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Abstract

Hyperhomocysteinemia (HHcy) is known for causing inflammation and vas-

cular remodeling, particularly through production of reactive oxygen species

(ROS) and matrix metalloproteinase-9 (MMP-9) activation. Although its

effect on the skeletal muscle is unclear, HHcy can cause skeletal muscle weak-

ness and functional impairment by induction of inflammatory mediators and

macrophage mediated injury. Exercise has been shown to reduce homocys-

teine levels and therefore, could serve as a promising intervention for HHcy.

The purpose of this study was to investigate whether HHcy causes skeletal

muscle fibrosis through induction of inflammation and determine whether

exercise can mitigate these effects. C57BL/6J (WT) and CBS+/� (HHcy) mice

were administered a 6 weeks treadmill exercise protocol. Hindlimb perfusion

was measured via laser Doppler. Measurement of skeletal muscle protein

expression was done by western blot. Levels of skeletal muscle MMP-9 mRNA

were determined by qPCR. Collagen deposition in the skeletal muscle was

measured using Masson’s trichrome staining. In CBS+/� mice, HHcy mani-

fested with decreased body weight and femoral artery lumen diameter, as well

as a trend of lower hindlimb perfusion. These mice displayed increased wall

to lumen ratio, mean arterial blood pressure, collagen deposition, and elevated

myostatin protein expression. Exercise mitigated the effects above in CBS+/�
mice. Skeletal muscle from CBS+/� mice had elevated markers of remodeling

and hypoxia: iNOS, EMMPRIN, and MMP-9. We conclude that HHcy causes

skeletal muscle fibrosis possibly through induction of EMMPRIN/MMP-9 and

exercise is capable of mitigating the pathologies associated with HHcy.

Introduction

Homocysteine (Hcy) is a nonprotein forming, nonessential

amino acid derived from methionine. Hyperhomocysteine-

mia (HHcy), a condition where the plasma homocysteine

concentration is >15 lmol/L, is a known risk factor for

hypertension, atherosclerosis, abdominal aortic aneurysms,

and diabetes (Sutton-Tyrrell et al. 1997; Bortolotto et al.

1999; Signorello et al. 2007; Wiernicki et al. 2011; Zheng

et al. 2013). Insufficient dietary folate, elevated methionine

consumption, or genetic defects to Hcy metabolizing

enzymes lead to elevated plasma Hcy. People and animals

with HHcy display inflammation and pathological remod-

eling of their cardiac and vascular smooth muscle (Bor-

tolotto et al. 1999; Mujumdar et al. 2002; Shai et al. 2004;

Signorello et al. 2007; Zheng et al. 2013). Muscle remodel-

ing involves degradation and regeneration of fibrous extra-

cellular matrix (ECM) proteins such as collagen, elastin,

and fibronectin. This associated remodeling occurs with

chronic inflammation and is characterized by excessive col-

lagen deposition and elastin depletion, resulting in muscu-

lar fibrosis (Gillies and Lieber 2011).

Homocysteine induces several inflammation related fac-

tors such as reactive oxygen species (ROS), matrix
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metalloproteinase-9 (MMP-9), and stimulation of macro-

phage migration through chemotaxis (Wang et al. 2001;

Tyagi et al. 2009; Lee et al. 2012). MMP-9 is an endopro-

teinase that degrades collagen within the ECM, eliciting

structural remodeling of the tissue. Its ability to degrade

the ECM has been implicated in cardiovascular remodel-

ing (Spinale et al. 2000; Tyagi et al. 2010) and is strongly

associated with heart failure, hypertension, arterial stiff-

ness, and positively correlates with Hcy levels (Spinale

et al. 2000; Yasmin et al. 2005; Onal et al. 2009; Wier-

nicki et al. 2011). MMP-9 is stimulated through activa-

tion of extracellular matrix metalloproteinase inducer

(EMMPRIN) via p38 MAPK stimulation (Huang et al.,

2011; Reddy et al. 2010), as well as through extracellular

signal-regulated kinase (ERK)/nuclear factor-jB (NF-jB)-
dependent activator protein (AP-1) activation (Fan et al.

2011; Lee et al. 2012; Moshal et al. 2006; Reddy et al.

2010; Tyagi et al. 2009). In healthy muscles, MMP-9 is

involved in the repair and remodeling of the tissue as well

as angiogenesis (Kherif et al. 1999; Lewis et al. 2000;

Mackey et al. 2004; Zimowska et al. 2008; Chen and Li

2009; Bellafiore et al. 2013). Previous research has

demonstrated that MMP-9 is crucial for the onset of

angiogenesis (Bellafiore et al. 2013) and for maintaining

proper compliance and distensibility of arteries (Flamant

et al. 2007). During growth and repair of skeletal muscle,

MMP-9 has been shown to stimulate satellite cell migra-

tion and differentiation through degradation of the ECM

basement membrane, assisting with their mobility into

the muscle (Kherif et al. 1999; Lewis et al. 2000;

Zimowska et al. 2008; Chen and Li 2009).

However, excess inflammation and oxidative stress can lead

to abnormal activation of MMP-9, leading to degradation of

the ECM, abnormal vascular remodeling and endothelial dys-

function (Wallace et al. 2005; Onal et al. 2009).

Tyagi et al. (2010) demonstrated that mitochondrial

oxidative stress and activation of MMP-9 leads to degra-

dation of the gap junction protein, connexin-43 (Cx-43)

in the myocardium. Degradation of Cx-43 elicits fibrosis

and ventricular dysfunction. Another study by Onal et al.

(2009) confirms the finding that MMP-9 levels are higher

in individuals with hypertension and that antihypertensive

treatment lowers MMP-9 to control group levels. Further-

more, MMP-9 is induced by extracellular matrix metallo-

proteinase inducer (EMMPRIN) in the atherosclerotic

carotid lesion of advanced atherosclerotic plaque, leading

to abnormal ECM remodeling and atheroma instability

(Yoon et al. 2005). Extensive research has demonstrated

that EMMPRIN is a potent inducer of MMP-9 through a

p38/ERK/NF-jB pathway (Yoon et al. 2005; Reddy et al.

2010; Yuan et al. 2010; Fan et al. 2011; Tarin et al. 2011).

Wallace et al. (2005) demonstrate that patients with iso-

lated systolic hypertension had significantly elevated

MMP-9 levels and higher pulse wave velocities (PWV, a

measure of arterial stiffness) when compared to age-

matched controls. It was determined that MMP-9 levels

correlated linearly with PWV, suggesting that MMP-9

may be, at least in part, a cause of arterial stiffening and

hypertension.

Limb immobilization, diabetes, and muscular dystrophy

all display pathological remodeling through excessive skele-

tal muscle fibrosis (Duance et al. 1980; Williams and Gold-

spink 1984, Berria et al. 2006; Alexakis et al. 2007). MMP-9

is normally present in the skeletal muscle, but HHcy-

induced inflammation may cause adverse skeletal muscle

remodeling through changes in the MMP-9 activity or levels

or both. HHcy is a well-known stimulus for MMP-9 activity

(Moshal et al. 2006; Tyagi et al. 2009; Wiernicki et al. 2011;

Lee et al. 2012). Hcy stimulates MMP-9 production in sev-

eral cell types including ventricular endothelial cells, brain

endothelial cells, and macrophages. Studies suggest that

Hcy largely upregulates MMP-9 expression in these cell lines

through an oxidative stress induced ERK/AP-1 pathway

(Moshal et al. 2006; Tyagi et al. 2009; Lee et al. 2012). Tyagi

et al. (2009) determined that HHcy also induces MMP-9

activation through ERK, leading to degradation of the extra-

cellular matrix. It was shown that homocysteine acts as an

antagonist of the gamma-aminobutyric acid A (GABA-A)

receptor, leading to increased ROS production, increased

MMP-9 activity, and decreased NO production through the

uncoupling of eNOS. Skeletal muscles show high metabolic

activity and therefore require rich blood supply for optimal

function (Holloszy and Coyle 1984; Saltin et al. 1998).

Impaired perfusion reduces clearance of metabolic oxidative

byproducts, thereby promoting inflammation. With HHcy

impairing blood flow through vascular dysfunction, it is

very plausible that HHcy could also promote or exacerbate

pathological remodeling of skeletal muscle.

HHcy individuals elicit lower maximal grip strength

and impaired function of daily activities when compared

to healthy counterparts (Swart et al. 2013). In CBS+/�
mice, a model for HHcy, angiogenesis induced by hin-

dlimb reperfusion after femoral artery ligation is signifi-

cantly impaired (Veeranki et al. 2014). Other research

demonstrates that CBS+/� skeletal muscle is more fatiga-

ble and produces less contractile force than wild-type

(WT) mice. It was determined that the skeletal muscle

has blunted ATP production, which may result in greater

fatigability (Veeranki et al. 2015). CBS+/� skeletal muscle

has decreased dystrophin and mitochondria transcription

factor A (mtTFA) protein expression compared to wild

type, indicating that the skeletal muscle is structurally

impaired and has lower mitochondrial activity. These

results were accompanied by an increase in mir-31 and

mir-494, which, respectively, inhibit dystrophin and

mtTFA. Additionally, there was a significant decrease in
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nuclear respiratory factor-1 (NRF-1) expression, which is

a transcriptional promoter of mtTFA. With the exception

of dystrophin, all of the molecular changes observed in

CBS+/� were reversed with implementation of a 4-week

swimming exercise regimen.

It has been well established that regular exercise is asso-

ciated with improvements in overall physical fitness,

maintenance of health, a decreased risk of many disease

states, and more recently, alleviation of many disease

pathologies (Fiuza-Luces et al. 2013). Exercise increases

the capillary density surrounding individual skeletal mus-

cle fibers and improves tissue oxygen extraction due to

greater gas diffusion. Moreover, exercise is capable of

lowering Hcy levels, suggesting that exercise can poten-

tially negate the adverse effects of HHcy on different

organs (Randeva et al. 2002; K€onig et al. 2003; Vincent

et al. 2006; Hrncic et al. 2013; Neuman et al. 2013). Neu-

man et al. (2013) demonstrated that exercise was capable

of preventing the induction of HHcy that was stimulated

by 7 weeks of a folate restricted diet in mouse models.

The low folate diet group that was not exercised displayed

significant increases in Hcy levels when compared to

nonexercise controls and controls receiving exercise. This

prevention of hyperhomocysteinemia was associated with

a twofold increase in renal betaine-homocysteine S-

methyltransferase (BHMT) activity.

With HHcy clearly causing functional changes to vas-

cular and skeletal muscles, it is imperative to further

investigate these changes. The purpose of this study was

to investigate whether HHcy leads to impaired skeletal

muscle function through impaired perfusion and abnor-

mal fibrosis due to structural remodeling. We hypothe-

sized that HHcy impairs perfusion and promotes

pathological remodeling in the skeletal muscle through

induction of the inflammatory process. We believe that

implementation of the 6-week treadmill exercise regimen

would mitigate the deleterious effects induced by HHcy.

Methods

Animals and animal care

C57BL/6J (WT) and CBS+/� (B6129P2) mice were

obtained from Jackson Laboratories. CBS+/� mice are

heterozygous knockout mice that display HHcy and are

based on the C57 WT model. Animals were kept in our

laboratory’s animal facility which exposes them to 12 h of

light and 12 h of dark daily. They were fed normal chow

and had free access to a fresh water supply. For harvesting

tissues, animals were fully anesthetized using tribro-

moethanol and euthanized via exsanguination. These

methodologies are both considered humane and appro-

priate procedures by the University’s IACUC.

Gastrocnemius muscles were harvested for analysis and

snap frozen in liquid nitrogen for western blotting and

PCR analysis or cryopreserved in Peel-A-Way disposable

tissue molds (Polysciences, Warrington, PA) containing

tissue freezing medium (Triangle Biomedical Sciences;

Durham, NC) by freezing in liquid nitrogen for cryosec-

tioning.

Exercise protocol

Both strains of mice had one control group that did not

exercise and another group that was exercised on a tread-

mill (Columbus Instruments; Columbus, OH) for

6 weeks. The treadmill protocol was personally designed

while following mouse exercise guidelines as outlined in

the “Resource Book for the Design of Animal Exercise

Protocols,” which was published by the American Physio-

logical Society in February of 2006 (Kregel et al. 2006).

Prior to starting the exercise regimen, mice were acclima-

tized to the treadmill for 5 days by placing them in the

lanes for 20 min each day without belt movement. Mice

were exercised 5 days/week for a 6-week period with

increasing intensity each day. The first 2 weeks were low

intensity to allow for proper acclimatization to a moving

belt on the treadmill. The protocol consisted of standard

training phase for 20 min followed by a high-intensity

sprint phase with the intent of inducing muscular hyper-

trophy. Before the start of the study, it was determined

that most mouse models had a very difficult time running

at speeds greater than 20 m/min for more than a very

short duration. To ensure that the protocol finished at a

high intensity, a final training speed of 17 m/min (85%

max speed at baseline) with a final sprint phase speed of

20 m/min (100% of max speed at baseline) were utilized.

On the first day of exercise training, the mice began the

training phase at 5 m/min for 20 min (or 100 m in

20 min) and a 15 m/min sprint speed for 10 m. The

training phase increased by 0.5 m/min every day for the

duration of the protocol until it reached 17 m/min for

20 min (or 340 m in 20 min) during the final week,

where the speed was held constant for the final five train-

ing sessions. The sprint phase distance at 15 m/min

increased by 5 m every training session until the halfway

point where a combination of 15 m/min and 20 m/min

training speeds were utilized for 11 training sessions, fol-

lowed by 10 training sessions at 20 m/min for increased

distance. See Figure 1 and Table 1 for clarification.

Blood pressure measurements

Blood pressure data was collected before the start of exer-

cise (or control) and again 2 days following the comple-

tion of exercise training (or 6 weeks of control).
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Measurements were taken using the noninvasive tail cuff

method (CODA; Kent Scientific: Torrington, CT). Ani-

mals were physically restrained using polymer harnesses

designed for use with this system. The animals were

placed on a warming platform for 10 min at 37°C to

allow them to acclimate. Mean blood pressure measure-

ments were recorded.

Antibodies and reagents

Antibodies for myostatin and MMP-9 were purchased

from Abcam (Cambridge, MA), EMMPRIN and iNOS

antibodies and all secondary antibodies were purchased

from Santa Cruz Biotechnologies (Santa Cruz, CA). The

glyceraldehyde 3-phosphate dehydrogenase (GAPDH )

antibody was purchased from EMD Millipore (Billerica,

MA). All PCR primers were purchased from Invitrogen

(Carlsbad, CA).

Laser Doppler imaging

To measure the blood perfusion of the femoral artery,

anesthetized mice were placed in supine position and the

femoral artery of the left hind limb was surgically exposed.

Femoral artery perfusion was measured using a laser Dop-

pler imager (MoorLDI; Moor Instruments: Devon, UK) for

a period of 2 min. The mean perfusion over the 2 min per-

iod was calculated and used for analysis.

Ultrasound imaging

Ultrasonography was performed before the commence-

ment of exercise regimen and at completion that is after

6 weeks. Mice were anesthetized by isofluorane and placed

on a warming platform at 37°C, and a commercial hair

removal chemical was used for limb depilation. Imaging of

the femoral artery was performed using a Vevo 2100 ultra-

sound Doppler (Visual Sonics, Toronto, ON, Canada). The

femoral artery was imaged using a MS550D (22–55 mHz)

transducer. The B-Mode imaging program was used to

obtain clear cross-sectional images of the femoral artery for

measuring the lumen diameter and wall to lumen ratio.

Collagen staining

A Masson’s trichrome staining kit (Richard Allan Scien-

tific; Kalamazoo, MI) was used to detect collagen deposi-

tion in the gastrocnemius muscle. Cryosections were

stained following the manufacturer’s instructions. Colla-

gen deposition is displayed as a blue color. All images

were captured with an Olympus FluoView 1000 light

microscope (B&B Microscope Ltd.; Pittsburgh, PA). Mea-

surement of collagen content was performed using Image

J software (NIH free software download).

Real-time PCR or qPCR

Total RNA was isolated from mouse gastrocnemius tissue

using Trizol reagent (Invitrogen; Carlsbad, CA). Purified

RNA (1 lg) was reverse transcribed using the Bio Rad

iScript Reverse Transcription system (Hercules, CA)

according to the manufacturer’s instruction. cDNA pro-

duct, primers, nuclease free water, and SYBR Green reac-

tion mix (Qiagen; Gaithersburg, MD) were added a 96-

well plate and the gene sequences were amplified for 55

cycles using a Roche Light Cycler.

Figure 1. Line graph representation of the exercise protocol.
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Western blotting

Gastrocnemius tissues were homogenized and lysed in

radioimmunoprecipitation assay (RIPA) lysis buffer, supple-

mented with a protease inhibitor cocktail, phenylmethane-

sulfonylfluoride (PMSF) and sodium orthovanadate.

Lysates were then sonicated for 5 sec each and then cen-

trifuged at 5900 g for 10 min. Precipitates (protein) were

then transferred to a new tube. Protein concentrations

were determined via a Bradford protein estimation assay

to ensure equal protein loading, then samples were run

on an SDS polyacrylamide gel in Tris-glycine SDS buffer

for proper protein separation and were then transferred

electrophoretically onto a PVDF membrane overnight at

4°. The membrane was blocked in a 5% milk TBST solu-

tion for 1 h. All primary antibodies were diluted at a con-

centration of 1:1000 in TBST and membranes were

incubated with primary antibody solution overnight at 4°.
After primary incubation, the membranes were washed

three times with TBST solution then incubated with a

secondary HRP-conjugated antibody solution for 1 h at

room temperature. Membranes were then washed three

more times with TBST then developed using a chemilu-

minescent substrate in a BioRad Chemidoc (Hercules,

CA). Band intensity was determined using BioRad Image-

Lab software. All proteins of interest were normalized to

the values of GAPDH.

Statistical analysis

Statistical analysis was performed using both Microsoft

Excel and Primer of Biostatistics software (Version 7). The

Primer of Biostatistics software was used to perform a one-

way ANOVA followed by multiple comparisons analysis

with Bonferroni correction. This analysis was performed

on the laser Doppler perfusion, mean blood pressure, and

% collagen measurements to determine differences

between the means of many groups. Microsoft Excel was

used to perform independent t-tests to determine mean

differences in all other assays. An alpha level of P < 0.05

was used to determine statistical significance. All values are

presented as mean � standard error of the mean.

Results

Changes in body mass

At baseline, CBS+/� mice have significantly reduced body

weight when compared to WT (23.7 � 1.0 vs.

27.3 � 0.92 g, respectively). After exercise, CBS+/� mice

gained a significant amount of body weight (from 23.7 to

25.5 � 0.49 g), but no change was observed in WT.

However, CBS+/� mice were still significantly under-

weight compared to WT (Fig. 2).

Blood pressure measurements

CBS+/� mice exhibit significantly higher mean blood

pressures than WT mice (122.0 � 2.8 vs.

83.8 � 1.6 mmHg, respectively) at baseline. After

6 weeks, nonexercise CBS+/� did not see a significant

change in blood pressure due to age, but it was still sig-

nificantly higher than all other groups. However, with

6 weeks of exercise, mean blood pressure in CBS+/� mice

significantly decreased when compared to preexercise con-

ditions (122.0 vs. 87.1 � 4.4 mmHg, respectively), as well

as nonexercise CBS+/� (125.0 � 2.2 mmHg), and were

no longer significantly different from WT. (Fig. 3).

Hindlimb perfusion alterations

Perfusion of the femoral artery appeared lower in CBS+/�
nonexercise mice when compared to WT nonexercise;

Table 1. Table layout of the exercise protocol.

Day of

training

Speed for

20 min (m/min)

Distance at

15 m/min

Distance at

20 m/min

1 5 10 0

2 5.5 15 0

3 6 20 0

4 6.5 25 0

5 7 30 0

6 7.5 35 0

7 8 40 0

8 8.5 45 0

9 9 50 0

10 9.5 50 5

11 10 50 10

12 10.5 50 15

13 11 50 20

14 11.5 50 25

15 12 50 30

16 12.5 50 35

17 13 50 40

18 13.5 50 45

19 14 50 50

20 14.5 50 50

21 15 0 80

22 15.5 0 85

23 16 0 90

24 16.5 0 95

25 17 0 100

26 17 0 100

27 17 0 100

28 17 0 100

29 17 0 100

30 17 0 100
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however, it did not reach statistical significance

(1775.9 � 78 vs. 2055 � 151 AU; P = 0.17). With exer-

cise training, the perfusion was significantly increased

from baseline in C57 and CBS+/� (2443.5 � 50 and

2415.8 � 58, respectively). After exercise, perfusion in

CBS+/� mice underwent a much greater change from the

baseline when compared to that of the change from the

WT postexercise group, indicating that exercise could

reverse the trend of impaired perfusion of the hind limb

during HHcy (Fig. 4).

Effects on the wall to lumen ratio and
lumen diameter

The wall to lumen ratio, which is inversely correlated

with cardiovascular health, was significantly elevated in

CBS+/� mice when compared WT at baseline

(0.45 � 0.009 vs. 0.27 � 0.03). With exercise interven-

tion, the wall to lumen ratio in CBS+/� mice was signifi-

cantly reduced when compared to baseline (0.36 � 0.022

vs. 0.45, respectively). However, it was still significantly

higher than WT postexercise (0.24 � 0.007). The lumen

diameter of the femoral artery was also significantly

declined in CBS+/� mice when compared to WT at base-

line (0.204 � 0.00 mm vs. 0.264 � 0.00 mm, respec-

tively), but was significantly increased by exercise

(0.242 + 0.00 mm). Postexercise lumen diameter in

CBS+/� mice was not significantly different from WT

pre- or postexercise (Fig. 5). The greater change in the

luminal diameter observed after exercise during HHcy

condition implies that exercise can ameliorate HHcy-

mediated abnormal changes in vascular resistance and

vascular wall remodeling.

Collagen presence

To determine if the impairment in hindlimb perfusion

translated to increased fibrosis of the hindlimb skeletal

muscle, collagen staining was performed on gastrocnemius

sections. Indeed, nonexercise CBS+/� gastrocnemius tis-

sues displayed significantly higher collagen content than
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Figure 2. HHcy leads to decreased body mass, but is mitigated by

exercise training. The above data show that (A) CBS+/� mice have

lower body weight compared to all other mouse groups used and

(B) exercise training mitigates the weight difference between CBS+/

� and WT. Data are displayed as mean � SEM. n = 4 for each
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Figure 3. Exercise training mitigates HHcy-induced hypertension. The above data are a representation of mean blood pressure measures for all
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than every other group at baseline and this is completely mitigated after 6 weeks of exercise. Data are represented as mean � SEM. n = 9, 4,

4, 7, 5, and 5 for C57 Baseline, NE, Ex, CBS Baseline, NE, and Ex, respectively; Some MBP measures were unable to be successfully obtained;
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observed in WT (14.0% collagen content vs. 2.4% in C57

controls). After exercise intervention, CBS+/� collagen

content significantly fell to 2.8%, making it similar to those

seen in C57 nonexercise or C57 + exercise mice. (Fig. 6).

Alterations to growth regulation of the
skeletal muscle

Western blot analysis of the gastrocnemius tissue

demonstrated that nonexercise CBS+/� mice have a

twofold increase in myostatin levels when compared to

nonexercise WT. Although myostatin demonstrated a

general decline with exercise in CBS+/� mice, it was

not quite significant (P = 0.055). Surprisingly, WT mice

demonstrated a significant increase in myostatin levels

with exercise when compared to the nonexercise WT

group (34% increase). However, postexercise myostatin

levels in WT and CBS+/� tissues were almost identical

(1.35- vs. 1.39-fold increase from nonexercise WT,

respectively), with no significant differences between the

two values. (Fig. 7).

Hyperhomocysteinemia elevates inducible
nitric oxide synthase

Western blotting revealed that nonexercise CBS+/� mice

express significantly greater iNOS protein when compared

to nonexercise WT (1.44-fold increase). As expected, exer-

cise increased iNOS in WT mice compared to their control

counterparts (1.38-fold increase). Such exercise mediated

iNOS expression was not observed in the CBS+/� mice

(Fig. 8).
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A

Figure 4. Exercise improves hindlimb perfusion in CBS+/� mice. Femoral artery perfusion is significantly increased with exercise. Flux was

measured using a laser Doppler imager. Data are represented as mean � SEM. n = 3 for all groups; P < 0.05; *different from corresponding

control group; #different from C57 NE.
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Hyperhomocysteinemia induces EMMPRIN
and MMP-9

EMMPRIN protein, a known inducer of MMP’s, was

upregulated in nonexercise CBS+/� gastrocnemius muscle

compared to nonexercise WT (1.53-fold elevation). Exer-

cise significantly reduced CBS+/� EMMPRIN levels, while

increasing levels in exercise WT compared to their nonex-

ercise counterparts (1.30- and 1.37-fold increase over

nonexercise WT, respectively). CBS+/� and WT exercise

groups were not significantly different from one another

in the EMMPRIN levels. Not surprisingly, MMP-9 mRNA

expression was significantly higher in CBS+/� controls

compared to WT controls (0.171 � 0.04 vs.

0.047 � 0.01, respectively) and was significantly reduced

with exercise (0.030 � 0.01). However, there were no sig-

nificant differences between the control and exercise C57

groups or between the exercised groups. Interestingly,

unlike the difference in mRNA expression, MMP-9 pro-

tein expression followed a very similar pattern to EMM-

PRIN protein expression. MMP-9 was significantly higher

(almost twofold) in nonexercise CBS+/� than nonexercise

WT and was significantly reduced with exercise. Exercise

increased MMP-9 levels in the WT exercise group and

there was no significant difference between the exercised

groups of WT and CBS+/� (1.39 � 0.13 and

1.52 � 0.064 fold higher than nonexercise WT, respec-

tively) (Fig. 9).

Discussion

HHcy is implicated in diseases, such as atherosclerosis,

heart disease, and diabetes, and is thought to cause multi-

organ damage (Sutton-Tyrrell et al. 1997; Bortolotto et al.
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Figure 5. HHcy causes an increased wall to lumen ratio and a decreased lumen diameter, but these effects are reversed with exercise training.

At baseline, CBS+/� mice have a significantly higher femoral artery (C) wall to lumen ratio and significantly lower (A and C) lumen diameter

when compared to C57 preexercise. Exercise mitigates these effects. Data are represented as mean � SEM. n = 3 for all groups; P < 0.05.

*Different from corresponding control group; #different from C57 NE.
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1999; Miller et al. 2000; Signorello et al. 2007; Zheng

et al. 2013). Recent research has demonstrated that HHcy

results in impaired responsiveness to ischemia/reperfusion

injury, lower muscle strength and functionality, increased

fatigability, and lower muscle ATP levels (Swart et al.

2013; Veeranki et al. 2014, 2015). However, the effects of

regular exercise on cardiovascular disease and skeletal

muscle function are known to be very beneficial. It has

also been established that exercise has the capability of

reducing homocysteine levels (Randeva et al. 2002; Neu-

man et al. 2013). Nevertheless, despite the abundance of

research on HHcy, there is very little information avail-

able regarding the molecular changes that HHcy induces

in the skeletal muscle tissue and there is even less infor-

mation available regarding the effects of exercise on these

changes. The present study demonstrates that HHcy

induces skeletal muscle fibrosis through induction of

remodeling factors and impairment of perfusion. This

study demonstrates that exercise is capable of attenuating

most of these effects.

In this study, CBS+/� (HHcy) mice displayed a 13.2%

decrease in body weight when compared to C57 (WT)

mice. These findings agree with previous clinical studies

that found patients with HHcy due to genetic defects to

have a significant reduction in body weight and muscle

mass (Kanwar et al. 1976; Kalra et al. 1985). CBS+/�
mice also demonstrated a significant elevation in mean

blood pressure, placing them well above normal levels

(122 mmHg). Not surprisingly, this elevation in blood

pressure was accompanied by significant reductions in

luminal diameter and perfusion of the femoral artery as

well as a significant increase in wall to lumen ratio. This

data indicates that HHcy is likely inducing adverse

remodeling of the vascular smooth muscle, causing a

thicker and less compliant vascular wall which will cause

elevated blood pressure. Our data agrees with previous

findings from our laboratory that suggests that CBS+/�
mice demonstrate a blunted response to ischemia/reperfu-

sion injury after femoral artery ligation (Veeranki et al.

2014). The CBS+/� mice demonstrated impaired devel-

opment of collateral vessels in the ischemic hind limb due

to impaired angiogenesis, which was caused by blunted

Figure 6. Exercise training mitigates HHcy-induced skeletal muscle fibrosis. Control CBS+/� mice have a significantly higher % of total

collagen in the gastrocnemius than every other group. Exercise training reverses this. Data are represented as mean � SEM. n = 5 for CBS ET,

n = 3 for all other groups; P < 0.0005 versus C57 NE and CBS ET.
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Figure 7. HHcy increases skeletal muscle growth inhibitor,

myostatin, and exercise training reverses the effects. Myostatin

protein expression is elevated in CBS NE gastrocnemius compared

to C57 NE and the expression is normalized with exercise. Data are

represented as mean � SEM. n = 3 for all groups; P < 0.01, 0.05

for CBS NE versus C57 NE and CBS NE versus CBS ET. #Different

from C57 NE. ***The corresponding bands depicted in the western

blot figure are all from the same gel and membrane. There were

many other nonrelevant samples run on the same gel and the band

are presented this way to avoid confusion.
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elevation of proangiogenic factors such as VEGF, HIF1-a,
and PGC-1a. Our findings are also supported by other

studies which demonstrate that HHcy is associated with

increased intraluminal thrombus thickness, aortic stiff-

ness, systolic hypertension, and myocardial impairment

(Sutton-Tyrrell et al. 1997; Bortolotto et al. 1999; Wier-

nicki et al. 2011; Zheng et al. 2013). Bortolotto et al.

(1999) demonstrated that in 236 hypertensive patients,

individuals with two or three sites of clinical vascular dis-

ease had significantly higher plasma homocysteine levels

than hypertensive patients with no clinical vascular dis-

ease. Accompanying impaired angiogenesis and vascular

disease, other studies demonstrate that Hcy promotes the

formation of ROS and diminishes nitric oxide production

in the vasculature, which are both associated with

impaired endothelial responsiveness and hypertension

(Signorello et al. 2007; Tyagi et al. 2009).

With HHcy likely causing impaired perfusion to the

hind limb and skeletal muscle weakness, it would seem

likely that the skeletal muscle in CBS+/� mice would dis-

play signs of fibrosis. Indeed, this study demonstrated

that the CBS+/� gastrocnemius muscle displayed a sixfold

increase in skeletal muscle collagen deposition when com-

pared to C57 controls. Excessive collagen deposition,

which is a hallmark of muscular fibrosis, leads to

increased rigidity and decreased functionality of skeletal

muscle (Gillies and Lieber 2011; Dodd et al. 2014). These

findings support other studies that suggest that HHcy

induces skeletal muscle weakness and impaired function-

ality, which could clearly be caused by muscular fibrosis

(Swart et al. 2013; Veeranki et al. 2015).

Interestingly, this data demonstrates that with imple-

mentation of a 6 week treadmill exercise program these

CBS+/� mice demonstrate increased weight gain, femoral

artery perfusion, and lumen diameter. This study also

found a complete reversal of the hypertension and colla-

gen deposition, as well as a decrease in the CBS+/� wall

to lumen ratio. With a decreased body mass and elevated

fibrosis and impaired metabolic activity in CBS+/� skele-

tal muscle, it was important to determine whether or not

the skeletal muscle growth was being impaired by

changes in molecular growth factors. The data suggests

that CBS+/� gastrocnemius muscle had a twofold

increase in expression of myostatin protein, a muscle

growth inhibitor, when compared to C57 controls. As

expected, myostatin levels in CBS+/� mice were signifi-

cantly reduced with exercise and were reduced to the

same levels as seen in exercised C57 mice. Interestingly,

there was an observed increase in myostatin levels in C57

exercise mice compared to their control counterparts.

This exercise protocol was designed for moderate to high

intensity by the end of the protocol to ensure muscular

hypertrophy as seen in some resistance training pro-

grams. The finding that myostatin increased in the skele-

tal muscle of C57 mice with exercise training is

supported by findings from Willoughby 2004. This

author found that 12 weeks of resistance training in 22

healthy males resulted in not only elevated body mass,

muscle mass, and strength, but also demonstrated

increases in myostatin mRNA, myostatin, and follistatin-

like related gene, another inhibitor of myostatin (Wil-

loughby 2004). Furthermore, unchecked myostatin levels,

as seen in control CBS+/� mice, has been shown to

directly increase fibroblast activity, which in turn,

increases macrophage activity (McCroskery et al. 2005;

Vidal et al. 2008). Seeing as both macrophages and
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Figure 8. HHcy elevates iNOS in skeletal muscle. iNOS protein expression is elevated in control CBS+/� mice when compared to C57 NE. Band

density was determined through densitometry analysis. Data are represented as mean � SEM. n = 3 for C57 NE and ET, n = 4 for CBS NE and

ET; P < 0.005 for CBS NE versus C57 NE for iNOS. #Different from C57 NE. ***The corresponding bands depicted in the western blot figure are
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fibroblasts are implicated in muscular fibrosis, it makes

sense that control CBS+/� mice, which overexpress myo-

statin, would have fibrotic muscle tissue. The findings

that iNOS is induced in the gastrocnemius muscle of

control CBS+/� mice and exercised C57 mice is not sur-

prising, as it is commonly induced during states of

hypoxia, including exercise (Hambrecht et al. 1999).

As expected with HHcy, MMP-9 mRNA, and protein

expression as well as protein expression of its inducer,

EMMPRIN, were all significantly elevated in CBS+/�
mice when compared to C57 controls. Interestingly,

EMMPRIN and MMP-9 protein levels are both signifi-

cantly increased with exercise training in C57 mice.

Although MMP-9 has been associated with numerous
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Figure 9. Exercise training mitigates HHcy induction of EMMPRIN and MMP-9. (A) MMP-9 mRNA is induced in control CBS+/� gastrocnemius

compared to C57 NE. Exercise causes a significant decrease in this expression. Data are represented as mean � SEM. n = 4 for C57 NE, n = 3

for C57 ET and CBS NE, n = 5 for CBS ET; P < 0.05, 0.01 for CBS NE versus C57 NE and CBS NE VS CBS ET, respectively for MMP-9 mRNA.
*Different from corresponding control group; #different from C57 NE. (B) EMMPRIN protein and (C) MMP-9 protein are induced in control

CBS+/� gastrocnemius compared to C57 NE. Exercise causes a significant decrease in both of these values. Data are represented as

mean � SEM. For EMMPRIN, n = 4 for all groups. For MMP-9, n = 4 for C57 NE and CBS ET, n = 3 for C57 ET and CBS NE; P < 0.005, 0.05

for CBS NE versus C57 NE and CBS NE VS CBS ET, respectively, for EMMPRIN. P < 0.005, 0.05 for CBS NE versus C57 NE and CBS NE VS CBS

ET, respectively, for MMP-9. *Different from corresponding control group; #different from C57 NE. ***The corresponding bands depicted in the

western blot figure are all from the same gel and membrane. There were many other nonrelevant samples run on the same gel and the band

are presented this way to avoid confusion.
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diseases, it has also been demonstrated that MMP-9

assists with satellite cell translocation (Kherif et al. 1999;

Lewis et al. 2000, Zimowska et al. 2008) and may be

required for the onset of angiogenesis (Bellafiore et al.

2013; Mackey et al. 2004; Rullman et al. 2009). However,

this does not explain why EMMPRIN and MMP-9 pro-

tein expressions decrease in exercise CBS+/� mice com-

pared to control CBS+/�. Seeing as exercise decreased

these values to levels that are almost identical to exercised

C57 values, it would seem that basal levels of these pro-

teins in CBS+/� mice were more than sufficient to

accomplish necessary growth associated tasks for exercise,

allowing for normalization of their values. Although pro-

tein expression of MMP-9 went up with exercise in C57

mice, the data demonstrates a decrease in MMP-9 mRNA

values. Since the animals were sacrificed 2 days postexer-

cise to allow time for blood pressure and ultrasonography

data to be collected, it is plausible that the elevated

MMP-9 protein expression elicited a reduction in MMP-9

mRNA via negative feedback during that time frame.

Although this data helps provide very valuable insight

into the efficacy of exercise to mitigate the pathologies

associated with hyperhomocysteinemia, there are several

limitations to this study. The first major limitation is the

inability of the lab to quantitate plasma homocysteine

concentrations. Being able to demonstrate a significant

decrease in homocysteine levels would solidify the ratio-

nale behind the improvements. However, as discussed in

the introduction, it has been demonstrated on many

occasions that exercise decreases homocysteine levels,

leading us to believe that the results are due, at least in

part, to lowered homocysteine levels. The second limita-

tion that the authors freely acknowledge is the low sample

numbers for this study. These samples were part of a stu-

dent research project that incorporated many other

mouse groups and cell culture work. A future study with

greater sample numbers is clearly warranted. This would

allow for greater statistical power and more conclusive

data for western blots and PCR. The third major limita-

tion to this study is the lack of defined mechanism. This

project was meant to be an exploration of the molecular

pathologies associated with hyperhomocysteinemia and

did not intend to delineate a specific mechanism. Future

studies from our lab will likely address mechanistic ratio-

nale for the changes observed in this study.

In summary, results of this study indicate that HHcy

causes muscle dysfunction that is induced through multiple

antiproliferative and inflammatory factors such as myo-

statin, EMMPRIN, and MMP-9. It appears that exercise

was capable of mitigating most of the pathological compli-

cations associated with HHcy. Clearly, further research on

the exact mechanism of action for HHcy-induced skeletal

muscle dysfunction needs to be conducted.
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