analyses of distribution and average regenerating 
myofiber sizes in injured muscles, p-values were calculated 
by Kruskal–Wallis test and adjusted, if necessary, by the 
step-down-Bonferroni method as previously described (29). 
Investigators were blinded to experimental group assignment 
for outcome assessment. Statistical significance was accepted 
at p < 0.05.

resUlTs

Obesity is associated with Decreased 
skeletal Muscle regeneration In Vivo
To evaluate deficits in skeletal muscle regeneration that accom-
pany obesity, mice fed either an RD or HFD were subjected 
to hindlimb muscle cryoinjury. Mice on an HFD exhibited 
increased weight (48  ±  3 vs. 31  ±  4  g, p  <  0.001, n  =  10 per 
group) and elevated fasting serum glucose levels (179 ±  75 vs. 
111 ± 27 mg/dL, p < 0.001, n = 10 per group), as compared to 
RD controls. On day 1 following cryoinjury, performed to induce 
skeletal muscle regeneration, muscles showed scant regenerating 
fibers in either group. Regenerating fibers were detected in both 
groups at day 5 after injury, however, fiber CSA was significantly 
smaller in the HFD group as compared to RD group (643 ± 183 
vs. 1,092 ± 246 µm2, p < 0.01, n = 5 per group, Figures 1A–D). 
More importantly, these differences showed divergent regenera-
tive responses to muscle injury, as no differences were noted in 
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FigUre 1 | Exposure to a high-fat diet limits skeletal muscle regeneration. Twenty-two-week old mice fed a high-fat diet (HFD) for 16 weeks were compared to 
similarly aged mice on a regular diet (RD). Quantification of uninjured fiber size and regenerating (centrally nucleated) myofiber size in tibialis anterior muscles 5 days 
after cryoinjury for control mice receiving an RD (n = 5 mice) (a) was compared with mice fed an HFD (n = 5) (b). Representative figures for regenerating fibers on 
day 5 following injury as seen on H&E stained sections are presented in this figure and demonstrate significant differences in regeneration. Regenerating fiber size at 
day 5 following injury, fiber size (binned by 100 µm2 increments) (c), or as average fiber cross-sectional area (D), was significantly larger in the group fed RD as 
compared to HFD. There is no difference in cross-sectional fiber area of uninjured muscle (n = 5) (e), or capillary density (n = 4) (F). p-Values determined by 
Kruskal–Wallis test with step-down Bonferroni method for panel (c). p-Values otherwise calculated by Student’s t-test (**p < 0.01).
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myofiber CSA in age-matched uninjured mice following 16 weeks 
of HFD or RD (2,531 ± 860 vs. 2,542 ± 912 µm2, n = 5 per group, 
respectively, Figure  1E). In addition, there were no significant 
baseline differences noted in the capillary density of mice fed 
HFD (114 ±  24 capillaries/HPF) as compared to RD (99 ±  15 
capillaries/HPF, n = 4 per group, Figure 1F).

hypoxia signaling Pathway is 
Dysregulated in Obese Mice following 
cryoinjury to skeletal Muscle
Following cryoinjury, hindlimb muscles were harvested on post-
procedure day 5 and subjected to Hypoxia PCR Array profiling. 
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Table 2 | Genes upregulated in skeletal muscle of mice fed high-fat diet vs. 
regular diet on day 5 following cryoinjury.

gene (symbol) Fold change

Lysyl oxidase (Lox) 2.4
Serine/threonine-protein kinase (Atr) 2.4
Carbonic anhydrase 9 (Car9) 2.3
Pyruvate dehydrogenase kinase (Pdk1) 2.3
β-Glucuronidase (Gusb) 2.1

Table 3 | Genes downregulated in skeletal muscle of mice fed high-fat diet vs. 
regular diet on day 5 following cryoinjury.

gene (symbol) Fold change

Vascular endothelial growth factor a (VEGFa) 2.8
EGL nine 2 (EGLN2) 2.7
Triosephosphate isomerase 1 (Tpi 1) 2.2
Glucose phosphate isomerase 1 (Gpi1) 2.1
EGL nine 1 (EGLN1) 2.0
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smaller in saline control mice fed an HFD as compared to RD 
diet (613 ± 219 vs. 952 ± 299 µm2, respectively, p < 0.01, n = 5 
per group, Figures 3A,B,D,E). DMOG treatment of mice fed an 
HFD significantly increased regenerating fiber size as compared 
to saline treatment (949 ± 292 vs. 613 ± 219 µm2, respectively, 
p < 0.01, n = 5 per group, Figures 3B–E). Following injury, there 
were no differences noted in capillary density between mice fed 
RD and treated with vehicle (103  ±  16 capillaries/HPF), mice 
fed HFD and treated with vehicle (98 ± 19 capillaries/HPF), or 
mice fed HFD and treated with DMOG (99 ± 14 capillaries/HPF) 
(Figure  3F). DMOG treatment did not increase regenerating 
fiber size (Figures S1A–D in Supplementary Material) or capil-
lary vessel density (Figure S1E in Supplementary Material) in RD 
mice as compared to saline control.

PhD2 Pharmacologic inhibition restores 
skeletal Muscle VegF signaling following 
injury
On day 5 following cryoinjury, PHD2 levels were significantly 
higher in HFD mice treated with saline as compared to RD mice, 
determined by Western blot analysis (0.79 ± 0.03 vs. 0.41 ± 0.01 au, 
respectively, p < 0.001, n = 4 per group, Figures 4A,B). Treatment 
of HFD mice with DMOG resulted in lower PHD2 levels as 
compared to HFD mice treated with saline (0.54  ±  0.10 vs. 
0.79 ± 0.03 au, p < 0.01), whereas no changes were seen in PHD2 
levels in hindlimb skeletal muscle in RD mice treated with either 
saline or DMOG (Figures S2A,B in Supplementary Material).

Cytoplasmic HIF-1α protein levels were significantly reduced 
in HFD mice treated with saline as compared to RD-fed mice 
(495  ±  60 vs. 853  ±  257  pg/mL, respectively, p  <  0.05, n  =  5 
per group, Figure 4C), but as before, levels did not differ in the 
nuclear fraction as seen in Figure 4D. Treatment of HFD mice 
with DMOG resulted in a trend toward increased skeletal muscle 
cytoplasmic HIF-1α following injury as compared to those treated 
with a saline vehicle (694 ± 167 vs. 495 ± 60 pg/mL, p = 0.06, 
n = 5 per group) at day 5 following cryoinjury. DMOG treatment 
in RD-fed mice did not increase cytoplasmic or nuclear HIF-1α 
expression in hindlimb muscles as compared to saline control 
(Figures S2C,D in Supplementary Material).

On day 5 following injury, VEGF protein levels were significantly 
reduced in HFD mice treated with saline as compared to RD-fed 
mice (0.56 ± 0.05 vs. 0.89 ± 0.17 au, respectively, p < 0.01, n = 4 
per group, Figures 4E,F). Treatment of HFD mice with DMOG 
resulted in increased skeletal muscle VEGF levels at day 5 following 
cryoinjury as compared to mice treated with saline (0.70 ± 0.09 
vs. 0.56 ± 0.05 au, p = 0.03). DMOG treatment did not increase 
hindlimb skeletal muscle VEGF expression as compared to saline 
control (Figures S2E,F in Supplementary Material). HIF-2α levels 
in the nuclear fraction did not vary between the HFD- and RD-fed 
groups, with or without DMOG treatment (Figure 4G). HIF-2α 
was undetectable in the cytoplasmic fraction.

DiscUssiOn

Obesity is associated with impaired skeletal muscle regenera-
tion. Our study demonstrates that PHD2 is increased in skeletal 

The expression of 84 genes relevant to hypoxia signaling was 
assessed. Differentially regulated genes are listed in Table  2 
(increased expression in HFD mice) and Table  3 (decreased 
expression in HFD mice). All genes with fold change >2 (absolute 
value) are listed. EGLN 1 (PHD2) and EGLN 2 (PHD1) transcrip-
tion levels were 2- and 2.7-fold lower, respectively, in mice fed an 
HFD following injury. HIF-1α and HIF-2α were not differentially 
regulated between the two groups. VEGF(a) levels were 2.8-fold 
lower by array profiling in the regenerating gastrocnemius of 
mice fed an HFD following cryoinjury.

Prolyl hydroxylase domain enzyme 2 protein levels, detected by 
immunoblotting, were slightly higher at baseline in the hindlimb 
muscles of mice fed an HFD as compared to RD [0.81 ± 0.05 vs. 
0.55 ± 0.17 arbitrary units (au), p = 0.02, n = 4 per group]. Nuclear 
HIF-1α levels were significantly higher in mice fed an HFD as 
compared to RD by ELISA (10,313 ± 3,956 vs. 1,829 ± 657 pg/mL,  
respectively, p < 0.01, n = 5 per group), but there were no differences 
detected in VEGF levels by immunoblotting (Figures  2A–F). By 
day 5 following injury, PHD2 protein levels were more than twofold 
higher in mice fed an HFD as compared to RD mice (1.6 ± 0.12 vs. 
0.66 ± 0.04 au, respectively, p < 0.001, n = 4, Figures 2G,H). HIF-
1α levels were concomitantly lower in the cytoplasmic fraction of 
hindlimb muscle from mice fed HFD as compared to RD (297 ± 344 
vs. 1,387 ± 342 au, p < 0.01, n = 5 per group) by ELISA (Figure 2I), 
but absolute value levels were unchanged in the nuclear fraction 
(Figure 2J). In correlation with these changes in PHD2 and HIF-1α, 
VEGF levels were twofold lower in HFD mice vs. RD mice (0.28 ± 0.01 
vs. 0.58 ± 0.01 au, p < 0.01, n = 4 per group, Figures 2K,L).

Pharmacologic Inhibition of PHD2 Improves Skeletal 
Muscle Regeneration In Vivo
To evaluate the effects of pharmacologic PHD2 inhibition, start-
ing 1 day prior to cryoinjury, RD and HFD mice were subjected to 
either IP injections of saline (vehicle control) or DMOG (PHD2 
inhibitor). Consistent with our earlier results, newly regenerated 
muscle fiber CSA, measured at day 5 after injury, was significantly 
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FigUre 2 | Continued
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muscle following injury in obese mice and is correlated with 
decreased HIF-1α and VEGF expression. Fascinatingly, PHD2 
inhibition with DMOG ameliorates the skeletal muscle regen-
erative defects that occur with obesity with a corollary increase 
in HIF-1α and VEGF levels. These data demonstrate a potential 
role of PHD2 in skeletal muscle regeneration and suggest that the 
hypoxia pathway may be a potential therapeutic target to limit 
obesity-associated myopathy and skeletal muscle loss. Despite 
pathologic PHD2 upregulation following injury, there were no 
differences noted in skeletal muscle capillary density, suggesting 

that PHD2 may be working directly on skeletal muscle to exert 
its effects.

Oxygen sensor PHDs play important roles in the regulation of 
HIF-1α and VEGF but can become pathologically elevated in a 
model of obesity (31). In general, PHD inhibition can lead to HIF-
1α or HIF-2α stabilization and nuclear translocation, where HIF 
functions as a transcription factor and can promote VEGF expres-
sion and preserve muscle function (32, 33). The present study 
demonstrates that PHD2 is increased in hindlimb skeletal muscle 
following injury, and is correlated with lower levels of HIF-1α 
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FigUre 2 | Skeletal muscle vascular endothelial growth factor (VEGF) expression is restrained following injury in an obesity model. Western blot of lysates from 
gastrocnemius muscle from control (n = 4) and high-fat diet (HFD) (n = 4) mice shows elevated prolyl hydroxylase domain enzyme 2 (PHD2) levels in HFD mice at 
baseline (a). Quantification of PHD2 band intensities is depicted in panel (b). ELISA demonstrates similar levels of cytoplasmic hypoxia-inducible factor-1 alpha 
(HIF-1α) at baseline (c), but a marked increase in nuclear levels of HIF-1α (D). Western blot of lysates from gastrocnemius muscle from mice fed either HFD or 
regular diet (RD) exhibits similar levels of VEGF at baseline (e). Quantification of VEGF band intensities is depicted in panel (F). On day 5 following injury, 
immunoblotting using lysates from gastrocnemius muscle demonstrates significantly elevated PHD2 levels in mice fed HFD vs. RD (g). Quantification of PHD2 band 
intensities is depicted in panel (h). ELISA demonstrates a decrease in skeletal muscle cytoplasmic HIF-1α in mice fed HFD as compared to RD (i), but not in the 
nuclear subfraction (J). Western blots of lysates from gastrocnemius muscle from control (n = 4) and DIO (n = 4) mice demonstrate a corollary decrease in VEGF 
levels in HFD vs. RD on day 5 following cryoinjury (K). Quantification of VEGF band intensities is depicted in panel (l). α-Tubulin is shown as a loading control for all 
immunoblots (*p < 0.05, **p < 0.01).
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FigUre 3 | Dimethyloxalylglycine (DMOG) partially reverses obesity-associated loss of skeletal muscle regeneration. Representative H&E staining of muscle sections 
taken 5 days after cryoinjury from control diet mice (n = 5), high-fat diet (HFD) mice (n = 5), or HFD mice receiving DMOG (n = 5) for 1 day prior to and 4 days 
following injury (a,b,c). HFD mice remained on HFD following injury. Quantification of regenerating (centrally nucleated) myofiber size at day 5 after cryoinjury 
suggests that HFD mice receiving DMOG treatment (n = 5) exhibit greater skeletal muscle regeneration than HFD mice treated with saline (n = 5) and similar to 
control mice treated with saline (n = 5). Data presented as a histogram of fiber size (D) or average fiber cross-sectional area (e). There were no differences detected 
in capillary density (F). p-Values were calculated by Kruskal–Wallis test and step-down Bonferroni method for panels (D,e) (*p < 0.05, **p < 0.01). Data represented 
as mean ± SD. (e) Scale bars = 100 µm.
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and VEGF expression and impaired skeletal muscle regeneration, 
without any changes observed in HIF-2α expression. However, 
the exact mechanisms regarding hypoxia pathway dysregulation 
in obesity are poorly understood (34–36). Interestingly, EGLN 1, 

the gene encoding PHD2, was transcriptionally down-regulated in 
mice fed HFD following injury. The regulation of PHDs is complex 
and may depend on α-ketoglutarate concentrations, as well as pos-
sible feedback mechanisms in which HIF-1α and VEGF upregulate 
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FigUre 4 | Continued  
Dimethyloxalylglycine (DMOG) treatment improves hypoxia signaling in skeletal muscle following injury. Immunoblotting lysates from gastrocnemius muscle from mice 
fed regular diet (RD) with either intraperitoneal injection of DMOG or saline vehicle (n = 4 per group) were compared to mice fed high-fat diet (HFD) and receiving 
DMOG or saline vehicle (n = 4 per group). Injections were performed daily and started 1 day prior to and 4 days following cryoinjury. In mice fed HFD, prolyl 
hydroxylase domain enzyme 2 (PHD2) levels were lessened with DMOG administration (a). Quantification of PHD2 band intensities is depicted in panel  
(b). ELISA demonstrates cytosolic HIF-1α levels are lower in mice fed HFD on day 5 following injury as compared to RD-fed mice, and there is a trend toward 
increased cytoplasmic HIF-1α with DMOG treatment (c). There are no significant differences in any group in levels of nuclear HIF-1α (D). Similarly, Western blot of 
lysates from gastrocnemius muscle demonstrates decreased skeletal muscle vascular endothelial growth factor (VEGF) levels following injury, which is significantly 
increased with DMOG administration (e). Quantification of VEGF band intensities is depicted in panel (F). Nuclear HIF-2α does not vary between the groups, with or 
without DMOG supplementation (g). α-Tubulin is shown as a loading control for all immunoblots (*p < 0.05, **p < 0.01). p-Values calculated by Student’s t-test.
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EGLN 1 transcription (37, 38). Decreased EGNL 1 expression 
post-injury in the HFD-fed group may be secondary to changes in 
metabolic activity in HFD-fed mice post-injury or decreased VEGF 
activity. Regulatory factors governing PHD2 levels in an obese state 
warrant further research. Interestingly, at baseline levels, nuclear 
HIF-1α is significantly increased in mice fed HFD, but this does 
not correlate to increased VEGF levels. This may be secondary to 
decreased HIF-1α binding to its promoter or increased VEGF deg-
radation at baseline in skeletal muscle. Following injury, however, 
there is instead a trend toward increased HIF-1α in mice fed a lean 
diet following injury, suggesting that the HFD-fed mice are unable 
to respond appropriately to skeletal muscle injury.

Muscle-specific knockout of HIF-1α results in extensive muscle 
damage and decreased endurance in response to exercise (39). Yet, in 
non-obese conditions, HIF-1α knockout in skeletal muscle influences 
neither the severity of acute myotrauma nor skeletal muscle regen-
eration, but knockout of HIF-1α in myeloid cells significantly delays 
muscle regeneration (40). In normoxic conditions, HIF-1α is found 
predominantly in the cytoplasm of skeletal muscle (41). The present 
study found no differences in the skeletal muscle HIF-1α nuclear 
levels, either following injury or with DMOG treatment. Instead, 
there were increased levels of HIF-1α in the cytoplasm of RD-fed 
mice as compared to HFD-fed mice following injury. The exact role 
and compartmental localization of HIF-1α in skeletal muscle regen-
eration in a model of obesity remains unclear and warrants further 
investigation. One possibility, supported by the data reported here, is 
that HIF-1α exerts its effect on muscle by promoting transcription of 
VEGF. Originally described as an endothelial-specific growth factor, 
recent evidence suggests that the effects of VEGF might extend to a 
variety of other cell types, including skeletal muscle (42). The present 
study is the first to suggest that VEGF is differentially regulated in 
skeletal muscle in response to obesity.

Although this study suggests a role for hydroxylases and 
the hypoxia pathway in skeletal muscle regeneration, there are 
further research areas that still need to be considered. DMOG 
can inhibit multiple prolyl hydroxylase isotypes; transgenic 
muscles with specific deletions will likely be necessary to 
identify specific subtypes involved. In addition, utilizing whole 
muscle lysates does not account for potential differences in 
immune cell infiltration following injury. Assessment of skeletal 
muscle precursors and their regulation by VEGF in vitro could 
further explain the role of VEGF in this pathway. In addition, 
muscle-specific loss of VEGF could further elucidate mecha-
nisms related to regeneration, specifically with regard to obesity. 
It must be noted that the current study is limited to fast twitch 
muscle, and involvement of the hypoxia pathway in slow twitch 

muscles was not addressed here. Finally, although no differences 
were seen in HIF-2α levels between mice fed HFD or RD at day 
5 after cryoinjury, it is possible that HIF-2α was differentially 
regulated at a separate time point and may still be involved. 
Other studies have suggested that transgenic or pharmacological 
inhibition of HIF-1α in adipocytes prevents the onset of obesity 
from overfeeding and improves insulin sensitivity (43). This 
suggests that the hypoxia pathway may have tissue specificity 
with regard to pathologic under or overexpression and requires 
further investigation.

Despite its limitations, this study identifies a potentially novel 
pathway in identifying skeletal muscle regeneration differences that 
occur with obesity. A more detailed understanding of the hypoxia 
pathway with regard to skeletal muscle regeneration may identify 
therapeutic, pharmacologic targets. Clinically, obese patients suffer 
a loss of skeletal muscle mass, and interventions are necessary to 
prevent excessive skeletal muscle loss in these patients.

eThics sTaTeMenT

This study was carried out in accordance with the recommenda-
tions of the Institutional Animal Care and Use Committee of 
Brigham and Women’s Hospital and Joslin Diabetes Center, which 
also approved all animal procedures described (2016N000375).

aUThOr cOnTribUTiOns

IS drafted the manuscript; DS conducted the experiments; BO 
and JW helped design the experiments; CK, DV, and KN per-
formed animal studies; DV and JS helped with the overall study 
and developed the figures; AM analyzed the data; and IS and 
AW interpreted the data and brainstormed ideas. All the authors 
contributed to intellectual content and critical revisions.

acKnOWleDgMenTs

The authors would like to thank Teri Bowman, HT (ASCP) 
from the Department of Pathology at Brigham and Women’s 
Hospital for her technical assistance with slide preparation and 
immunohistochemistry.

FUnDing

This work was funded in part by NIH P30 AG031697 (IS), the 
Department of General Surgery Junior Faculty Award, Brigham 
and Women’s Hospital, Boston, MA, USA (IS), and Joslin Diabetes 

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive


11

Sinha et al. PHD2 Inhibition Promotes Muscle Healing

Frontiers in Endocrinology | www.frontiersin.org July 2017 | Volume 8 | Article 153

reFerences

1. Hilton TN, Tuttle LJ, Bohnert KL, Mueller MJ, Sinacore DR. Excessive adipose 
tissue infiltration in skeletal muscle in individuals with obesity, diabetes mel-
litus, and peripheral neuropathy: association with performance and function. 
Phys Ther (2008) 88:1336–44. doi:10.2522/ptj.20080079 

2. Sinha I, Sakthivel D, Varon DE. Systemic regulators of skeletal muscle regen-
eration in obesity. Front Endocrinol (2017) 8:29. doi:10.3389/fendo.2017.00029 

3. Park SW, Goodpaster BH, Strotmeyer ES, Kuller LH, Broudeau R, Kammerer C,  
et al. Accelerated loss of skeletal muscle strength in older adults with type 2 
diabetes: the health, aging, and body composition study. Diabetes Care (2007) 
30:1507–12. doi:10.2337/dc06-2537 

4. Kim TN, Park MS, Yang SJ, Yoo HJ, Kang HJ, Song W, et  al. Prevalence 
and determinant factors of sarcopenia in patients with type 2 diabetes: the 
Korean Sarcopenic Obesity Study (KSOS). Diabetes Care (2010) 33:1497–9. 
doi:10.2337/dc09-2310 

5. Srikanthan P, Hevener AL, Karlamangla AS. Sarcopenia exacerbates obesi-
ty-associated insulin resistance and dysglycemia: findings from the National 
Health and Nutrition Examination Survey III. PLoS One (2010) 5:e10805. 
doi:10.1371/journal.pone.0010805 

6. Woo M, Isganaitis E, Cerletti M, Fitzpatrick C, Wagers AJ, Jimenez-Chillaron J,  
et al. Early life nutrition modulates muscle stem cell number: implications for 
muscle mass and repair. Stem Cells Dev (2011) 20:1763–9. doi:10.1089/scd. 
2010.0349 

7. Hu Z, Wang H, Lee IH, Modi S, Wang X, Du J, et al. PTEN inhibition improves 
muscle regeneration in mice fed a high-fat diet. Diabetes (2010) 59:1312–20. 
doi:10.2337/db09-1155 

8. Mason S, Johnson RS. The role of HIF-1 in hypoxic response in the skel-
etal muscle. Adv Exp Mol Biol (2007) 618:229–44. doi:10.1007/978-0-387- 
75434-5_18 

9. Beckman SA, Chen WC, Tang Y, Proto JD, Mlakar L, Wang B, et  al. 
Beneficial effect of mechanical stimulation on the regenerative potential of 
muscle-derived stem cells is lost by inhibiting vascular endothelial growth 
factor. Arterioscler Thromb Vasc Biol (2013) 33:2004–12. doi:10.1161/
ATVBAHA.112.301166 

10. Greenhalgh DG. Wound healing and diabetes mellitus. Clin Plast Surg (2003) 
30:37–45. doi:10.1016/S0094-1298(02)00066-4 

11. Mace KA, Yu DH, Paydar KZ, Boudreau N, Young DM. Sustained 
expression of HIF-1alpha in the diabetic environment promotes angiogen-
esis and cutaneous wound repair. Wound Repair Regen (2007) 15:636–45. 
doi:10.1111/j.1524-475X.2007.00278.x 

12. Ye J, Gao Z, Yin J, He Q. Hypoxia is a potential risk factor for chronic inflam-
mation and adiponectin reduction in adipose tissue of ob/ob and dietary obese 
mice. Am J Physiol Endocrinol Metab (2007) 293:E1118–28. doi:10.1152/
ajpendo.00435.2007 

13. Ye J. Emerging role of adipose tissue hypoxia in obesity and insulin resistance. 
Int J Obes (Lond) (2009) 33:54–66. doi:10.1038/ijo.2008.229 

14. Oosthuyse B, Moons L, Storkebaum E, Beck H, Nuyens D, Brusselmans K, 
et  al. Deletion of the hypoxia-response element in the vascular endothelial 
growth factor promoter causes motor neuron degeneration. Nat Genet (2001) 
28:131–8. doi:10.1038/88842 

15. Akhmedov D, Berdeaux R. The effects of obesity on skeletal muscle regenera-
tion. Front Physiol (2014) 4:371. doi:10.3389/fphys.2013.00371 

16. Matsuura H, Ichiki T, Inoue E, Nomura M, Miyazaki R, Hashimoto T, et al. 
Prolyl hydroxylase domain protein 2 plays a critical role in diet-induced obe-
sity and glucose intolerance. Circulation (2013) 127(21):2078–87. doi:10.1161/
CIRCULATIONAHA.113.001742 

17. Michailidou Z, Morton NM, Moreno-Navarrete JM, West CC, Stewart KJ, 
Fernández-Real JM, et al. Adipocyte pseudohypoxia suppresses lipolysis and 

facilitates benign adipose tissue expansion. Diabetes (2015) 64(3):733–45. 
doi:10.2337/db14-0233 

18. Ikeda J, Ichiki T, Matsuura H, Inoue E, Kishimoto J, Watanabe A, et  al. 
Deletion of phd2 in myeloid lineage attenuates hypertensive cardiovas-
cular remodeling. J Am Heart Assoc (2013) 2(3):e000178. doi:10.1161/
JAHA.113.000178 

19. Appelhoff RJ, Tian YM, Raval RR, Turley H, Harris AL, Pugh CW, et al. Dif-
ferential function of the prolyl hydroxylases PHD1, PHD2, and PHD3 in the 
regulation of hypoxia-inducible factor. J Biol Chem (2004) 279(37):38458–65. 
doi:10.1074/jbc.M406026200 

20. Shin J, Nunomiya A, Kitajima Y, Dan T, Miyata T, Nagatomi R. Prolyl hydrox-
ylase domain 2 deficiency promotes skeletal muscle fiber-type transition 
via a calcineurin/NFATc1-dependent pathway. Skelet Muscle (2016) 6:5. 
doi:10.1186/s13395-016-0079-5 

21. Fu J, Menzies K, Freeman RS, Taubman MB. EGLN3 prolyl hydroxylase 
regulates skeletal muscle differentiation and myogenin protein stability. J Biol 
Chem (2007) 282:12410–8. doi:10.1074/jbc.M608748200 

22. Lijkwan MA, Hellingman AA, Bos EJ, van der Bogt KE, Huang M,  
Kooreman NG, et al. Short hairpin RNA gene silencing of prolyl hydroxylase- 
2 with a minicircle vector improves neovascularization of hindlimb ischemia. 
Hum Gene Ther (2014) 25(1):41–9. doi:10.1089/hum.2013.110 

23. Paik KJ, Maan ZN, Zielins ER, Duscher D, Whittam AJ, Morrison SD, et al. 
Short hairpin RNA silencing of PHD-2 improves neovascularization and 
functional outcomes in diabetic wounds and ischemic limbs. PLoS One (2016) 
11(3):e0150927. doi:10.1371/journal.pone.0150927 

24. Wetterau M, George F, Weinstein A, Nguyen PD, Tutela JP, Knobel D, et al. 
Topical prolyl hydroxylase domain-2 silencing improves diabetic murine 
wound closure. Wound Repair Regen (2011) 19:481–6. doi:10.1111/j.1524- 
475X.2011.00697.x 

25. Moslehi J, Libby P. You can’t run from inflammation: lower extremity ischemia, 
hypoxia signaling, and macrophage subtypes. Circ Res (2012) 110:1045–6. 
doi:10.1161/RES.0b013e318255409e 

26. Takeda Y, Costa S, Delamarre E, Roncal C, Leite de Oliveira R, Squadrito ML, 
et  al. Macrophage skewing by phd2 haplodeficiency prevents ischaemia by 
inducing arteriogenesis. Nature (2011) 479:122–6. doi:10.1038/nature10507 

27. Aragonés J, Schneider M, Van Geyte K, Fraisl P, Dresselaers T, Mazzone M,  
et  al. Deficiency or inhibition of oxygen sensor phd1 induces hypoxia tol-
erance by reprogramming basal metabolism. Nat Genet (2008) 40:170–80. 
doi:10.1038/ng.2007.62 

28. Sinha M, Jang YC, Oh J, Khong D, Wu EY, Manohar R, et al. Restoring systemic 
GDF11 levels reverses age-related dysfunction in mouse skeletal muscle. 
Science (2014) 344:649–52. doi:10.1126/science.1251152 

29. Oh J, Sinha I, Tan KY, Rosner B, Dreyfuss JM, Gjata O, et al. Age-associated 
NF-κB signaling in myofibers alters the satellite cell niche and re-strains mus-
cle stem cell function. Aging (2016) 8:2871–84. doi:10.18632/aging.101098 

30. Brown D, Hikim AP, Kovacheva EL, Sinha-Hikim I. Mouse model of testoster-
one-induced muscle fiber hypertrophy: involvement of p38 mitogen-activated 
protein kinase-mediated Notch signaling. J Endocrinol (2009) 201:129–39. 
doi:10.1677/JOE-08-0476 

31. Zeng H, Chen JX. Conditional knockout of prolyl hydroxylase domain protein 
2 attenuates high-fat-diet-induced cardiac dysfunction in mice. PLoS One 
(2014) 9(12):e115974. doi:10.1371/journal.pone.0115974 

32. Fong GH, Takeda K. Role and regulation of prolyl hydroxylase domain pro-
teins. Cell Death Differ (2008) 15(4):635–41. doi:10.1038/cdd.2008.10 

33. Wagner PD. The critical role of VEGF in skeletal muscle angiogenesis 
and blood flow. Biochem Soc Trans (2011) 39(6):1556–9. doi:10.1042/
BST20110646 

34. Lerman OZ, Galiano RD, Armour M, Levine JP, Gurtner GC. Cellular 
dysfunction in the diabetic fibroblast: impairment in migration, vascular 

Center Funds (including NIH P30 DK036836), Boston, MA, USA 
(AW). BO acknowledges support from NIH K08 HL119355, the 
Gilead Sciences Research Scholars Program in Cardiovascular 
Disease, and the Heart and Vascular Center Junior Faculty Award, 
Brigham and Women’s Hospital, Boston, MA, USA.

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://journal.frontiersin.org/article/10.3389/fendo.2017.00153/
full#supplementary-material.

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.2522/ptj.20080079
https://doi.org/10.3389/fendo.2017.00029
https://doi.org/10.2337/dc06-2537
https://doi.org/10.2337/dc09-2310
https://doi.org/10.1371/journal.pone.0010805
https://doi.org/10.1089/scd.
2010.0349
https://doi.org/10.1089/scd.
2010.0349
https://doi.org/10.2337/db09-1155
https://doi.org/10.1007/978-0-387-
75434-5_18
https://doi.org/10.1007/978-0-387-
75434-5_18
https://doi.org/10.1161/ATVBAHA.112.301166
https://doi.org/10.1161/ATVBAHA.112.301166
https://doi.org/10.1016/S0094-1298(02)00066-4
https://doi.org/10.1111/j.1524-475X.2007.00278.x
https://doi.org/10.1152/ajpendo.00435.2007
https://doi.org/10.1152/ajpendo.00435.2007
https://doi.org/10.1038/ijo.2008.229
https://doi.org/10.1038/88842
https://doi.org/10.3389/fphys.2013.00371
https://doi.org/10.1161/CIRCULATIONAHA.113.001742
https://doi.org/10.1161/CIRCULATIONAHA.113.001742
https://doi.org/10.2337/db14-0233
https://doi.org/10.1161/JAHA.113.000178
https://doi.org/10.1161/JAHA.113.000178
https://doi.org/10.1074/jbc.M406026200
https://doi.org/10.1186/s13395-016-0079-5
https://doi.org/10.1074/jbc.M608748200
https://doi.org/10.1089/hum.2013.110
https://doi.org/10.1371/journal.pone.0150927
https://doi.org/10.1111/j.1524-
475X.2011.00697.x
https://doi.org/10.1111/j.1524-
475X.2011.00697.x
https://doi.org/10.1161/RES.0b013e318255409e
https://doi.org/10.1038/nature10507
https://doi.org/10.1038/ng.2007.62
https://doi.org/10.1126/science.1251152
https://doi.org/10.18632/aging.101098
https://doi.org/10.1677/JOE-08-0476
https://doi.org/10.1371/journal.pone.0115974
https://doi.org/10.1038/cdd.2008.10
https://doi.org/10.1042/BST20110646
https://doi.org/10.1042/BST20110646
http://journal.frontiersin.org/article/10.3389/fendo.2017.00153/full#supplementary-material
http://journal.frontiersin.org/article/10.3389/fendo.2017.00153/full#supplementary-material


12

Sinha et al. PHD2 Inhibition Promotes Muscle Healing

Frontiers in Endocrinology | www.frontiersin.org July 2017 | Volume 8 | Article 153

endothelial growth factor production, and response to hypoxia. Am J Pathol 
(2003) 162:303–12. doi:10.1016/S0002-9440(10)63821-7 

35. Thangarajah H, Yao D, Chang EI, Shi Y, Jazayeri L, Vial IN, et al. The molecular 
basis for impaired hypoxia-induced VEGF expression in diabetic tissues. Proc 
Natl Acad Sci U S A (2009) 106:13505–10. doi:10.1073/pnas.0906670106 

36. Thangarajah H, Vial IN, Grogan RH, Yao D, Shi Y, Januszyk M, et al. HIF-1alpha 
dysfunction in diabetes. Cell Cycle (2010) 9:75–9. doi:10.4161/cc.9.1.10371 

37. Meneses AM, Wielockx B. PHD2: from hypoxia regulation to disease progres-
sion. Hypoxia (Auckl) (2016) 4:53–67. doi:10.2147/HP.S53576 

38. Olenchock BA, Moslehi J, Baik AH, Davidson SM, Williams J, Gibson WJ,  
et  al. EGLN1 inhibition and rerouting of α-ketoglutarate suffice for 
remote ischemic protection. Cell (2016) 164:884–95. doi:10.1016/j.cell. 
2016.02.006 

39. Mason SD, Howlett RA, Kim MJ, Olfert IM, Hogan MC, McNulty W, et al. Loss 
of skeletal muscle HIF-1alpha results in altered exercise endurance. PLoS Biol 
(2004) 2(10):e288. doi:10.1371/journal.pbio.0020288 

40. Scheerer N, Dehne N, Stockmann C, Swoboda S, Baba HA, Neugebauer A, 
et  al. Myeloid hypoxia-inducible factor-1α is essential for skeletal muscle 
regeneration in mice. J Immunol (2013) 191(1):407–14. doi:10.4049/
jimmunol.1103779 

41. Kubis HP, Hanke N, Scheibe RJ, Gros G. Accumulation and nuclear import 
of HIF1 alpha during high and low oxygen concentration in skeletal muscle 

cells in primary culture. Biochim Biophys Acta (2005) 1745(2):187–95. 
doi:10.1016/j.bbamcr.2005.05.007 

42. Arsic N, Zacchigna S, Zentilin L, Ramirez-Correa G, Pattarini L, Salvi A, et al. 
Vascular endothelial growth factor stimulates skeletal muscle regeneration 
in vivo. Mol Ther (2004) 10(5):844–54. doi:10.1016/j.ymthe.2004.08.007 

43. Jiang C, Qu A, Matsubara T, Chanturiya T, Jou W, Gavrilova O, et al. Disruption 
of hypoxia-inducible factor 1 in adipocytes improves insulin sensitivity and 
decreases adiposity in high-fat-diet-fed mice. Diabetes (2011) 60:2484–95. 
doi:10.2337/db11-0174 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Sinha, Sakthivel, Olenchock, Kruse, Williams, Varon, Smith, 
Madenci, Nuutila and Wagers. This is an open-access article distributed under the 
terms of the Creative Commons Attribution License (CC BY). The use, distribution or 
reproduction in other forums is permitted, provided the original author(s) or licensor 
are credited and that the original publication in this journal is cited, in accordance 
with accepted academic practice. No use, distribution or reproduction is permitted 
which does not comply with these terms.

http://www.frontiersin.org/Endocrinology/
http://www.frontiersin.org
http://www.frontiersin.org/Endocrinology/archive
https://doi.org/10.1016/S0002-9440(10)63821-7
https://doi.org/10.1073/pnas.0906670106
https://doi.org/10.4161/cc.9.1.10371
https://doi.org/10.2147/HP.S53576
https://doi.org/10.1016/j.cell.
2016.02.006
https://doi.org/10.1016/j.cell.
2016.02.006
https://doi.org/10.1371/journal.pbio.0020288
https://doi.org/10.4049/jimmunol.1103779
https://doi.org/10.4049/jimmunol.1103779
https://doi.org/10.1016/j.bbamcr.2005.05.007
https://doi.org/10.1016/j.ymthe.2004.08.007
https://doi.org/10.2337/db11-0174
http://creativecommons.org/licenses/by/4.0/

	Prolyl Hydroxylase Domain-2 Inhibition Improves Skeletal Muscle Regeneration in a Male Murine Model of Obesity
	Introduction
	Animals and Methods
	Animals
	Cryoinjury of Muscle and Quantification of Cross-sectional Area of Regenerating Myofibers
	Histology and Immunohistochemisty
	Real-time PCR
	Western Blotting and ELISAs
	Statistical Analysis

	Results
	Obesity Is Associated with Decreased Skeletal Muscle Regeneration In Vivo
	Hypoxia Signaling Pathway Is Dysregulated in Obese Mice following Cryoinjury to Skeletal Muscle
	Pharmacologic Inhibition of PHD2 Improves Skeletal Muscle Regeneration In Vivo

	PHD2 Pharmacologic Inhibition Restores Skeletal Muscle VEGF Signaling following Injury

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Funding
	Supplementary Material
	References


