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ABSTRACT

Compromise of skeletal muscle metabolism and composition may underlie the etiology of cardiovascular and metabolic
disease risk from environmental arsenic exposures. We reported that arsenic impairs muscle maintenance and
regeneration by inducing maladaptive mitochondrial phenotypes in muscle stem cells (MuSC), connective tissue fibroblasts
(CTF), and myofibers. We also found that arsenic imparts a dysfunctional memory in the extracellular matrix (ECM) that
disrupts the MuSC niche and is sufficient to favor the expansion and differentiation of fibrogenic MuSC subpopulations. To
investigate the signaling mechanisms involved in imparting a dysfunctional ECM, we isolated skeletal muscle tissue and
CTF from mice exposed to 0 or 100 lg/l arsenic in their drinking water for 5 weeks. ECM elaborated by arsenic-exposed CTF
decreased myogenesis and increased fibrogenic/adipogenic MuSC subpopulations and differentiation. However, treating
arsenic-exposed mice with SS-31, a mitochondrially targeted peptide that repairs the respiratory chain, reversed the
arsenic-promoted CTF phenotype to one that elaborated an ECM supporting normal myogenic differentiation. SS-31
treatment also reversed arsenic-induced Notch1 expression, resulting in an improved muscle regeneration after injury. We
found that persistent arsenic-induced CTF Notch1 expression caused the elaboration of dysfunctional ECM with increased
expression of the Notch ligand DLL4. This DLL4 in the ECM was responsible for misdirecting MuSC myogenic differentiation.
These data indicate that arsenic impairs muscle maintenance and regenerative capacity by targeting CTF mitochondria and
mitochondrially directed expression of dysfunctional regulators in the stem cell niche. Therapies that restore muscle cell
mitochondria may effectively treat arsenic-induced skeletal muscle dysfunction and compositional decline.

Key words: arsenic; Notch; mitochondria; signal transduction; SS-31; extracellular matrix myogenesis; fibrogenesis; adipogen-
esis; environmental toxicology.

The World Health Organization estimates that disease burden
is increased in more than 200 million people worldwide who are
exposed to arsenic concentrations in drinking water exceeding
the threshold of 10 lg/l (Bailey et al., 2016). Chronic arsenic expo-
sure increases the risk of developing a number of cancers and
noncancer diseases that include cardiovascular and metabolic
diseases (Kuo et al., 2017; Moon et al., 2017). In addition, arsenic
exposures contribute to adverse health outcomes that include
skeletal muscle weakness, mobility dysfunction, and impaired

muscle metabolism (Mazumder and Dasgupta, 2011; Parvez
et al., 2011).

Skeletal muscle tissue accounts for 40%–50% of body weight
in lean individuals and approximately 50% of metabolism. Loss
of lean body mass and muscle quality are increasingly recog-
nized as significant risks, if not etiological factors for cardiovas-
cular, lung, and metabolic disease (Correa-de-Araujo et al., 2017;
Prado et al., 2018). Muscle quality is critically important to over-
all well-being, as increased fibrosis and adiposity
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(fibro-adipogenesis, myosteatosis) are associated with an ele-
vated risk of all-cause and cardiovascular disease mortality
(Miljkovic-Gacic et al., 2005; Miljkovic and Zmuda, 2010;
Santanasto et al., 2017). Increased inter- and intramyocellular
fat is an early sign of insulin resistance and impaired metabo-
lism (Goodpaster et al., 2000; Sell et al., 2006; Vigouroux et al.,
2011). As awareness of the importance of muscle quality decline
and myosteatosis in the etiology and promotion of disease has
only recently increased (Aleixo et al., 2020; Nachit and Leclercq,
2019; Prado et al., 2018), few studies have investigated environ-
mental influences on muscle decline and myosteatosis.
Nonetheless, a limited number of epidemiological (Parvez et al.,
2011) and animal studies (Ambrosio et al., 2014; Garciafigueroa
et al., 2013; Yen et al., 2010; Zhang et al., 2016) found that envi-
ronmental arsenic exposure impairs skeletal muscle function
and promotes ectopic fat deposition, dysfunctional metabolism,
dysfunctional myogenesis, and aberrant progenitor cell
differentiation.

Skeletal muscle is composed of highly metabolic, insulin sen-
sitive fibers, as well as neural and vascular structures, elaborate
networks of connective tissue and extracellular matrix (ECM),
and multiple stem/progenitor cell populations (Moyle et al., 2019;
Tedesco et al., 2010, 2017). Although the primary role of the ECM
is to provide structural support required for motor function, it is
also an essential repository for cellular communications and
helps to regulate metabolic functions (Hays et al., 2008; Zhang
et al., 2016). The ECM is predominantly generated by connective
tissue fibroblasts (CTF) and vascular-associated cells, and it pro-
vides the regulatory niche for resident stem cells (Gillies and
Lieber, 2011). Disrupting the interactions within these resident
cell populations and modifying their molecular contributions to
the ECM microenvironment compromises the balance within the
skeletal muscle niche, including its overall structure and metabo-
lism (Engler et al., 2006; Smith et al., 2017; Stearns-Reider et al.,
2017; Williams et al., 2015; Zhang et al., 2016).

We have previously shown that human muscle stem cells
(hMuSC) cultured on decellularized ECM constructs derived
from arsenic-exposed skeletal muscle, undergo an fibrogenic
conversion unlike hMuSC cultured on control ECM constructs
(Zhang et al., 2016). These data confirm that hMuSC are recep-
tive to signaling from the skeletal muscle ECM and suggest that
arsenic exposure imparts changes within the ECM that misdi-
rect hMuSC differentiation. Furthermore, CTF isolated from
arsenic-exposed mice (CTFars) retain elevated NF-jB-driven ECM
gene transcript levels, relative to CTF isolated from control mice
(CTFctr) (Zhang et al., 2016), and these levels may promote ECM
remodeling and dysfunctional ECM to cell communications. We
also found that arsenic targets mitochondrial morphology and
dynamics to disrupt muscle metabolism, mitochondrial oxidant
generation, and epigenetic memory in muscle progenitor cells
(Ambrosio et al., 2014; Cheikhi et al., 2019, 2020). Thus, in this
study, we investigated whether arsenic effects on CTF mito-
chondria underlie dysfunctional elaboration of a stress memory
into the ECM. Given that signaling from this memory may also
direct muscle stem cells (MuSC) fate and impair muscle mainte-
nance and regenerative capacity, we also investigated the sig-
naling mechanisms involved in imparting the CTFars ECM
memory that reduces myogenesis and drives fibro-adipogenic
differentiation of hMuSC.

MATERIALS AND METHODS

Animal exposures. Six-week-old male C57Bl/6J mice (Jackson
Laboratory) were exposed to 0 or 100 sodium meta-arsenite

(NaAsO2; Fisher Scientific) in their drinking water for 5 weeks, at
which time the mice were euthanized and hind limb muscles
collected. Arsenite was used as it is the most environmentally
relevant toxic form of inorganic arsenic in drinking water. We
found that this exposure causes pathological tissue and ECM
remodeling in multiple organs of the mouse without causing
any signs of overt lethality or changes in weight gain (Ambrosio
et al., 2014; Garciafigueroa et al., 2013; Soucy et al., 2005; Straub
et al., 2008; Zhang et al., 2016). Fresh arsenite-containing water
was provided every 2 and 3 days to ensure that there is little ar-
senite oxidation to pentavalent arsenate. All studies were ap-
proved by the Institutional Animal Care and Use Committee of
the University of Pittsburgh. As shown in the scheme in
Figure 3A, in experiments evaluating SS-31 for reversing arsenic
effects, arsenic exposure was stopped after 5 weeks, and the
mice received daily ip injections of SS-31 (1 mg/kg in saline) or
saline for 1 week. Bilateral tibialis anterior (TA) muscles were
then injured with 20 ll of 1.2% (w/v) barium chloride (BaCl2). The
mice were allowed to recover for 2 weeks, and after euthanizing,
TA muscles were evaluated for tissue regeneration, gastrocne-
mius muscles were collected for gene transcript and ChIP analy-
sis, and CTF were isolated from the remaining hind limb
muscles.

CTF isolation. For each isolation, CTF were isolated from hind
limb muscles of 2 mice, essentially as described (Goetsch et al.,
2015). After euthanizing the mice, hind limb muscles were re-
moved and finely minced in Hank’s balanced salt solution
(HBSS). The minced pieces were collected by centrifugation at
900 � g for 5 min, resuspended in Collagenase XI (2 mg/ml in
HBSS C7657 Sigma Aldrich), and digested for 60 min at 37�C with
shaking every 10 min. The suspension was centrifuged for 5 min
at 900 � g and the supernatant was discarded. The pellet was
resuspended in dispase II (2.4 U/ml in HBSS, ThermoFisher
17105041) and digested for 45 min at 37�C with shaking every
10 min. The suspension was again centrifuged for 5 min at 900 �
g, the supernatant was discarded, and the pellet was resus-
pended in 0.1% Trypsin. After a 30-min incubation followed by
centrifugation, the resulting cell pellet was resuspended in
growth medium (DMEM [4.5 g glucose/ml] supplemented with
10% fetal bovine serum [Hyclone], 10% horse serum [Hyclone],
1% penicillin-streptomycin antibiotics and 0.5% chicken essen-
tial extract). The suspension was filtered through a 70 micron
strainer and the cells in the filtrate were seeded in collagen-
coated 6-well plates. Nonadherent cells were removed after 3 h
and the adherent CTFs were cultured in fresh growth medium.
Greater than 95% of the adhered CTFctr and CTFars stained posi-
tive for the fibroblast marker, a-smooth muscle actin (aSMA).

CTF ECM elaboration, decellularization, and myoblast differentiation.
Primary CTF were seeded onto collagen-coated 8-well glass
chamber slides (10 000 cells/well) and allowed to elaborate an
ECM for 2 and 3 days. The ECM was decellularized by incubating
the wells with HBSS at room temperature for 10 min and then
in distilled water for 1 h. The slides were then rinsed 3 times
with HBSS until all the cells and cell ghosts were removed.
hMuSC (ScienCell No. 3510) were seeded onto the decellularized
ECM construct at 10 000 cells/well and differentiated for 2 days
by culturing in differentiation medium (DMEM [4.5 g/l glucose]
supplemented with 2% Horse Serum [Hyclone] and 1%
penicillin-streptomycin). At the end of the differentiation pe-
riod, the cultures were fixed and prepared for immunofluores-
cent imaging.
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To examine the effect of inhibiting CTFctr and CTFars Notch
on hMuSC differentiation on the elaborated ECM, DAPT (1 lM)
was added to CTF 1 day after seeding and for an additional 2
days of ECM elaboration. DAPT was removed by decellularizing
and rinsing the ECM prior to seeding hMuSC. To demonstrate
the role of ECM DLL4, the elaborated ECM was coated with anti-
body (1 lg/ml) for 3 h at 37�C. The antibody solution was rinse
away prior to seeding hMuSC for differentiation.

Quantitative immunofluorescence imaging. CTFctr and CTFars were
seeded on coated 8-well chamber glass slides and cultured until
near confluence. hMuSC were seeded on ECM elaborated onto
the glass slides and cultured in differentiation medium for 2
days. At the end of the experimental period for both cell types,
the cells were then fixed with 2% paraformaldehyde for 15 min
at room temperature, washed 3 times with PBS, and permeabi-
lized with 0.1% Triton X-100 in PBS for 15 min at room tempera-
ture. Slides were then washed 3 times with PBS and 5 times
with PBS þ 0.5% BSA (PBB). Slides were subsequently blocked
with 5% natural donkey serum (Millipore S30-100KC) diluted in
PBB for 60 min, washed 5 times with PBB, and then incubated
with primary antibodies (Supplementary Table 1: list of antibod-
ies and dilutions) for 60 min at room temperature. After 5
washes with PBB, the slides were incubated with fluorophore-
conjugated secondary antibodies (Supplementary Table 1) for
60 min, washed 5 times with PPB, 3 times with PBS, and stained
with 40,6-diamidino-2-phenylindole (BioLegend 422801) for 1
min. After mounting coverslips with Fluromount-G
(eBiosciences 004958-02), the slides were imaged using a Nikon
A1 confocal microscope (University of Pittsburgh Center for
Biologic Imaging). At least 3 microscopic fields were imaged per
culture. The mean fluorescent intensity of each protein (des-
min, NICD, PDGFRa, and CD34) was quantified using Nikon
Elements AR software (Nikon). Intensity of MyoD with in cell
nuclei was calculated and averaged per field of view.

Transmission electron microscopy. CTF grown in coated 12-well
plastic plates were fixed in 2.5% glutaraldehyde in 100 mM PBS
(8 gm/l NaCl, 0.2 gm/l KCl, 1.15 gm/l Na2HPO4.7H2O, 0.2 gm/
l KH2PO4, pH 7.4) overnight at 4�C. Monolayers were washed 3
times with PBS and then postfixed in aqueous 1% osmium te-
troxide, 1% Fe6CN3 for 1 h. After 3 washes with PBS, the cells
were dehydrated through a 30%–100% ethanol series and then
several changes of Polybed 812 embedding resin (Polysciences,
Warrington, Pennsylvania). Cultures were embedded in by
inverting Polybed 812-filled BEEM capsules on top of the cells.
Blocks were cured overnight at 37�C, and then cured for 2 days
at 65�C. Monolayers were pulled off the coverslips and re-
embedded for cross section. Ultrathin cross sections (60 nm) of
the cells were obtained on a Reichert Ultracut E microtome,
poststained in 4% uranyl acetate for 10 min and in 1% lead cit-
rate for 7 min. Sections were imaged using a JEM 1011 TEM
(JEOL, Peabody, Massachusetts) at 80 kV. Images were taken us-
ing a side-mount AMT 2k digital camera (Advanced Microscopy
Techniques, Danvers, Massachusetts).

Second harmonics generation imaging of whole mount muscles.
Second harmonics generation (SHG) imaging of intact TA
muscles was performed as we previously described. Briefly, af-
ter 2 weeks of recovery from BaCl2 injury, TAs were excised,
placed in 2% paraformaldehyde for 2 h, and then in Scaleview
solution (Olympus) for at least 1 week. Scaleview solution was
replenished every 3 days. The samples were rinsed and stored
in PBS at 4�C until imaged. All imaging was performed with an

Olympus multiphoton microscope (Model FV1000, ASW soft-
ware, Tokyo, Japan). Prior to imaging, samples were placed in
hanging drop slides in PBS and a cover slip was placed over the
well and in contact with the muscle. The muscle was oriented
with the superior border aligned parallel to the superior edge of
the slide and the dorsal surface of the muscle against the cover-
slip. Images were taken of the medial and lateral muscle bellies
at the site of injury to a depth of 100 lm, with a step thickness
of 2 lm and a scan pixel count of 1024 � 1024.

Western analysis. Western analyses for changes in OXPHOS com-
plex protein abundance were performed, as previously de-
scribed (Barchowsky et al., 1999; Klei et al., 2013). Briefly, CTF
cultures were lysed in RIPA buffer containing protease, kinase,
and phosphates inhibitors, and homogenized by sonication.
After centrifugation at 10 000 � g for 5 min at 4�C, protein con-
tent of the supernatant was determined by BCA assay
(ThermoFisher) and the remainder of the supernatant was
mixed with 6X Laemmli sample loading buffer. Equal amounts
of protein were separated by PAGE and transferred to PDVF
membranes (Immobilon-IF, EMD Millipore Corporation,
Billerica, Massachusetts). After blocking, the membranes were
incubated with Total OXPHOS Rodent WB Antibody Cocktail
(Abcam No. ab110413) and antibody to voltage-dependent anion
channel (VDAC) (Abcam No. ab15895), rinsed, and then incu-
bated with IRDye 800CW Donkey anti-Mouse IgG or IRDye 680LT
Donkey anti-Rabbit IgG (Li-COR Biosciences), respectively.
Digital infrared imaging and quantification of the protein bands
was performed using a LI-COR Odyssey Clx imager and Image
Studio v5.2 software.

Gene transcript and ChIP analysis. Gastrocnemius muscles were
snap frozen in liquid nitrogen and RNA was isolated from pul-
verized tissue powder using the AllPrep DNA/RNA/miRNA
Universal Kit (Qiagen, Germantown, Maryland). Isolated RNA
was reverse transcribed using iScript gDNA Clear cDNA
Synthesis Kit (BIO-RAD, Hercules, California). Notch1 mRNA lev-
els were quantified by SYBR Green-based real-time PCR (qPCR)
using SsoAdvanced Universal SYBR Green Supermix (BIO-RAD).
Transcript levels were normalized to the expression level of
Rpl44, and the fold changes of Notch1 relative to universal
mouse reference RNA (Qiagen) were calculated using 2-DD Ct
method. Each sample was measured in duplicate. Primers se-
quence: Rpl44 (Forward: 50-AGATGAGGCAGAGGTCCAA-30,
Reverse: 50GTTGTAAGAAAGGCGGTCA-30) and Notch1 (Forward:
50-ACAGTGCAACCCCCTGTATG-30, Reverse: 50-
TCTAGGCCATCCCACTCACA-30). For ChIP analysis, pulverized
tissue powder was fixed with 1% formaldehyde for 15 min fol-
lowed by quenching with 125-mM glycine solution. Cross-linked
proteins were pelleted and washed with PBS containing prote-
ase inhibitor cocktail. Chromatin isolation and immunoprecipi-
tation was performed using ChIP-IT kit (Active Motif, Carlsbad,
California), following the manufacturer’s instructions. One to 2
micrograms of ChIP-validated antibodies against RNA
Polymerase II (A2032, Epigentek, Farmingdale, New York), or
H2A.Zac (ab18262, Abcam, Cambridge, Massachusetts) were
used for immunoprecipitation of each sample. One percent of
nonimmunoprecipitated chromatin was used as input.
Following reverse crosslinking and elution of chromatin, DNA
from each sample was purified with QIAquick PCR purification
kit (Qiagen). Ten nanograms of purified DNA was used for PCR
of the 50 promoter region of Notch1 (�107 to þ90 nt) using the
primers: forward: 50-CACAAGGGGGTAAGGGTTC-30 and Reverse:
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50-GGCTCGTTCCTTCACTGC-30. The percent of immunoprecipi-
tated DNA relative to the input was calculated.

Statistical analysis. Data in graphs are expressed as mean 6 SEM.
Significance between groups was determined by Student’s t
tests or 1-way ANOVA followed by either Dunnett’s or Tukey’s
test for multiple comparisons. A priori, differences were consid-
ered to be significantly different at p< .05. Statistical analysis
and graphing were performed using GraphPad Prism v8.3.1
software.

RESULTS

ECM Elaborated From Arsenic-exposed CTF Impairs Myogenic
Differentiation
We previously found that environmentally relevant exposure to
arsenic (100 lg/l: 2–5 weeks) in drinking water impairs skeletal
muscle maintenance and injury repair (Ambrosio et al., 2014;
Zhang et al., 2016). A 100 mg/l in drinking water is not an uncom-
mon human exposure and is approximately the EC90 we found
for arsenic promoted remodeling of mouse liver vasculature in
this mouse model (Ambrosio et al., 2014; Garciafigueroa et al.,
2013; Soucy et al., 2005; Straub et al., 2007, 2008; Zhang et al.,
2016). Although exact translation of this exposure to the human
equivalent is difficult, allometric scaling (FDA, 2005) would esti-
mate this to be a human exposure of approximately 20 lg/l or
twice the WHO/EPA safe drinking water level. CTFars retained
aberrant expression of ECM proteins when cultured in the

absence of arsenic, and arsenic exposure caused decellularized
ECM scaffolds to direct naı̈ve heterogenic hMuSC populations
toward fibrogenic instead of myogenic differentiation (Zhang
et al., 2016). To test the functional consequence of the aberrant
ECM elaborated by the CTFars, we seeded CTF isolated from the
hind limb muscles of control or arsenic-exposed (100 lg/l:
5 weeks) mice and allowed them to elaborate matrix for 2 and
3 days. The cells were then removed, and hMuSC, not exposed
to arsenic, were cultured in myogenic differentiation medium
on the elaborated matrix for 2 days. As seen in Figures 1A–C,
myogenic differentiation, as determined by MyoD and desmin
expression, was reduced in hMuSC seeded on ECM elaborated
by CTFars when compared with hMuSC seeded onto ECM from
CTFctr. In contrast, the hMuSC seeded on the CTFars ECM had in-
creased expression of both the proliferation marker CD34
(Figs. 1D and 1E) and fibro-adipogenic marker PDGFRa (Figs. 1F
and 1G).

Arsenic Targets CTF Mitochondria to Impair Myogenesis and Muscle
Regeneration
The fact that the CTFars elaborated a pathogenic ECM even
when cultured in the absence of arsenic suggests that the cells
retained an epigenetic-driven memory of the arsenic stress, as
we found in MuSC isolated from arsenic-exposed mice and in
myogenic cell lines exposed to arsenic in culture (Ambrosio
et al., 2014; Cheikhi et al., 2019). Specifically, we showed that the
regulation of this memory was directed by dysfunctional mito-
chondria (Cheikhi et al., 2019). The CTFars possessed the same

Figure 1. Extracellular matrix (ECM) from connective tissue fibroblasts (CTF) isolated from arsenic-exposed mice (CTFars) inhibits myogenesis and promotes fibro-adi-

pogenic differentiation. Hind limb muscle CTF were isolated from control mice (CTFctr) and mice exposed for 5 weeks to 100 mg/l arsenic in drinking water (CTFars). The

CTF were seeded in the absence of arsenic and allowed to elaborate matrix for 3 days. The cells were removed, and unexposed human muscle stem cells were cultured

on the elaborated ECM in differentiation medium for 2 days. Cells were fixed and immunostained for the indicated proteins, as well as stained for nuclei (40 ,6-diami-

dino-2-phenylindole, DAPI) and actin filaments (phalloidin). Immunofluorescence in �40 or �60 magnification confocal images was quantified and the data are pre-

sented as mean and SEM of the mean fluorescence intensity (MFI) per cell or nuclei captured in individual microscopic fields (images from 3 replicate cultures

representative of cultures isolated from at least 4 mice per treatment). Statistical differences were determined by unpaired t tests (**p< .01, ***p< .001).
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elongated mitochondrial networks with disrupted cristae
(Figure 2A) that we found in arsenic-exposed muscle tissue,
MuSC, and myocytes (Ambrosio et al., 2014; Cheikhi et al., 2019).
Despite the apparent increase in large fused mitochondria,
there was an approximately 25% loss of respiratory Complex I
and Complex II proteins, as well as the (VDAC) protein in CTFars

relative to other respiratory complex proteins and relative to
levels in control CTF (Figure 2B and Table 1).

SS-31 is a mitochondrially targeted peptide that binds cardi-
olipin and cardiolipin-associated proteins to preserve or restore
respiratory chain function (Campbell et al., 2019; Szeto and Liu,
2018). We have demonstrated that SS-31, and other

mitochondrial protectant compounds, reverse arsenic effects
on myocyte mitochondrial function and epigenetic regulation
(Cheikhi et al., 2019, 2020). To test whether repairing the respira-
tory chain could revert the CTFars phenotype in vivo, mice were
treated with SS-31 for 1 week after stopping arsenic exposure.
The mice then received bilateral injections of BaCl2 in their TA
muscles to produce a defined myofiber injury and were allowed
to recover for 2 weeks (Figure 3A: experimental paradigm). As
seen in Figures 3B–D, SS-31 treatments reversed the effects of
the arsenic exposure as CTFars isolated from SS-31-treated mice
(CTFars/SS-31) elaborated a matrix with the same myogenic in-
struction as that elaborated by CTFctr. It should be noted that
ECM from CTFctr/SS-31 had a negative effect that was equivalent
to ECM from CTFars. Regardless, the SS-31 treatment only
slightly impaired in vivo regeneration of injured TA myofibers
(number of centrally nucleated regenerating fibers and myotube
fusion index), but completely reversed arsenic-inhibited repair
(Figs. 3E–G).

Arsenic-stimulated Notch Signaling Mediates Dysfunctional Repair
and ECM Elaboration
Notch proteins are master regulators of cell fate. Continuous
Notch signaling in muscle inhibits myogenesis, but promotes
fibro-adipogenic differentiation of muscle progenitors cells
(Brack et al., 2008; Buas and Kadesch, 2010; Kitzmann et al., 2006;
Marinkovic et al., 2019; Pasut et al., 2016; Verma et al., 2018). In
screening for regulatory gene changes in the uninjured gastroc-
nemius muscles of the groups of mice shown in Figure 4, we
found that arsenic induced a sustained increase in Notch1 ex-
pression, and that SS-31 treatment returned Notch1 mRNA to
control expression levels (Figure 4A). Notch1 expression

Figure 2. Arsenic effects on connective tissue fibroblasts (CTF) mitochondrial morphology and respiratory complexes. A, CTFctr and CTFars isolated from 2 mice per

treatment were cultured in the absence of arsenic for 3 days and then fixed and processed for imaging at �25 000 magnification by transmission electron microscopy.

The length of mitochondria in 3–4 separate images was measured using Image J software (dots are individual mitochondria). Statistical significance between groups

was determined by unpaired t test (**p< .01). B, CTFctr and CTFars from 2 mice per treatment were amplified in culture and total protein was probed for expression of mi-

tochondrial respiratory complexes by immunoblotting (second blot presented in Supplementary Figure 2). The abundance of respiratory complex proteins (green) and

VDAC (red) are given in Table 1. Abbreviation: VDAC, voltage-dependent anion channel.

Table 1. Abundance of CTF Mitochondrial Channel and Respiratory
Proteins

Protein Control Arsenic Arsenic/Control

Complex V (ATP5A) 4320 6 480.6 3477 6 430.3 0.80 6 0.08
Complex IV (MTCO1) 1385 6 74.0 1285 6 51.8 0.89 6 0.06
Complex III (UQCRC2) 1144 6 64.7 983.0 6 66.8 0.86 6 0.04
Complex II (SDHB) 1044 6 25.0 789.0 6 36.2a 0.75 6 0.03b

Complex I (NDUFB8) 374.2 6 16.7 271.7 6 4.8a 0.73 6 0.03b

VDAC 41 717 6 1831 31 567 6 725.1a 0.75 6 0.02b

Data are mean 6 SEM of relative Infrared band intensity or fold intensity relative

to control.
aDesignates significant difference (p< .001) between cells from control and arse-

nic mice (n¼6) as determined by an unpaired t test.
bDesignates significant difference (p< .05) from the fold control abundance of

Complex IV (n¼ 6) as determined by an unpaired t test.

Abbreviations: CTF, connective tissue fibroblasts; VDAC, voltage-dependent an-

ion channel.
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Figure 3. Mitochondrial SS-31 treatment reverses arsenic effects on extracellular matrix (ECM) and regeneration. A, Experimental scheme and timeline for mouse expo-

sure, SS-31 intervention and tibialis anterior (TA) injury. B, Myofiber differentiation (C desmin-positive structures and D nuclear MyoD expression) of unexposed hu-

man muscle stem cells (hMuSC) seeded on ECM elaborated from connective tissue fibroblasts (CTF) isolated from control, arsenic, and SS-31 (CTFSS-31, CTFars/SS-31) mice

(6 replicate cultures from 4 mice in each treatment). E, Whole TAs were isolated and cleared for second harmonics generation imaging of intact muscle. F and G,

Regenerating centrally nucleated fibers and muscle fiber fusion index were quantified and compared for statistical differences. Mean 6 SEM values from 6 mice in each

treatment group were compared by 1-way ANOVA followed by Tukey’s ad hoc multiple comparison. In C and D ** designates statistical significance from hMuSC seeded

on CTFctr ECM (p< .01) and ^ designates difference from cells seeded on CTFars ECM (p< .05). In F and G, **** designates difference from control or arsenic (p< .0001).

Abbreviation: MFI, mean fluorescence intensity.
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remained elevated 3 weeks after arsenic was removed from the
drinking water, suggesting prolonged epigenetic regulatory
change. Indeed, ChIP analysis of the Notch1 promoter revealed
that the transcriptional start site was held in an open, RNA po-
lymerase PoI II-bound conformation (Figure 4B), perhaps driven
by the increased binding of the active epigenetic mark, acety-
lated H2A.Z (Figure 4C), in muscles from the arsenic-exposed
mice. As we previously reported (Cheikhi et al., 2019), this epige-
netic memory was driven by arsenic-promoted mitochondrial
dysfunction, because SS-31 treatment reversed arsenic-induced
Notch1 mRNA expression and the binding of active epigenetic
marks on the Notch1 promoter.

To demonstrate that arsenic-induced CTF Notch1 expression
and functionally increased Notch1 signaling, CTFctr and CTFars

were seeded in arsenic-free culture and compared for activated
Notch1 (NICD) protein expression and expression of the NICD-
driven Notch ligand, DLL4. Quantitative immunofluorescence
analysis demonstrated that CTFars retained elevated NICD levels
ex vivo, relative to control CTF (Figs. 5A and 5B). The CTFars also
retained increased expression of DLL4 (Figs. 5A and 5C). In con-
trast, CTFars isolated from mice that received 1 week of SS-31
treatment had NICD and DLL4 levels that were essentially equal
to CTFctr (Figs. 5A–C). In addition, treating CTFars with the c-sec-
retase inhibitor, DAPT, ex vivo reduced both NICD and DLL4 ex-
pression. These data suggest arsenic exposure creates an
epigenetic memory for enhanced Notch signaling in CTFs and
that DLL4 expression was downstream of NICD transactivation.

To investigate the functional importance of Notch1 and
NICD-induced DLL4 in arsenic-inhibited myogenesis, CTFctr and
CTFars were again seeded to elaborate a matrix. After 1 day,

DAPT was added to groups of the CTFctr and CTFars cultures, and
decellularized ECM was prepared on culture day 3. hMuSC were
then seeded on the ECM for 2 days in differentiation media. ECM
elaborated by CTFars cultures inhibited generation of desmin-
positive fibers myofibers and decreased hMuSC nuclear MyoD
levels (Figs. 6A–C). However, treating the CTFars with DAPT at-
tenuated the effect of the CTFars elaborated on hMuSC differen-
tiation. To demonstrate that the effect of DAPT resulted from
decreased DLL4 elaboration into the ECM, decellularized ECM
from CTFctr or CTFars was incubated with an antibody that
blocks DLL4 binding to Notch. Unbound antibody was rinsed
from the ECM and hMuSC were seeded in differentiation me-
dium. Blocking ECM DLL4 increased hMuSC myogenic differen-
tiation to levels greater than control and more than reversed
the effect of the CTFars phenotype (Figs. 6D and 6E and
Supplementary Figure 3).

Antibody blocking of DLL4 may have been more effective
than DAPT, because the antibody would block both basally
expressed and NICD-induced DLL4.

DISCUSSION

Collectively, the data indicate that low-to-moderate arsenic ex-
posure induces functional ECM-associated changes in the MuSC
niche, findings that may help explain muscle weakness and
metabolic dysfunction experienced by individuals in arsenic-
endemic areas. Furthermore, the data implicate arsenic effects
on mitochondria in creating prolonged epigenetic signaling for
dysfunctional ECM and dysregulated MuSC fate. The study dem-
onstrates that muscle tissue and CTF isolated from mice weeks

Figure 4. SS-31 reversal of arsenic-induced Notch1 expression in vivo. A, Quantitative PCR measure of Notch1 mRNA levels in uninjured gastrocnemius muscle from the

mice in Figure 3. B and C, ChIP analysis of Pol II or H2A.Zac binding at the Notch1 promoter. Means 6 SD of the treatment groups were compared with 1-way ANOVA

followed by Tukey’s ad hoc multiple comparison. Significant differences from control are indicated by **p< .01 or ***p< .001, and from arsenic by ˆp< .05 or ˆˆˆp< .001;

n¼8 mice in each treatment group.
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(1.5–2 human year equivalents) after arsenic exposure was ter-
minated retained elevated Notch1 expression and signaling
that misdirected populations of MuSC away from myogenesis
and toward fibro-adipogenesis. The CTFars phenotype was also
accompanied by atypical mitochondrial morphology.
Intervention with SS-31 reversed arsenic-inhibited tissue regen-
eration, epigenetic induction of Notch1, and functional impair-
ment from the ECM elaborated by CTFars. Together, these data
implicate aberrant Notch1 signaling as the mechanism for the
arsenic-promoted myomatrix remodeling that impairs muscle
metabolism, maintenance, and regeneration.

Notch signaling is a key regulator of MuSC quiescence, self-
renewal activity, and stem cell fate determinations that pro-
mote muscle pathologies (Bjornson et al., 2012; Gerli et al.,
2019; Kitzmann et al., 2006). Notch activity represses skeletal
muscle myogenesis by preserving MuSC in a proliferative stem
cell-like state (eg, increased CD34 expression, Figure 1) while
concomitantly reducing the number of CD34-positive reserve
cells that fuse to make myotubes (Cappellari et al., 2013; Gerli
et al., 2019; Kitzmann et al., 2006). Notch promotes asymmetric
MuSC division and divergent fates of daughter cells (Conboy

and Rando, 2002). Over-activation of Notch signaling in skele-
tal muscle impaired stem cell support of muscle regeneration
(Brack et al., 2008) and/or promoted differentiation of subpopu-
lations of MuSC into brown adipocytes (Pasut et al., 2016) or
pericytes (Cappellari et al., 2013). While increased DLL4 signal-
ing is sufficient for directing MuSC subpopulations toward
pericyte differentiation, maximal transdifferentiation occurs
with costimulation by PDGF-BB, a platelet-derived growth fac-
tor that activates PDGFRa (Cappellari et al., 2013). Pericytes can
be derived from multiple lineages and, as a result, express het-
erogenic phenotypes even within the same tissues (Dias
Moura Prazeres et al., 2017). The data in Figure 1 suggest that
as CTFars-elaborated ECM reduces hMuSC myogenic differenti-
ation, it enhances a population of cells expressing PDGFRa and
aSMA, which are indicative of type 1 pericytes (Birbrair et al.,
2013). This is significant because type 1 pericytes are more
prone to adipogenic differentiation relative to their myogenic
type 2 counterparts (Birbrair et al., 2013) and may underlie the
increase in perivascular ectopic adipose tissue that we
reported in skeletal muscle of arsenic-exposed mice
(Garciafigueroa et al., 2013).

Figure 5. SS-31 reversal of arsenic-induced connective tissue fibroblasts (CTF) Notch1 activity. A–C, CTF were isolated from hind limb muscles (excluding tibialis ante-

rior and gastrocnemius) from the mice in Figure 3 and cultured for 24 h before fixing and quantitative immunofluorescence analysis of activated Notch (NICD) and

DLL4 protein expression. D and E, Groups of CTFars were cultured ex vivo with 1 mM DAPT and abundance of NICD and DLL4 was compared with CTFctr and CTFars (note

that values for CTFctr and CTFars NICD in B and D are from the same cultures, whereas data in C and D are from separate cultures). Mean 6 SEM of the MFI/cell from

the groups (cont, control; As, arsenic) were compared using 1-way ANOVA and Tukey’s ad hoc multiple comparison. Significant differences from control are indicated

by **p< .01 or and from arsenic by ˆˆp< .01.
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Notch signaling is initiated when the membrane-bound
ligands of the Delta-like (DLL1, DLL3, DLL4) and the Jagged (JAG1
and JAG2) families engage and transactivate Notch receptors on
neighboring cells (Buas and Kadesch, 2010; Wakabayashi et al.,
2015). Notch signaling is essential for MuSC quiescence, health,
and expansion of myogenic progenitors in postnatal myogene-
sis and regeneration (Bjornson et al., 2012; Brack et al., 2008;
Conboy et al., 2003). However, myogenic differentiation requires

a temporal switch from Notch signaling to cell-cell transactiva-
tion of Wnt/b-catenin signaling. Sustained NICD or DLL4 signal-
ing, such as observed from the CTFars-elaborated ECM, prevents
this transition and directs the fibro-adipogenic and pericytes
differentiation of MuSC populations (Cappellari et al., 2013;
Moyle et al., 2019; Pasut et al., 2016). The novel observation that
CTFars-elaborated DLL4 is essentially a memory of arsenic-
promoted stress imparted into the ECM and that it continues to

Figure 6. Notch-induced extracellular matrix (ECM) DLL4 impairs hMPC myogenic differentiation. A–C, CTFctr and CTFars were seeded and cultured for 1 day before add-

ing 1 mM DAPT to the designated groups. On culture day 3, cells were removed and human muscle stem cells (hMuSC) were seeded on elaborated ECM and cultured in

differentiation medium for 2 days before fixing and quanifying desmin and nuclear MyoD expression. D and E, CTFctr and CTFars were cultured for 3 days to elaborate

ECM. The cells were removed and the ECM was incubated with an antibody that blocks DLL4/Notch binding. After rinsing to remove unbound antibody, hMuSC were

seeded and cultured in differentiation medium for 2 days before fixing and quantifying desmin and nuclear MyoD expression. Mean 6 SEM expression from the groups

were compared using 1-way ANOVA and Tukey’s ad hoc multiple comparison. Significant differences from CTFctr ECM are indicated by *p< .05, **p< .01, or ***p< .001

and from CTFars ECM by ˆˆp< .01 or ˆˆˆp< .001.
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direct pathogenic tissue remodeling, even after arsenic has
been removed, is significant. It has important implications for
the impacts of chronic arsenic exposures on muscle mainte-
nance and regenerative capacity. It is also consistent with our
previous demonstration that decellularized muscle ECM scaf-
folds isolated from arsenic-exposed mice caused hMuSC to be
redirected to a fibrogenic determination rather than their nor-
mal myogenic fate (Zhang et al., 2016). It appears that, without
intervention such as SS-31 administration, the pathogenic ECM,
and epigenetic memory of arsenic exposures persists. However,
it remains unclear whether or when these memories may ulti-
mately be spontaneously erased. The data in Figures 3 and 4
suggest that this reversal could occur years after human arsenic
exposure is terminated.

The successful in vivo reversal of arsenic-inhibited tissue re-
generation and Notch signaling resulting from SS-31 treatment
confirms our previous findings that arsenic targets mitochon-
dria to impart the persistent epigenetic memory of stress
(Ambrosio et al., 2014; Cheikhi et al., 2019). Arsenic-promoted
mitochondrial respiratory chain dysfunction and possibly mito-
chondrial oxidants appear to be upstream of epigenetic control
of genes regulating DNA and chromatin methylation and acety-
lation (Cheikhi et al., 2019; Cronican et al., 2013) and Notch1/
DLL4 signaling in skeletal muscle (Figure 4). Mitochondrial dy-
namics and ROS generation have been placed upstream of
Notch expression and signaling in a range of stem cells with
implications on their homeostasis and fate (Paul et al., 2014;
Wakabayashi et al., 2015). However, Notch signaling has also
been shown to affect mitochondrial function, as it inhibits mito-
chondrial complex 1 by repressing expression of multiple Nduf
subunit transcripts (Lee and Long, 2018). The arsenic-promoted
decrease in mitochondrial complexes 1 and 2 (Figure 2B and
Table 1) would be consistent with a reciprocal feed-forward dys-
regulation of mitochondrial signaling and Notch activation. The
memory of this dysregulation may be manifest in the enhanced
binding of epigenetic marks in the Notch1 promoter, such as the
increased acetylation and DNA binding of H2A.Zac that may be
promoted by decreased deacetylase substrate NADþ (decreased
complex 1) or increased acetylase substrate acetylCoA (dysfunc-
tional complex 2) (Shaughnessy et al., 2014; Wallace and Fan,
2010; Weinhouse, 2017).

The axis of oxidative stress leading to Notch expression is
strongly linked through activation of the Nrf2 (nuclear factor,
erythroid factor 2, type 2) transcription factor, as the Notch1 pro-
moter contains Nrf2 responsive ARE cis-elements (Wakabayashi
et al., 2015). However, this is not a linear relationship as the
NICD affects Nrf2 expression and both transcription factors can
elicit feedback mechanisms on the respective signaling path-
ways (Wakabayashi et al., 2015). It is important to note that Nrf2
appears to be essential for the regenerative response of muscle,
as well as lung tissue, and that induction of Notch may be a por-
tion of this essentiality (Paul et al., 2014; Shelar et al., 2016;
Wakabayashi et al., 2015). However, Nrf2 is also important for
limiting the increased flux of ROS that is critical for initiating
Notch signaling, stem cell self-renewal and tissue regeneration,
as excessive ROS impairs these temporal transitions (Paul et al.,
2014; Shelar et al., 2016). Arsenical effects on mitochondria are
very effective in activating myocyte antioxidant responses
(Cheikhi et al., 2019) and the data in Figures 5 and 6 suggest that
chronic activation may be linked to loss of temporal Notch1 reg-
ulation both through cell-autonomous and ECM signaling.
However, the data in Figure 4 also suggest that mitochondrial-
driven epigenetic regulation may contribute to or bypass the
Nrf2 axis of Notch1 regulation.

In summary, this study demonstrated that arsenic exposure
impairs muscle regeneration by eliciting chronic mitochondrial-
driven activation of Notch signaling at the level of fibroblast
elaboration of ECM-bound NICD-induced DLL4. This DLL4 is a
memory of arsenic-promoted stress imparted into the ECM that
pathogenically misdirects the fate of the heterogenous MuSC
populations. Remarkably, the memory of arsenic exposure is
held both in mitochondrial-driven epigenetic regulation and
cell elaborated transactivating ligands. As Notch signaling is ac-
tivated in resident MuSC populations of the skeletal muscle
niche, subpopulations are disproportionally activated to prolif-
erate and overwhelmingly advance nonmyogenic/adipogenic
cells that decrease regenerative integrity and contribute to de-
cline of muscle metabolism and tissue integrity.
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