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Abstract

Arsenic is a global health hazard that impacts over 140 million individuals worldwide. 

Epidemiological studies reveal prominent muscle dysfunction and mobility declines following 

arsenic exposure; yet, mechanisms underlying such declines are unknown. The objective of this 

study was to test the novel hypothesis that arsenic drives a maladaptive fibroblast phenotype to 

promote pathogenic myomatrix remodeling and compromise the muscle stem (satellite) cell 

(MuSC) niche. Mice were exposed to environmentally relevant levels of arsenic in drinking water 

before receiving a local muscle injury. Arsenic-exposed muscles displayed pathogenic matrix 

remodeling, defective myofiber regeneration and impaired functional recovery, relative to controls. 

When naïve human MuSCs were seeded onto three-dimensional decellularized muscle constructs 

derived from arsenic-exposed muscles, cells displayed an increased fibrogenic conversion and 
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decreased myogenicity, compared with cells seeded onto control constructs. Consistent with 

myomatrix alterations, fibroblasts isolated from arsenic-exposed muscle displayed sustained 

expression of matrix remodeling genes, the majority of which were mediated by NF-κB. Inhibition 

of NF-κB during arsenic exposure preserved normal myofiber structure and functional recovery 

after injury, suggesting that NF-κB signaling serves as an important mechanism of action for the 

deleterious effects of arsenic on tissue healing. Taken together, the results from this study 

implicate myomatrix biophysical and/or biochemical characteristics as culprits in arsenic-induced 

MuSC dysfunction and impaired muscle regeneration. It is anticipated that these findings may aid 

in the development of strategies to prevent or revert the effects of arsenic on tissue healing and, 

more broadly, provide insight into the influence of the native myomatrix on stem cell behavior.
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Introduction

Chronic environmental exposure to arsenic (As(III)) in drinking water is a major public 

health hazard that affects the health of more than 140 million people worldwide. As(III) is 

odorless, colorless, and tasteless, rendering its effects pernicious. In addition to causing a 

number of cancers and non-cancer diseases (e.g., cardiovascular and pulmonary), chronic 

As(III) exposure causes significant muscle weakness and dysfunction [1–4]. Strikingly, 

sensorimotor impairment and muscle atrophy are observed in 10–14 million individuals 

exposed daily to As(III) in their drinking water [5, 6]. Despite the common finding of 

muscle weakness in As(III)-exposed individuals, the pathogenesis is poorly understood, as is 

how As(III)-exposure may affect an individual’s ability to recover from an acute skeletal 

muscle injury. Although As(III) exposures affect large populations, the health impact of such 

environmental contaminants on adult tissue healing potential is not fully appreciated 

because, to date, the effect of metalloid exposure on stem cell function and tissue 

development has largely focused on embryonic or fetal models [7–11]. While mounting 

evidence demonstrates deleterious effects of metalloid exposure on stem cell function in 

developmental processes, the impact on critical roles that stem cells play in adult tissue 

growth and regeneration has thus far been neglected.

Muscle stem (satellite) cells (MuSCs) comprise a reserve cell population that normally 

resides in a quiescent state under conditions of skeletal muscle homeostasis. Following 

injury of young, healthy muscle, MuSCs are activated from a quiescent state and proceed 

through a sequence of proliferative expansion and myogenic differentiation to largely restore 

the original architecture and function of the damaged tissue [12, 13]. Although generally 

credited as the primary cells responsible for driving the regenerative cascade, MuSCs are 

reliant on biophysical and biochemical signals emanating from their immediate 

microenvironment, or niche, for appropriate activation [14, 15]. We and others have 

demonstrated that As(III) disrupts the myomatrix by promoting perivascular fibrosis in heart 

muscle [16–18] and driving ectopic lipid accumulation within the skeletal muscle [19]. 

While recent studies have focused on the direct effect of As(III) on MuSC metabolism and 
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behavior [4, 8–10], much less is known about the effect of As(III)-induced matrix alterations 

and pathogenic conversion of neighboring cell populations on tissue healing potential.

Muscle connective tissue (MCT) fibroblasts play a primary role in extracellular matrix 

(ECM) deposition and organization. Upon activation, these cells contain α-smooth muscle 

actin (αSMA) microfilaments, which form a stress fiber system within the cell that links to 

the ECM although a fibronexus and provides a mechanotransductive system for bi-

directional communication between the cell and the matrix. This communication thereby 

drives a series of biochemical and biomechanical tissue responses. Activated fibroblasts, or 

myofibroblasts, serve to maintain tissue structural integrity and regulate myofiber 

regeneration [20, 21]. Studies by Kardon and colleagues recently demonstrated that ablation 

of the MCT fibroblast population drives a dysfunctional MuSC response to injury, as 

evidenced by a premature progression of MuSCs from proliferative expansion to terminal 

differentiation [20, 21]. Although the skeletal muscle microenvironment has been shown to 

become less supportive of cellular function with aging, immobility, and myopathy [22–24], 

it has not been extensively studied as a target for disease promotion from environmental 

exposures like As(III). In these studies, we demonstrate that As(III) exposure alters the 

muscle ECM to direct fibrogenic conversion of MuSCs. We also demonstrate that MCT 

fibroblasts isolated from As(III)-exposed muscle retain a phenotype with elevated expression 

matrix remodeling genes. The pathogenic fibroblast phenotype was concomitant with 

pathogenic matrix remodeling and an impaired regenerative response following an acute 

injury. However, pharmacologic inhibition of NF-κB, a transcription factor activated by 

cellular damage and stress, preserves normal muscle healing in As(III)-exposed animals, 

suggesting that NF-κB signaling may play an important role in the deleterious effect of 

As(III) on muscle regeneration.

Materials and Methods

Animal Exposure to As(III) in the Drinking Water

Six-week-old male wild type (C57Bl/6NTac) mice (Taconic Farms, Hudson, NY, USA) were 

exposed to 0 or 100 µg/l sodium metaarsenite (NaAsO2) in their drinking water for 5 weeks. 

Arsenite was used as it is the most relevant toxic inorganic form of As(III). Fresh As(III)-

containing water was provided every 2–3 days to insure that there is little As(III) oxidation 

to As(V). While human exposures to As(III) in drinking water ranges from negligible 

amounts to 1–4 mg/l, 100 µg/l is commonly accepted as a threshold for promoting a number 

of diseases and in dose ranging studies we found that this exposure was near maximal in 

promoting vascular tissue remodeling [25]. Our previous studies have demonstrated that 

these exposure levels do not cause any signs of overt lethality or changes in weight gain [4, 

18, 19, 25]. All studies were approved by the Institutional Animal Care and Use Committee 

of the University of Pittsburgh. The mice are maintained on Prolab® Isopro® 

RMH3000.5P76 chow (LabDiet, St. Louis, MO) that is devoid of significant sources of 

inorganic arsenic.
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Skeletal Muscle Injury

After 5 weeks of As(III) exposure, As(III) exposure was terminated and bilateral tibialis 

anterior (TA) muscles of the mice were injured with 10 µl of cardiotoxin (1.0 mg/ml). The 

right TA muscles from mice in each group were harvested and frozen in nitrogen-cooled 2-

methylbutane (1 or 10 days post-injury) or preserved in scale view solution for second 

harmonics generation (SHG) imaging (10 days). For cell isolations, left TA muscles were 

used (3 days post-injury). An additional cohort of mice that received a muscle injury and 

were allowed to recover for 4 weeks (Fig. 5). After 4 weeks, in situ contractile testing was 

performed and muscles were subsequently harvested for (SHG) imaging.

In Situ Contractile Testing

In situ contractile testing of the anterior compartment muscles was performed in mice that 

were allowed to recover for 4 weeks after injury, as described previously [4, 26]. We chose 

the in situ method of functional testing because it allows for assessment of a single muscle 

compartment while maintaining normal orientation, innervation, and vascular supply. 

Muscle contractile properties, including peak twitch, peak tetanic force, time to peak twitch 

force, half relaxation time, fatigue resistance, and recovery from fatigue were quantified [27, 

28].

Histology and Immunofluorescence

Frozen muscles were serially sectioned (12 µm) at −21 °C using a Thermo Scientific 

cryostat (Cryotome FSE Cyrostat, Thermo Scientific, Waltham, MA). Histological 

assessment of the recovery process was performed in groups of control and As(III)-exposed 

mice 1 day or 10 days after injury.

Evans Blue Dye—To assess the extent of injury and acute recovery 24 hours after 

cardiotoxin injections, Evans blue dye was administered by intraperitoneal (i.p.) injection. 

Slides were placed in cold acetone (−20 °C) for 1 minute and then air dried at room 

temperature (RT) (20 °C). The slides were immersed in xylene (22-050-283, Fisher 

Scientific, Waltham, MA) and mounted with DPx (44581 Sigma, Sigma-Aldrich, St. Louis, 

MO). Slides were imaged using an Olympus Fluoview 1000 confocal microscope (Olympus 

Fluoview FV1000, Olympus, Center Valley, PA) with the use of a Cy5 wavelength filter set 

to a wavelength of 625 nm. The number of Evans blue positive myofibers/field of view were 

identified by thresholding each image to a negative control (a site of no muscle injury) and 

automatically quantified using Elements AR (Nikon Elements AR, Nikon, Tokyo, Japan).

Laminin Immunofluorescence—Slides were washed three times with 1 × phosphate-

buffered saline (PBS) and permeabilized with 0.03% Triton X-100 in PBS for 20 minutes at 

RT and subsequently blocked with 5% Normal Goat Serum (Vector S-1000, Vector 

Laboratories, Burlingame, Ca) diluted in PBS for 60 minutes. Slides were washed three 

times with 1 × PBS and three times with 0.5% bovine serum albumin (BSA), then incubated 

with Rat anti-Lamininα2 chainprimary (1:100, Abcam 11576, Cambridge, MA) for 60 

minutes at RT. Slides were washed three times with 0.5% BSA and incubated with Goat 

anti-Rat Alexa Fluor 488 secondary (1:500, Life Technologies A-11006) for 60 minutes at 

RT. Slides were washed three times with 0.5% BSA, 3 × with 1 × PBS, and incubated with 

Zhang et al. Page 4

Stem Cells. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



4′,6-diamidino-2-phenylindole (DAPI) (Life Technologies 1370421, Thermo-Fisher) for 1 

minute. Slides were washed six times with 1 × PBS and coverslips were mounted with 

Cytoseal XYL (Richard-Allen Scientific 8312-4, Thermo-Fisher). Slides were imaged using 

the Olympus Fluo-view 1000-1 confocal microscope. Myofiber diameter was determined 

using an automated macro written in Nikon Elements AR (Nikon Elements AR, Nikon, 

Tokyo, Japan).

SHG Imaging and Calculation of Collagen Fibril Orientation

To evaluate the effect of As(III) exposure on remodeling of the extracellular matrix 

following injury, we performed SHG imaging of injured muscles from control and As(III)-

exposed animals. SHG imaging allows for 3D characterization of fibrillar collagen 

components of the ECM. Ten days or 4 weeks after injury, the TA was excised, placed in 2% 

paraformaldehyde for 2 hours, then in scale view solution for at least 1 week, and 

subsequently stored in PBS at 4 °C until imaged. All imaging was performed with an 

Olympus multi-photon microscope (Model FV1000, ASW software, Tokyo, Japan). The 

SHG signals were collected using back-scattered epidetectors. These detectors were non-

descanned. Filters were provided by Chroma (chroma, Brattleboro VT). Before imaging, 

samples were placed in hanging drop slides in PBS and a coverslip was placed over the well, 

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 

coverslip. Images were taken of the medial and lateral muscle at the site of injury to a depth 

of 100 µm, with a step thickness of 2 µm and a scan pixel count of 1024_1024. Collagen 

fibers were visualized at an excitation bandwidth: 830 nm; myofibers were visualized at 

500–550 nm.

A custom algorithm was used to quantify 3D fiber orientation of fibrillar collagen in SHG 

images of the site of active muscle fiber regeneration. The image analysis method has been 

described elsewhere and used on both native tissue [28] and artificial scaffolds [29]. Images 

from z-stack projections (500 µm × 500µm × 100 µm with a step of 2 µm) were analyzed 

using an algorithm based on an intensity gradient texture analysis, able to capture edges of 

the object of interest and identify their prevalent direction. A local thresholding 

segmentation method based on the collagen fibers characteristic length [28] was adopted to 

enhance the SHG signal against the noise. The orientation index (OI), as introduced 

previously [30], was used as a metric for the level of collagen fiber alignment. An OI equal 

to 0.5 corresponds to a network of isotropic fibers. In contrast, an OI equal to 1.0 indicates a 

perfectly aligned set of fibers. Volumetric analysis of myofibers from SHG images was 

calculated from 43 to 45 z-stack images/sample using NIS Elements software (Nikon 

Instruments). Three-dimensional (3D) reconstruction was performed using Imaris software 

(Version 8.1; Biplane, Concord, MA).

Skeletal Muscle Decellularization and Cell Seeding

Gastrocnemius muscles were harvested from animals 5 weeks after exposure to 0 or 100 µg/

LAs(III) and decellularized using a modified procedure as described by Perniconi et al. [31]. 

Briefly, whole muscles were submerged in 1% SDS and placed on rotator at 200 rpm for 48 

hours. SDS was replaced after 24 hours. Muscles were then washed in PBS for 1 hour, 
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autoclaved water for 1 hour, and followed by two washes in PBS for 30 minutes each. This 

decellularization process was confirmed by the absence of nuclear staining. Decellularized 

muscles were next transferred to culture media containing 88% Dulbecco’s modified Eagle’s 

medium (DMEM), 10% fetal bovine serum (FBS), 5% chick embryo extract (CEE; MP 

Biomedicals, Santa Ana, CA), and 1% penicillin/streptomycin (P/S).

Human MuSCs (hMuSCs; ScienCell Inc., Carlsbad, CA) were cultured in proliferation 

medium (DMEM containing 10% FBS, 10% horse serum, 0.5% CEE, and 1% P/S). We 

chose to use hMuSCs to demonstrate that the phenomenon being tested is human relevant. 

Flow cytometry analysis confirmed that these cells were >90% Pax7 positive, the canonical 

satellite cell marker ([32]; Supporting Information Fig. 1). On the day of cell seeding, whole 

decellularized gastrocnemius muscles were sectioned and placed into six-well plates. 

hMuSCs were trypsinized and resuspended in differentiation medium (DMEM containing 

10% FBS, and 1% P/S) at concentration of 3 × 106 per milliliter, and seeded onto the muscle 

matrix. The six-well plates were then placed in cell incubator for 30 minutes to allow the 

cells to adhere. The wells were subsequently filled with 2ml differentiation medium. Media 

were changed every day for 4 days, after which time the hMuSC-ECM cultures were fixed in 

2% PFA for 20 minutes, and transferred to 30% sucrose solution for 24 hours. The fixed 

tissues were then snap frozen in liquid nitrogen-cooled 2-methylbutane for 1 minute, and 

cryosectioned at 7 µm slices and mounted on glass slides. To characterize the phenotype of 

the differentiated hMuSCs seeded on the ECM, histological staining with desmin and 

transcription factor 4 (Tcf4) was performed. Sections were incubated overnight with either 

rabbit anti Tcf4 antibody (1:500, Cell Signaling, Danvers, MA) or rabbit anti-desmin 

antibody (1:1,000, Abcam, Cambridge, MA), followed by a 45-minute incubation with 

Alexafluor 488 goat anti-rabbit secondary antibodies (1:1,000, Life Technologies, Thermo-

Fisher).

MCT Fibroblast Isolation and ECM Transcript Array

MCT fibroblasts were isolated from hind limb muscles of mice exposed to 0 or 100 µg/

LAs(III) for 5 weeks (n = 8 per group). Another cohort of mice exposed to 0 or 100 µg/

LAs(III) for 5 weeks were then subjected to a cardiotoxin muscle injury (as described 

above), and MCT fibroblasts were isolated from muscles 3 days post injury. In all groups, 

greater than 90% of the isolated cells stain positive for nuclear Tcf4 (data not shown), an 

indicator of interstitial MCT fibroblasts [20, 21]. After expansion of the cultures in the 

absence of As(III) for two passages, RNA was extracted from the four populations and 

assayed with an ECM-focused transcript array. Transcript abundance was normalized to a 

suite of house-keeping genes.

NF-κB Inhibition

To determine in vivo whether inhibition of NF-κB results in a reversal of the deleterious 

effect of As(III) on muscle regeneration, a cohort of mice were chronically treated with an 

eight lysine protein transduction domain (8K)/NEMO binding domain (8K-NBD) fusion 

peptide inhibitor of IKK (8K-NBD; 10mg/kg i.p. three times per week [33]) throughout the 

See www.StemCells.com for supporting information available online.
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time of exposure to 0 or 100 µg/l As(III). The eight lysine protein transduction domain/

NEMO binding domain IKK/NF-κB, 8K-NBD (KKKKKKKKGGTALDWSWLQTE) was 

synthesized at the University of Pittsburgh Peptide facility. The peptide was dissolved in 

DMSO at 40 µM and stored at − 80°C until dilution in PBS directly before use. Control and 

As(III)-exposed mice were injected i.p. with vehicle (DMSO diluted in PBS) or 8K-NBD 

(10 mg/kg body weight) three times per week over 5 weeks. Injections were terminated at 

the time of cardiotoxin injury.

Statistical Analysis

All quantitative data are presented as means ± SD, unless otherwise indicated. Data were 

subjected to either one-tailed Student’s t-test (when comparing Evans blue dye staining, 

Laminin α2 expression, collagen fiber orientation, and MuSC fate between control and 

As(III)-exposed groups), one-way analysis of variance (ANOVA) (when comparing specific 

tetanic force), or a two-way ANOVA (when comparing force frequency curves, fatigue 

resistance and recovery from a fatiguing protocol) to calculate the significance of group 

differences. Differences were considered statistically significant at p ≤ 0.05.

Results

As(III) Exposure Impairs Muscle Regneration After an Acute Injury

One day after injury, there was no significant difference in the number of Evans blue dye 

positive fibers when comparing between the two experimental groups (Fig. 1A, 1C), 

suggesting that arsenic exposure does not render the muscle more susceptible to injury. 

However, after 10 days of recovery, there was a decrease in myofiber regeneration at the 

injury site of As(III)-exposed animals when compared with control counterparts(Fig. 1B, 

1D). Quantitative analysis performed by digital image processing on muscles from As(III) 

animals displayed pathogenic matrix remodeling with injury, with increased collagen fibril 

alignment of As(III)-exposed animals, when compared with controls (Fig. 1E, 1G).

Consistent with histological evidence of an impaired regenerative response, a test of the 

contractile function of the anterior compartment using in situ contractile testing in live, 

anesthetized mice revealed that As(III) exposure results in a decreased specific tetanic force 

4 weeks after injury (Fig. 2). The data indicate that As(III)-exposure compromises functional 

muscle repair following injury.

The Myomatrix of As(III)-Exposed Muscle Promotes a Fibrogenic Differentiation of MuSCs

Intrigued by the As(III)-induced alterations in the biophysical characteristics of the 

myomatrix and the corresponding impaired regeneration, we next investigated whether 

As(III)-induced ECM alterations may affect MuSC fate. hMuSCs seeded onto ECM isolated 

from As(III)-exposed muscle demonstrated decreased expression of desmin (a myogenic 

marker) and increased expression of Tcf4 (a transcription factor of fibroblasts) (Fig. 3), 

when compared with hMuSCs seeded onto control counterpart ECM constructs. These 

findings suggest that As(III)-induced alterations in the myomatrix promote fibrogenic 

differentiation of MuSCs and inhibit myogenicity.
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MCT Fibroblast ECM Transcript Array

The gene expression of MCT fibroblasts isolated from animals exposed to 0 or 100µg/l 

As(III) for 5 weeks at 0 or 3 days post-injury was evaluated using an ECM transcript array. 

Of the 86 transcripts on the array, 25 transcripts for structural, protease, integrin, adhesion 

molecules, and regulatory proteins changed abundance with in vivo As(III) exposure. 

Twenty-one transcripts increased and four transcripts decreased by greater than a factor of 

two in MCT fibroblasts isolated from As(III)-exposed mice relative to expression in cells 

isolated from controls (Fig. 4).While many of the transcripts were changed in response to 

the injury alone, As(III) added to or synergized with the injury response to increase a 

predominance of NF-κB-transactivated genes (Fig. 4D relative to Fig. 4C). Notably, As(III) 

strongly increased expression of both matrix metalloproteinase 3 (Mmp3) and matrix 

metalloproteinase 13 (Mmp13). This expression was even greater in cells from injured, 

As(III)-exposed mice. These findings are consistent with an aberrant MCT fibroblast 

activation after injury that is characterized by a matrix-degrading phenotype, including the 

dramatic upregulation of thrombospondin-2 (Thbs2), a factor that drives NF-κB-mediated 

fibrosis [34, 35].The program of increased expression of proteases and structural proteins 

resembles that of the NF-κB-driven program that contributes to muscle decline in disease 

and aging [36–39].

Inhibition of NF-κB Improves Skeletal Muscle Regeneration in As(III)-Exposed Animals

Consistent with histological analysis 10 days after injury (Fig. 1), SHG imaging revealed 

that muscles from As(III)-exposed animals demonstrated an impaired myofiber regeneration 

that was characterized by disrupted myofiber integrity 4 weeks after injury (Fig. 5). While 

quantification of myofiber volume did not reveal significant differences across groups, there 

was significantly decreased peak specific tetanic force and impaired recovery from a 

fatiguing protocol of As(III)-exposed muscles, relative to controls (Fig. 6; Table 1).However, 

inhibition of NF-κB during As(III) exposure preserved the regenerative response as seen by 

full recovery of both muscle fiber morphology (Fig. 5), restored force-producing capacity 

and recovery from a fatiguing protocol (Fig. 6; Table 1). ECM arrays of transcripts from 

MCT fibroblasts isolated after 4 weeks of recovery from the As(III), 8K-NBD peptide, or 

As(III) plus 8K-NBD peptide exposed mice demonstrated that the levels of all of the 

transcripts shown in Figure 4 had returned to control levels in all of the groups (data not 

shown). This suggests that the altered ECM phenotype induced by arsenic and NF-κB 

during the exposure period was responsible for the poor recovery of function or tissue 

morphology, as opposed to a sustained alteration of matricellular gene expression. Taken 

together, these results suggest that environmentally common levels of As(III) exposure 

impairs functional healing of an acute muscle injury, and that targeting the NF-κB pathway 

may be beneficial in preventing muscle dysfunction accompanying chronic As(III) exposure.

Discussion

Skeletal muscle is characterized by an intricate extracellular matrix, which plays a critical 

role in the transmission of force. In the absence of sound matrix integrity, myofiber 

contractile capacity, and therefore, strength, is greatly diminished [40]. We [19, 25, 41] and 

others [16, 42] have observed profound dysfunctional tissue and matrix remodeling 
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following exposure to low level As(III) in multiple tissues. However, the pathogenesis for 

such modifications is unknown. This study provides mechanistic insight into these 

observations by demonstrating that As(III)induces MCT fibroblast dysfunction and a 

concomitant pathogenic myomatrix remodeling following an acute muscle injury. MCT 

fibroblasts isolated from As(III)-exposed muscle retain a phenotype with elevated expression 

of NF-κB-driven proteases and ECM proteins. Accordingly, As(III) signaling through NF-

κB impairs post-injury force recovery following chronic As(III) exposure. Finally, we 

demonstrate that matrix alterations following exposure to As(III) exert direct effects on 

MuSCfate that may underlie the impaired tissue regenerative potential.

When naïve MuSCs were exposed ex vivo to 3D constructs derived from the myomatrix of 

animals exposed to As(III), we observed significantly decreased myogenicity of MuSCs and 

an increased Tcf4 + expression, suggesting a fibrogenic conversion. The advantage of the 

decellularization protocol used is that it maintains the topological complexity (architectural 

diversity) characteristic of the 3D native ECM as a substrate for cell seeding. Our findings 

that As(III)exposure impairs the regenerative response to an acute muscle injury are 

consistent with our previous investigations revealing that environmentally-relevant 

exposures of As(III) vitiates MuSC bioenergetics, as determined by high-resolution 

respirometry [4]. The altered oxygen consumption phenotype of As(III)-exposed cells was 

concomitant with aberrant mitochondrial morphology and an increased generation of 

reactive oxygen species [4]. Other studies have indicated direct arsenical actions on MuSCs 

that impair proliferation and myogenic differentiation [43, 44]. In vitro studies demonstrate 

that myoblasts exposed to As(III) in culture display a dose-dependent decrease in myotube 

formation and activation of the myogenic program [44]. Our novel findings suggest that 

biophysical and/or biochemical alterations of the physical microenvironment adversely 

affect MuSC regenerative potential in animals chronically exposed to As(III).

Stem cell behavior and function are largely determined by biophysical and biochemical cues 

emanating from the surrounding microenvironment [45]. Biophysical niche properties 

include matrix stiffness and architecture, for example, whereas biochemical cues involve 

cellular interactions and cytokine influences. Both biophysical and biochemical aspects of 

the niche have been shown to regulate stem cell activation, self-renewal, proliferation and 

differentiation [20, 46–48]. Findings from this study confirmed a pathogenic myomatrix 

architecture in animals exposed to As(III), and SHG with 3D reconstruction of injured 

muscles revealed that As(III) exposure resulted in a more aligned collagen fibril formation 

(Fig. 1E, 1G). Micro-structure-based models have shown that even small differences in the 

degree of fiber alignment may induce relevant mechanical anisotropy [49]. For example, 

considering a material with an elastic modulus of 7.5MPa, a 0.05 shift in the orientation 

index (OI) induces a 20%–30% strain difference between the two major material axes at a 

peak stress of 400 kPa [49]. Skeletal muscle from As(III)-exposed animals displayed a shift 

of nearly 0.09 in the OI, suggesting that exposure to As(III) dramatically alters skeletal 

muscle ECM biophysical properties.

The increased collagen fibril orientation observed in As(III)-exposed muscles is likely to 

contribute to the disorganized alignment of actively regenerating fibers, as observed in 

Figure 1E, 1G. At later time points after injury, the regenerating myofibers of animals 

Zhang et al. Page 9

Stem Cells. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



exposed to As(III) displayed a dramatically altered morphology which was characterized by 

a decreased myofiber density with a presumably compromised structural integrity (Fig. 5). 

These morphological alterations were consistent with a significantly decreased force 

producing capacity and fatigue resistance (Fig. 6).

Although previous studies have observed matrix remodeling in various tissues following 

As(III) exposure, the pathogenesis for such alterations remains largely unknown. MCT 

fibroblasts play a critical role in the production of matrix components, and recent findings 

have demonstrated that disrupted MCT fibroblast functioning at the site of an acute injury 

has been associated with impaired MuSC activation and decreased myofiber regeneration 

after injury [20, 21]. Fibroblasts are the primary cell type contributing to ECM synthesis 

following injury and, when unchecked, myofibroblast activity results in a pathogenic matrix 

deposition at the expense of functional myofiber regeneration [20, 21]. While MCT 

fibroblasts are generally activated in the presence of an acute lesion, it has been shown that 

the persistence of activated MCT fibroblasts, even in the absence of injury, may contribute to 

dramatic alterations in tissue structure and architecture [50]. In the liver, As(III) exposure 

was associated with an increased expression of αSMA-positive stellate cells, consistent with 

an upregulation of pre-fibrogenic cytokines, such as TGFβ, and collagen deposition [51]. 

Comparison of ECM-related gene expression in MCT fibroblasts isolated from control and 

As(III)-exposed mice revealed that As(III) induces a MCT fibroblast phenotype with 

sustained increased expression of collagen, elastin, and proteoglycan degrading proteases, 

matrix-devitalizing collagens, and pro-fibrotic regulatory factors. The majority of the 

increased transcripts share NF-κB transactivation (Fig. 4), and a consistent finding in cells 

isolated from As(III)-exposed uninjured or injured mice was four- to sixfold induction of 

Thrombospondin 2 gene (Thbs2) (Fig. 4), a known inducer of both NF-κB and fibrogenic 

repair [34, 35]. While it was not in the scope of the current studies to demonstrate that 

increased Thbs2 is essential for the As(III)-induced ECM remodeling, increased expression 

of Thbs2 is known to promote fibrosis and delay wound repair [34, 35, 52]. Thbs2 

overexpression would also be consistent with the enhanced redox state of the muscle tissues 

that we have reported previously [4] and may also contribute to increased oxidants and 

oxidant-stimulated NF-κB in both the injured and uninjured state [34, 53].

NF-κB is an upstream inducer of, or a co-activator with, transcription factors important for 

fibrogenesis and metalloproteinase expression [37, 54, 55], and NF-κB activation by As(III) 

has been reported previously [56]. Here, we demonstrate in As(III)-exposed animals that 

pharmacological inhibition of NF-κB, through the use of the Nemo Binding Domain (NBD) 

peptide to inhibit IκB kinase (IKKγ), restores the regenerative response as determined by 

improved structural and functional muscle recovery that mimics that observed in non-

exposed counterparts (Figs. (5 and 6)). IKK complexes promote degradation of IκB, thereby 

allowing for NF-κB translocation to the nucleus (reviewed in ref. [57]). Previous studies 

have demonstrated that blocking NF-κB or genetically eliminating NF-κB prevents muscle 

decline in a number of disease states, including cachexia and dystrophy, as well as in models 

of accelerated aging [36–39, 58]. In addition, dystrophic mice that were engineered to be 

heterozygously deficient for the p65 subunit of NF-κB displayed reduced inflammation and 

significantly increased myofiber regeneration when compared with controls.
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Although our results indicate that As(III) exposure drives NF-κB activation in MCT 

fibroblasts, we cannot exclude the possibility that the enhanced functional recovery of 

As(III)-exposed muscles following inhibition of NF-κB is attributed to primary effects on 

other cell populations, including MuSCs. It was recently demonstrated that muscle 

progenitor cells isolated from RelA/p65+/− mice display enhanced cell proliferation and 

improved myogenic differentiation [59]. However, given the importance of appropriate MCT 

fibroblast functioning for MuSC responses and myofiber regeneration [20, 21], it is possible 

that enhanced the enhanced function observed in MuSCs isolated from RelA/p65+/− mice 

may be attributed, at least in part, to the fact that they resided in vivo in a more favorable 

biophysical environment, thereby enhancing intrinsic cell characteristics. The data in Figure 

1E, 1G demonstrate that As(III) causes remodeling of the myomatrix (a property that is 

likely to be attributed to aberrant fibroblast function) before injury. Moreover, As(III) ECM 

remodeling before injury was sufficient to direct naïve MuSC towards fibrogenic 

differentiation. This would be consistent with recent findings by Cosgrove et al. 

demonstrating that substrate characteristics are important determinants of cell-intrinsic 

characteristics, including senescence, self-renewal and myogenicity [48]. Future studies 

should seek to further untangle the role of the myomatrix on MuSC behavior following 

chronic As(III) exposure as well as in other models of impaired muscle healing, including 

aging and myopathy. It is also probable that As(III)-induced MCT fibroblast alterations exert 

a direct effect on MuSC functioning, as multiple studies have shown the critical role of non-

muscle cell populations in driving MuSC responses following an acute muscle injury [20, 

60–62].

Summray

In summary, these studies demonstrate that environmentally relevant levels of As(III), found 

in the drinking water of millions of individuals worldwide, induces impaired skeletal muscle 

regeneration after injury and subsequent muscle weakness that is associated with 

upregulation of matrix remodeling genes in MCT fibroblasts. The implication is that a 

number of people who display a poor capacity for healing after injury, which may have 

previously been disregarded as insidious in nature, may be displaying adverse consequences 

of their environmental exposures. The findings suggest that NF-κB signaling serves as an 

important mechanism of action for the deleterious effects of As(III) on tissue healing, 

findings which may facilitate the future selection of strategies to prevent or revert the effects 

of As(III) on muscle maintenance and regenerative capacity. More broadly, we demonstrate 

that biophysical and biochemical characteristics of the native ECM influence stem cell fate, 

and may play an important role in dictating skeletal muscle regenerative capacity.
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SIGNIFICANCE STATEMENT

Environmental toxicants, such as arsenic in drinking water, pose a significant and 

commonly encountered risk for causing skeletal muscle myopathies and atrophy; 

impairments that are among the greatest factors contributing to declines in functional 

mobility and strong predictors of mortality. Negative impact of chronic exposure to 

arsenic or other environmental toxicants on muscle stem cell biology and their local 

microenvironment represents an important pathogenic mechanism for reducing the 

capacity of these cells to maintain and regenerate muscle tissue. An improved 

understanding of arsenical effects on stem cell regenerative capacity in the etiology of 

arsenic-induced muscle weakness and fatigue will provide strategies for improving 

outcomes in patients in arsenic-endemic areas and for increasing basic knowledge of 

mechanisms through which environmental exposures impair stem cell function.
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Figure 1. 
Exposure to arsenic does not render the muscle more susceptible to injury, but results in a 

decreased regeneration and disrupted matrix deposition 10 days after injury. (A): The 

average number of Evans blue positive myofibers/cross-section in control and arsenic-

exposed muscle after 1 day following cardiotoxin injection. (B): Average number of 

myofibers/cross-sectional area 10 days after cardiotoxin injection. (C): Evans blue auto-

fluorescence in control and arsenic-exposed myofibers (red = Evans blue, blue = DAPI). n = 

4 per group, p > 0.05 according to a two-tailed Student’s t-test. Scale bar 5 100 µm. (D): 

Laminin α2 staining in control and arsenic-exposed muscles (green 5 Laminin α2, blue = 

DAPI). n = 4 per group, **, p < 0.01, according to a two-tailed Student’s t-test. Scale bar 5 

50 µm. (E):Second harmonics generation imaging of muscles exposed to 0 or 100 µg/

LAs(III) for 5 weeks reveals an impaired myo-fiber regeneration and disrupted matrix 

remodeling with exposure to As(III)(Collagen fibers in red; myofibers in green). Ten days 

after injury, As(III)-exposed muscles demonstrate an increased collagen fibril alignment, as 

calculated by the orientation index (OI). (F): Schematic representation of OI. (G): OI of 
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control and As (III) exposed muscles. (n = 3 in control and n = 4 in As (III) group, *, p < 

0.05, 11– 13 stacked images/sample, right panel). Abbreviations: EBD, Evans blue dye; OI, 

orientation index.
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Figure 2. 
As(III) exposure impairs recovery of muscle function four weeks after injury. Four weeks 

after cardiotoxin injury, in situ contractile testing of tetanic force production in the anterior 

leg muscle compartment was measured. Data are mean ± SEM of specific force for As(III)-

exposed muscles (solid markers), compared with controls (open markers). *Significant 

difference when compared with control as determined by a one-way analysis of variance (p 
< 0.05, n = 7–8 per group).
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Figure 3. 
The myomatrix from As(III)-exposed animals drives MuSC towards a fibrogenic lineage. 

Human MuSCs were seeded onto decellularized muscle constructs from animals exposed to 

0 or 100 µg/LAs(III) for 5 weeks. Cell-seeded constructs were maintained in differentiation-

promoting conditions for 3 days, after which time constructs were preserved for histological 

analysis of desmin or Tcf4 expression. (A): Schematic representation of experimental 

design. (B): Representative second harmonics generation images of decellularized muscle 

constructs derived from control and As(III)-derived constructs. (C): Immunofluroescence of 

desmin, a myogenic marker, (green), and Tcf4, a transcription factor of fibroblasts (red), of 

cells seeded onto decellularized matrices. (D): The percentage of cells staining positive for 

desmin or Tcf4 of cells seeded onto constructs derived from control or As(III)-exposed 

constructs, **, p < 0.01. Scale bars = 100 µm. Abbreviations: hMuSC, human muscle stem 

cell.
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Figure 4. 
Fibroblast extracellular matrix (ECM) transcript expression in recovery. MCT fibroblasts 

were isolated from control, injured, As(III)-exposed, or As(III)-exposed and injured mice. 

More than 90% of the cells were positive for Tcf4, a transcription factor of fibroblasts (A; 

Scale bar = 50 µm). (B–D): Cells were cultured for two passages in the absence of As(III) 

before RNA was isolated and transcripts were measured with an ECM-targeted quantitative 

polymerase chain reaction array. Transcript abundance was normalized to a suite of house-

keeping genes and the graphs present the fold increase in transcripts in cells isolated from 

As(III)-exposed mice (B), injured mice (C), and As(III)-exposed, injured mice (D), relative 

to transcript abundance in uninjured, control mice. Red bars are NF-κB driven genes and the 

striped bar codes for Thbs2 that stimulates NF-κB. Abbreviations: DAPI, 4’,6-diamidino-2-

phenylindole.
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Figure 5. 
As(III) exposure disrupts myofiber regeneration after injury. (A): Schematic representation 

of experimental design. A peptide inhibitor of NF-κB activation (eight lysine protein 

transduction domain (8K)/NEMO binding domain [8K-NBD]) was administered to control 

and As(III)-exposed mice for 5 weeks before cardiotoxin injury (vehicle = DMSO). After 4 

weeks of recovery, functional testing of anterior muscle contractility and morphological 

analysis of muscle fibers were conducted. (B): Second harmonics generation imaging with 

3D reconstruction of tibialis anterior muscle 4 weeks after injury. (C): Volumetric 
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quantification of myofibers across 4 experimental groups. Scale bar 5 upper left panel-40 

µm, lower left panel-50 µm. Abbreviations: 8K-NBD, eight lysine protein transduction 

domain (8K)/NEMO binding domain; SHG, second harmonics generation.
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Figure 6. 
Inhibition of NF-κB during As(III) exposure preserves skeletal muscle recovery after an 

acute injury. (A): In situ contractile testing 4 weeks after an acute injury revealed that 

As(III)-exposed muscles (closed circles, n = 7) displayed decreased specific tetanic force 

when stimulated at 100 Hz, relative to control (open circles, n = 6). The As(III)-exposed 

muscles also failed to recover to control levels of tetanic force by 10 minutes after fatigue 

(B). Inhibiting NF-κB with eight lysine protein transduction domain (8K)/NEMO binding 

domain (8K-NBD) peptide (open triangles, n = 3) during the exposure period did not affect 

the recovery from injury of specific force (A) or recovery from fatigue (B), relative to 

controls. However, inhibiting NF-κB in As(III)-exposed mice (closed triangles; n = 4), 

prevented As(III)-related decreases in all three muscle endpoints. **, p < 0.01. In (A), 

As(III) and 8K-NBD are significantly less than Control and As(III)+8K-NBD. In (B), 

As(III) is significantly different from control and As(III)+8K-NBD. Abbreviation: 8K-NBD, 

eight lysine protein transduction domain (8K)/NEMO binding domain.
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