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Abstract
A hallmark of heart failure (HF) is adverse extracellular matrix (ECM) remodeling, which is regulated by the collagen cross-linking

enzyme, lysyl oxidase (LOX). In this study, we evaluate the efficacy of LOX inhibition to prevent adverse left ventricular (LV)

remodeling and dysfunction using an experimental model of HF. Sprague–Dawley rats were subjected to surgically induced

volume overload (VO) by creation of aortocaval fistula (ACF). A LOX inhibitor, beta-aminopropionitrile (BAPN; 100 mg/kg/day),

was administered to rats with ACF or sham surgery at eight weeks postsurgery. Echocardiography was used to assess progres-

sive alterations in cardiac ventricular structure and function. Left ventricular (LV) catheterization was used to assess alterations in

contractility, stiffness, LV pressure and volume, and other indices of cardiac function. The LV ECM alterations were assessed by:

(a) histological staining of collagen, (b) protein expression of collagen types I and III, (c) hydroxyproline assay, and (d) cross-linking

assay. LOX inhibition attenuated VO-induced increases in cardiac stress, and attenuated increases in interstitial myocardial

collagen, total collagen, and protein levels of collagens I and III. Both echocardiography and catheterization measurements

indicated improved cardiac function post-VO in BAPN treated rats vs. untreated. Inhibition of LOX attenuated VO-induced

decreases in LV stiffness and cardiac function. Overall, our data indicate that LOX inhibition was cardioprotective in the

volume overloaded heart.
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Introduction

Cardiovascular disease (CVD) represents the leading cause
of morbidity and mortality in the United States in both men
and women.1,2 One of the major causes of heart failure (HF)
in humans is dilated cardiomyopathy (DCM). In this study,
we use the aortocaval fistula (ACF) model of biventricular
volume overload (VO) to induce DCM. The ACF model is a
widely used model of VO-induced HF. Many studies have
demonstrated that remodeling in response to VO is charac-
terized by an increase in ECM turnover.3–5 The ventricles
progressively dilate in response to VO, resulting in a dis-
proportionate ratio between LV end diastolic diameter and
wall thickness, which elevates myocardial wall stress and
promotes adverse ECM remodeling and HF.6,7

Various factors have been attributed to ECM remodeling
and collagen turnover during stress, including increased
expression of collagen and lysyl oxidase (LOX). The ECM
is primarily composed of fibrillar collagens, type I and III.
Collagens are produced by cardiac fibroblasts, which work
in conjunction with cardiac myocytes during states of car-
diac stress.7 Collagens play a crucial role in the maintenance

of ventricular shape, size, and function.8,9 Due to its high
tensile strength, small changes in collagen expression have
been shown to exert marked effects on the passive mechan-
ical properties of the heart.10 The relative expression of
collagen types I and III, and the degree of collagen cross-
linking, dictate the passive mechanical properties of the
heart.11 For collagen to be deposited into the ECM, it must
first be cross-linked.

LOX is a copper-dependent amine oxidase that plays a
critical role in covalently cross-linking fibrillar collagens.12

The degree of collagen cross-linking among collagen fibrils
determines the insolubility, stiffness, and resistance to deg-
radation of the resulting fibers.11 Accordingly, increased car-
diac LOX expression is found in patients with HF, and is
associated with diastolic dysfunction and myocardial fibro-
sis.13,14 Aminonitriles, such as beta-aminopropionitrile
(BAPN), have been shown to irreversibly inhibit LOX by
forming a covalent adduct with the enzyme.15 The purpose
of this study was to assess whether the LOX inhibiting
agent, BAPN, could attenuate or reverse VO-induced alter-
ations in LV ECM, structure and function.
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Materials and methods

Studies were performed using eight-week-old male
Sprague–Dawley rats (Harlan Hsd:SD) weighing �250 g at
surgery. Rats were housed under standard environmental
conditions and maintained on commercial rat chow and tap
water ad libitum. All studies conformed to the principles of
the US National Institutes of Health Guide for the Care and
Use of Laboratory Animals (2011), and were approved by our
Institution’s Animal Care and Use Committee.

Surgical model of VO

The infrarenal abdominal ACF model was used to create
VO.16 All instruments were autoclaved prior to performing
surgeries. Anesthesia was induced with isoflurane (4%
induction/3% maintenance, balance oxygen). A ventral
abdominal laparotomy was performed to expose the aorta
and caudal vena cava. Both vessels were occluded and an
18-gauge needle inserted into the exposed ventral abdom-
inal aorta and advanced through the medial wall into the
vena cava to create the fistula. Creation of a successful fis-
tula was visually evident by the pulsatile flow of oxyge-
nated blood into the vena cava. Sham surgeries were
similarly performed, but without the creation of a fistula.

Experimental protocol

The effects of LOX inhibition on remodeling induced by VO
were studied in four age-matched groups: Sham-operated
controls (SHAM), Sham-operated controls treated with
BAPN (SHAMþB), fistula-induced VO, and VO treated
with BAPN (VOþB). Eight weeks after SHAM or ACF sur-
gery, the LOX inhibitor, BAPN, was administered at
100 mg/kg/day via osmotic minipump (Alzet; Cupertino,
CA, USA) inserted into the abdominal cavity. Eight weeks
of VO causes extensive cardiac structural and ECM
remodeling with associated dysfunction.11,17,18 We chose
this eight-week time point to initiate LOX inhibition in
rats with established LV remodeling and dysfunction
(Figure 1).

Echocardiography

LV dimension and function were assessed in sedated rats
by echocardiography (VEVO 770; Visual Sonics, Toronto,

Ontario, Canada) 1 week prior to surgery and weekly, start-
ing at four weeks postsurgery, for 14 weeks. The rats were
sedated with 1% isoflurane. LV short-axis view was used to
obtain B-mode 2D images and M-mode tracings of ventral
and dorsal LV wall using a two-dimensional reference
sector. Echocardiography was used to assess LV internal
diameter (LVID) and posterior wall thickness (LVPW) at
both diastole (d) and systole (s). Fractional Shortening
was calculated as (LVIDd – LVIDs)/LVIDd. Eccentric
index was evaluated by (2�LVPWd)/LVIDd. All measure-
ments were performed on multiple cardiac cycles and aver-
ages were calculated for each time point.

Pressure–volume analysis

At the experimental end point of 14 weeks, LV pressure–
volume loop analysis was used to assess cardiac function.
The rats were intubated and attached to a ventilator. The
chest was opened to expose the apex of the heart. A small
needle was used to puncture the heart at the apex, and then
a Scisense pressure–volume catheter (product #: FTS-
1912B-9018, fixed segment for SHAM; FTE-1918B-E218,
multisegment for VO) was inserted into the LV. After estab-
lishing stable baseline function for �5 min, pressure–
volume loop data were collected for analysis of cardiac
functional parameters. Data were acquired using an iWorx
308 T data acquisition system and Labscribe software. After
establishing steady-state pressure–volume loops, load inde-
pendent parameters of cardiac function were established by
occluding the vena cava for �3 s using a cotton tip swab
while continuously recording pressure–volume loops. After
loop recording, the chest cavity was further opened to
expose the base of the heart and aorta. Cardiac output
was measured using a Doppler flow probe (model 3SB;
Transonic Systems; Ithaca, NY, USA) on the aortic arch.
Data analysis was performed using Labscribe software
with built-in pressure–volume loop analysis functions. To
calibrate volume data, the catheter was inserted into blood-
filled cuvettes of known volume, the output recorded, and a
calibration curve generated. The data were also corrected
using cardiac output measures from the Transonic flow
probe (alpha correction). All measures of cardiac function
were evaluated from a minimum of 10 consecutive pres-
sure–volume loops. After functional assessment, the heart
was removed, placed in ice-cold phosphate-buffered saline
(PBS), and the left and right ventricles were separated and
weighed. A portion of the mid-LV region was fixed with 4%
paraformaldehyde, and the remainder was snap frozen in
liquid nitrogen for further assay. Lung wet weight was also
recorded.

Analysis of the collagen matrix

Interstitial collagen volume fraction (CVF) was measured in
mid-LV sections. LV sections were fixed in 4% paraformal-
dehyde for 24 h, and then embedded in paraffin. Five-
micron sections were cut, attached to slides, and stained
with collagen specific Picrosirius Red (PSR). The CVF of
the section was determined by analyzing 15 interstitial
regions from two sections of each heart. Perivascular colla-
gen was excluded from the measurements. Images were

Figure 1 Experimental timeline. Echocardiography was used to assess car-

diac function at the time points indicated. A baseline echo was performed a week

before surgery (�1 week). At 14 weeks, left ventricular pressure–volume cath-

eterization was performed and tissue was collected. (A color version of this figure

is available in the online journal)
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captured (20�) and processed using a Nikon Eclipse model
#TE2000-U fluorescence microscope and NIS Elements
Software. The mean interstitial CVF was expressed as a per-
centage of the total area for each LV section, and then group
averaged.

Hydroxyproline assay

Total collagen content was quantitatively estimated by mea-
suring hydroxyproline content of myocardial free wall sam-
ples. A total of 30–40 mg of wet LV tissue were dried at 65�C
overnight and hydrolyzed in 6N HCl for 24 h at 110�C.
The hydrosylate solution was charcoal filtered, evaporated
and resuspended in 1 ml of citrate buffer. The solution was
then reacted with isopropanol, antioxidant solution
(Chloramine T), and Ehrlich Reagent (p-dimethylamino
benzaldehyde). Absorbance was measured at 540 nM and
compared to curve of known hydroxyproline standards.
Hydroxyproline levels were expressed as ug of hydroxy-
proline per mg of dry tissue.

LOX-dependent collagen cross-linking

Pyridinoline was quantified in mid-LV heart tissue using
commercial assay (Quidel PYD kit, 8019; SD, CA, USA).
PYD assay was performed on diluted hydrosylates of LV.

Western blot analysis

Tissue was homogenized with RIPA buffer and HALT
Protease Inhibitor Cocktail with EDTA (Pierce; Rockford,
IL, USA). Western blots were performed as previously
described.19 Enhanced chemiluminescence was used to
visualize the immunostaining. Antibodies used for this
study include: collagen I (Abcam; Ab34710), collagen III
(Abcam; Ab7778), elastin (Santa Cruz; SC-17581), and
GAPDH (Abcam; Ab9485). Data were collected and ana-
lyzed using a Carestream Gel Logic 2200 Pro imaging
system.

Data and statistical analysis

Statistical analyses were performed using Graphpad soft-
ware (San Diego, CA, USA). Grouped data comparisons
were made by one-way analysis of variance. When a sig-
nificant F ratio (P< 0.05) was obtained, inter-group com-
parisons were made using Dunnett’s post-test.

Results
Measurements of heart, lung and body
weight per group

There were no significant differences in body weight (BW)
between the four analyzed groups: SHAM, SHAMþB, VO,
and VOþB. VO induced significant increases in the LV, RV,
and lung to BW ratios, (92% increase, 121% increase, and
36% increase vs. SHAM, respectively; Table 1). VO also
induced significant increases in lung wet weight to dry
weight ratios (16% increase vs. SHAM; Table 1). There
was a significant decrease in LV and lung to BW ratios
between the VO-treated group and VO (12 and 19%
decrease, respectively vs. VO; Table 1). LOX inhibition in
VO also induced a decrease in wet weight to dry weight
ratio when compared to untreated VO (6% decrease vs. VO;
Table 1). However, the BAPN-treated VO group still had
significantly increased wet weight to dry weight ratios
when compared with SHAM (8% increase; Table 1).

LOX inhibition attenuated VO-induced
cardiac wall stress

To assess LV wall stress, we utilized two different calcula-
tions. The first establishes a ratio between LV mass and
EDV. Based on Laplace’s law, this ratio is inversely propor-
tional to cardiac wall stress. VO significantly decreased LV
mass-to-volume ratio (32% decrease in VO vs. SHAM,
Figure 2). LOX inhibition attenuated this VO-induced
reduction in mass-to-volume ratio (21.5% decrease in
VOþB vs. VO). LV mass was obtained by weighing the
tissue using a laboratory scale. EDV was measured using
a pressure–volume catheter. LV mass and EDV were also
calculated via echocardiography (data not shown), and
similar results for LV mass-to-volume ratio were obtained
using both methods. The second means of estimating car-
diac wall stress used the following equation:

1:36� P� V2=3
� �

= Vþ 0:943�Mð Þ
2=3
�V2=3

� �
� ð1Þ

where, P is LV diastolic pressure (mmHg), V is LVEDV (ml),
and M is LV mass (g). Using equation (1) to calculate wall
stress, VO caused a significant increase (293% increase in
VO vs. SHAM, Figure 2). LOX inhibition attenuated the VO-
induced increase, but did not completely restore wall stress
to SHAM levels (62% decrease in VOþB vs. VO, Figure 2).

Table 1 Group averaged weights

SHAM SHAMþB VO VOþB

LV/BW (mg/kg) 1.96� 0.06 2.01�0.16 3.77�0.26* 3.31�0.14*y

RV/BW (mg/kg) 0.52� 0.04 0.52�0.06 1.19�0.11* 1.06�0.08*

Lung/BW (mg/kg) 4.02� 0.29 3.94�0.47 5.45�0.29* 4.43�0.37*y

Lung Wet Weight/

Dry Weight (mg/mg)

1.22� 0.09 1.22�0.08 1.41�0.04* 1.32�0.01*y

BW (g) 446� 6 428�37 468�34 464�21

Reported values are expressed as mean�SD (BW, body weight; LV, left ventricle; RV, right ventricle; SHAM, sham operated; VO, volume overload; B,

lysyl oxidase inhibitor. Statistical significance denoted as P< 0.05 vs. SHAM (*) and vs. VO (y)).
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LOX inhibition attenuated VO-induced
cardiac dysfunction

By ultrasound echocardiography, there were no significant
changes in wall thickness (i.e. LVPWd), chamber dilation
(i.e. LVIDd) or fractional shortening (FS%) in the SHAM
treated group when compared to SHAM (Figure 3).
However, VO significantly increased LVIDd (67% increase
vs. SHAM). VO caused a significant decrease in FS com-
pared to SHAM (26% decrease vs. SHAM; P< 0.05). There
were no significant changes in LVIDd or LVPWd in the
VOþB group when compared with VO. However, the
VOþB group had significantly higher FS when compared
with VO (19% increase vs. VO; P< 0.05). Although LOX
inhibition did not fully restore FS to untreated SHAM
levels, the difference was not statistically significant (12%
decrease in VOþB vs. SHAM).

LV dimension and function were also assessed using
pressure–volume catheterization at the 14-week postsurgi-
cal endpoint. Representative pressure–volume loops for

each group are shown in Figure 4. Both VO groups devel-
oped significant LV dilatation, indicated by a rightward
shift of the pressure–volume loop. Steady state data were
collected for each of the groups and compiled in Table 2.
There were no significant differences in HR, ESP, or Tau (LV
relaxation time constant) between any of the groups. LOX
inhibition in SHAM had no significant effect on any of the
measured parameters. VO caused significant increases in
CO, ESV, EDV, EDP, and SV, which were associated with a
significant decrease in EF (18% decrease vs. SHAM). LOX
inhibition did not prevent the VO-induced increases in CO,
ESV, EDV, EDP, and SV. However the reduction in EF in
treated VOþB rats was less than that found in untreated
VO, suggesting that LOX inhibition improved cardiac func-
tion. Load independent parameters of cardiac function and
contractility were also calculated for each group using the
pressure–volume catheterization data. ESPVR, EDPVR,
PRSW, and dP/dt vs. EDV slope were significantly
decreased in VO (50, 59, 30, and 61.5% decrease, respect-
ively vs. SHAM; Figure 5), indicative of reduced cardiac
function. LOX inhibition attenuated these VO-induced
changes, but did not fully restore cardiac function to
SHAM levels.

LOX inhibition attenuated interstitial fibrosis

Interstitial CVF was measured and assessed from PSR
stained mid-LV sections at 14 weeks postsurgery. LOX
inhibition initiated at eight weeks did not alter CVF in
SHAM animals. When compared to SHAM, hearts of VO
animals had significantly increased interstitial CVF (172%
increase vs. SHAM; Figure 6). VO animals treated with LOX
inhibitor had CVF levels similar to SHAM (71% decrease in
VOþB vs. VO; Figure 6).

LOX inhibition attenuated increases in total
collagen content

To further assess alterations in collagen, a hydroxyproline
assay was performed on LV free wall tissue.
Hydroxyproline is a reliable marker of total collagen con-
tent.20 There were no significant differences in total collagen
content between the SHAM and SHAMþB treated groups.
When compared to SHAM, the VO group exhibited a sig-
nificant increase in total collagen content (33% increase vs.
SHAM; Figure 7). LOX inhibition blocked this VO-induced
increase in total collagen (NS vs. SHAM).

LOX inhibition attenuated VO-induced increases
in collagen cross-linking

Pyridinoline (PYD) assay was used to assess collagen cross-
links formed by LOX. There were no significant changes in
PYD levels between the SHAM and SHAMþB groups
(Figure 7). There was a modest, but significant increase in
LV PYD in the VO group compared to the SHAM (26%
increase; P< 0.05). PYD levels in the VOþB treated group
were not different from SHAM.

Figure 2 Lysyl oxidase (LOX) inhibition attenuated volume overload (VO)-

induced increases in cardiac wall stress. TOP: A ratio between left ventricular (LV)

mass and end diastolic volume (EDV) was calculated to assess cardiac stress. LV

mass was determined from wet weight and LV EDV was determined by pressure–

volume catheterization. The ratio decreased in VO, indicative of increased car-

diac stress. LOX inhibition with beta-aminoproprionitrile (BAPN;B) attenuated

these decreases. Similar results and statistical significance were obtained using

LV mass and volume estimated by echocardiography (data not shown).

BOTTOM: A calculation of diastolic stress using Equation 1 confirms that LOX

inhibition attenuated VO-induced increases in cardiac stress. Statistical signifi-

cance denoted as P<0.05 vs. Sham (*) and VO (y); n¼ 4–8 per group
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Figure 3 Echocardiography assessment determined that lysyl oxidase (LOX) inhibition attenuated cardiac dysfunction following volume overload (VO). VO induced

significant increases in left ventricle chamber size (LVIDd), but had no significant effect on wall thickness (LVPWd). VO caused a significant decrease in fractional

shortening (FS) when compared to SHAM. LOX inhibition (B) did not significantly alter LVPWd or LVIDd in either SHAM or VO rats. However, LOX inhibition did

significantly attenuate the decrease in %FS caused by VO. Statistical significance denoted as P< 0.05 vs. Sham (*) and VO (y). (A color version of this figure is available

in the online journal)

Figure 4 Representative pressure–volume loops for each group collected by left ventricular (LV) pressure–volume catheterization. Sham-operated (SHAM) controls

were not significantly altered by the lysyl oxidase inhibitor (B). Volume overload (VO) caused significant LV dilatation (rightward shift), which was not prevented by lysyl

oxidase inhibition (B)
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LOX inhibition blocks VO-induced increases in collagen
I and III, but had no effect on elastin protein expression

There were no significant changes in the cardiac expression
of collagen I or collagen III in the SHAMþB treated group
as compared to SHAM (Figure 8). Fourteen weeks of VO
caused a significant increase in the LV expression of both
collagen I and III (120 and 23% increase vs. SHAM, respect-
ively; P< 0.05). When compared to VO, the VOþB treated
group had a significant decrease in collagen I and III, result-
ing in levels that were not different from SHAM. There were

no significant differences in the protein expression of elastin
between the groups (SHAM, SHAMþB, VO, and VOþB).

LOX inhibition reverses rather than attenuates
VO-induced increases in interstitial collagen

To determine if LOX inhibition reversed rather than prevented
the volume-overload induced changes in LV interstitial col-
lagen, we assessed interstitial CVF at six weeks postsurgery,
which was two weeks before initiation of treatment with the

Figure 5 Left ventricular (LV) pressure–volume catheterization indicates that lysyl oxidase (LOX) inhibition using beta-aminoproprionitrile (BAPN; B) improved

contractility and cardiac function in the volume overloaded heart. Volume overload (VO) induced significant decreases in (A) end systolic pressure–volume relationship

(ESPVR), (B) end diastolic pressure–volume relationship (EDPVR), (C) preload recruited stroke work (PRSW), and (D) the rate of LV pressure change per unit time (dP/dt

max) vs. end diastolic volume (EDV). LOX inhibition attenuated the VO-induced decreases in each of these parameters. Statistical significance denoted as P< 0.05 vs.

Sham (*) and VO (y)

Table 2 Steady State parameters of cardiac function as measured by pressure–volume catheterization

SHAM SHAMþB VO VOþB

HR (bpm) 318� 33 319� 43 357� 21 321� 44

CO (ml/min) 62� 8 64� 11 147� 9.1* 118� 9.2*,y

ESV (ul) 131� 36 145� 51 381� 21* 310� 58*

EDV (ul) 310� 48 321� 110 801� 38* 680� 118*

ESP (mmHg) 86.0� 17.2 82.9� 5.9 81.6� 12.6 89.4� 12.9

EDP (mmHg) 4.4� 0.2 4.2� 1.4 12.6� 5.0* 8.2� 3.0*

SV (ul/beat) 195� 19 199� 24 411� 12* 385� 13*

EF (%) 62.9� 1.6 62.1� 2.3 51.9� 1.4* 56.7� 1.9*,y

Tau (ms) 16.0� 2.2 15.3� 1.9 16.1� 0.7 17.3� 1.2

SHAM¼ sham operated; VO¼ volume overload; B¼LOX inhibitor; HR¼heart rate; CO¼ cardiac output; ESV¼ end systolic volume; EDV¼ end dia-

stolic volume; ESP¼ end systolic pressure; EDP¼ end diastolic pressure; SV¼ stroke volume; EF¼ ejection fraction; Tau¼ left ventricular relaxation

time constant. Statistical significance denoted as P<0.05 vs. SHAM (*) and vs. VO (y).
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LOX inhibitor. There were no significant differences in
interstitial CVF between the SHAM groups (six-week
SHAM vs. 14-week SHAM). However, six weeks of VO
caused a significant increase in CVF (six-week VO¼
2.69� 0.23%, an 82% increase vs. SHAM). These findings
indicate that CVF was significantly increased due to VO
prior to the initiation of treatment with LOX inhibitor.

Discussion

VO causes compensatory remodeling of the ventricles
driven by increased ventricular wall stress. Our findings
confirm previous studies which found that rats with

ACF-induced VO exhibit ventricular hypertrophy, chamber
dilatation, and collagenous ECM alterations.11,21–23 These
studies and ours demonstrated a progressive decline in car-
diac function caused by chronic VO. Here, we investigated
the efficacy of a LOX inhibitor to attenuate the adverse ven-
tricular remodeling and cardiac dysfunction associated
with chronic VO. Eight weeks after surgical induction of
VO, BAPN treatment was initiated, which covalently and
irreversibly binds to the active site of LOX inhibiting its
activity and ability to cross-link collagen.24–27

Several factors dictate the degree of stress imposed on
the ventricular wall, including: pressure in the chamber,
radius of the chamber, and wall thickness. According to

Figure 6 Lysyl oxidase (LOX) inhibition attenuated volume overload (VO)-induced increases in interstitial collagen. Representative picrosirius red (PSR)-stained left

ventricular sections at 14 weeks postsurgery and calculated collagen volume fraction (CVF) are shown for each group. CVF was increased in the VO group compared to

SHAM. LOX inhibition (B) attenuated the VO-induced increases in collagen. Statistical significance denoted as P< 0.05 vs. Sham (*) and VO(y)
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Laplace’s Law, the stress imposed on the walls of the cham-
ber is directly proportional to the radius and the pressure of
the chamber, but inversely proportional to the thickness of
its walls.28,29 We found that VO increased wall stress, which
was attenuated by LOX inhibition. An increase in mass-to-
volume ratio is an indicator that compensatory remodeling
mechanisms are normalizing wall stress.21 Rats with VO
developed a decrease in LV mass-to-volume ratio, indicat-
ing an unsuccessful remodeling response to VO and an
inability to normalize wall stress. This result is confirmed
by studies that show that the inability to fully compensate
for wall stress leads to progressive ventricular remodeling
and eventual HF.21,30 LOX inhibition attenuated VO-
induced decreases in mass-to-volume ratio, indicating a
more successful myocardial remodeling response to the
VO insult, and thus, reduced wall stress relative to
untreated rats.

Data obtained via pressure–volume catheterization
found that chronic VO stress caused a decrease in contract-
ility. Clinical studies on patients with LV hypertrophy dem-
onstrate that increased wall stress eventually leads to
decreased contractility and impaired cardiac pump func-
tion.31 In our study, VO led to a significant decrease in con-
tractility, as confirmed by previous studies.23,32–36

A possible explanation for decreased contractility could
be depressed sarcomere cross-bridging.37 The prolonged
decrease in contractility eventually leads to myocardial fail-
ure.38 We found that LOX inhibition attenuated the
VO-induced depression in contractility demonstrated by
significant increases in ESPVR, PRSW and dP/dt vs. EDV
indices, when compared to untreated VO. This is the first
study to demonstrate a positive systolic effect of LOX inhib-
ition on VO-induced dysfunction. This improvement in
contractility is surprising for two reasons: (a) levels of ven-
tricular collagen and degree of cross-linking are thought to
primarily impact diastolic function, and (b) reducing cross-
linking in the volume overloaded heart could potentially
reduce ventricular wall integrity and promote dilatation.
However, our data clearly indicate an improvement in sys-
tolic function in VO-stressed rats treated with LOX
inhibitor.

Stiffness of the LV was also assessed by measuring
EDPVR using pressure–volume catheterization. Consistent
with previous findings, VO led to decreased stiffness of the
ventricle, which is associated with increased compli-
ance.10,21,39,40 LOX inhibition attenuated the VO-induced
effects on LV wall stiffness. Diastolic chamber properties
are largely determined by the relative expression and dis-
tribution of collagen in the heart. The protective effects of
LOX inhibition on diastolic function are likely mediated by
its impact on collagen (discussed below).

Cardiac structure and function are directly affected by
the composition of the ECM, and alterations of the ECM
promote the progression of HF.11,41,42 To better understand
what causes VO-induced cardiac dysfunction and improve-
ment of function following LOX inhibition, we analyzed LV
levels of collagen types I and III, which are the primary
components of the cardiac ECM. The relative amounts of
collagen types I and III in the heart largely determine the
physical properties of the tissue, which impacts function,
including ventricular compliance and diastolic stiffness.43

In our study, rats with VO developed increased levels of
myocardial collagen, as demonstrated by both histological
and biochemical assessments. This increase was likely
achieved through fibroblast activation, which initiates com-
pensatory mechanisms to counteract increased preload and
wall stress by increasing wall strength (i.e., through colla-
gen deposition). Protein expression of both collagen types I
and III were upregulated in response to VO. Each of these
alterations in collagen was attenuated by LOX inhibition,
and was associated with an improvement in both systolic in
diastolic cardiac function. The increase in collagen found in
the untreated VO group appears discordant with the dia-
stolic findings of reduced stiffness. Because of these unex-
pected results, we also evaluated LV elastin expression, due
to its impact on cardiac tissue mechanical properties.
However, we found no changes in elastin between any of
our groups. Although our data do not provide definitive
proof, a potential explanation of the mismatch between
LV collagen and stiffness is that the spatial distribution of
collagen in the VO heart is such that it does not alter mech-
anical properties as expected. Another explanation could be
that the elastin or collagen is fragmented in the tissue, or the
impact of enlarged LV chamber size on tissue stiffness.44

Figure 7 Lysyl oxidase (LOX) inhibition (B) attenuated volume overload (VO)-

induced increases in left ventricular (LV) total collagen and collagen cross-linking.

Hydroxyproline (Hpro) concentration in mid-LV free wall was significantly

increased in the VO group, but not different from SHAM in VOþB group.

Pyridinoline (PYD) levels are a measure of LOX-dependent collagen cross-links.

Fourteen weeks of VO caused a significant increase in LV PYD levels. Treatment

with the LOX inhibitor attenuated the increase in PYD (P<0.05 vs. Sham (*) and

VO(y))
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Overall, these findings strongly indicate that LOX is a key
regulator of adverse collagenous ECM alterations in the
volume overloaded heart.

Pulmonary edema, a condition in which fluid builds up
in the lungs, has been shown to result from myocardial
failure and, specifically, VO.45 The untreated VO rats devel-
oped pulmonary edema, which was attenuated following
LOX inhibition. These data suggest that LOX inhibition
slowed or prevented the progression of HF by VO.

In our studies, we initiated treatment with the LOX
inhibitor after eight weeks of VO, allowing us to analyze
whether the inhibition would prevent the progression of HF
or reverse established disease. We found increased collagen
staining in the LV of rats after six weeks of VO, which fur-
ther increased by 14 weeks. LOX inhibition initiated at eight
weeks returned collagen staining to levels similar to Sham-
operated controls. However, while LOX inhibition pre-
vented further depression of cardiac function beyond

eight weeks, inhibition did not fully restore cardiac func-
tion. These data indicate that LOX inhibition prevents the
progression of HF, and can reverse many of the collagenous
ECM alterations associated with VO. One question that
remains unanswered is ‘‘How does LOX inhibition improve
systolic function?’’. One potential mechanism is that ele-
vated or excessive LOX activity could produce increased
oxidative load and injury to the cardiac tissue. The enzym-
atic action of LOX on collagen produces hydrogen peroxide.
The significance of this hydrogen peroxide production, and
how it may negatively impact cardiomyocyte survival and
function, is not known. Also, studies have found that LOX
can bind to, and inhibit the signaling of, growth factors,
including TGF-b1 and Fibroblast Growth Factor (FGF-2),
albeit in non-cardiac cells.46,47 The detrimental effects of
TGF inhibition on the stressed heart were demonstrated
using a dominant negative TGF-receptor mouse model.48

In response to pressure overload, mice with reduced TGF

Figure 8 Lysyl oxidase (LOX) inhibition (B) attenuated volume overload (VO)-induced increases in collagen I and III, but did not alter elastin expression. Protein

expression of collagen I and collagen III in left ventricular (LV) extracts was determined by western blot analysis (n¼ 4 to 6 per group). VO significantly increased LV

expression of both collagen types I and III, when compared to SHAM. Rats with volume overload that were treated with LOX inhibitor had collagen I and III levels similar

to SHAM. LV elastin expression was similar among all groups (P< 0.05 vs. Sham (*) and VO(y))
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signaling rapidly developed ventricular dilation and HF.
The adverse effects of excess LOX activity on the stressed
heart warrant further study.

The major findings of this study are outlined in Figure 9.
We found that LOX inhibition improved cardiac function
and reversed many of the adverse ECM collagen changes
caused by chronic VO. LOX inhibition reduced ventricular
wall stress and increased mass-to-volume ratio, indicating a
more successful compensatory adaptation to VO following
treatment. LOX inhibition prevented progression of HF in
our model, as demonstrated by maintenance of cardiac
function and reduction of pulmonary edema. Our findings
identify the importance of LOX as a key modulator of ECM
remodeling in heart disease. Further studies are needed to
determine the mechanisms responsible for the cardiopro-
tective effects of LOX inhibition and to evaluate LOX as a
potential therapeutic target for the treatment or prevention
of HF.
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