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Collagen Cross-Linking Is Associated
With Cardiac Remodeling in Hypertrophic
Obstructive Cardiomyopathy

Xuanye Bi, MD*; Yanyan Song, MD*; Yunhu Song, PhD*; Jiansong Yuan, MD; Jingang Cui, MD; Shihua Zhao, PhD;
Shubin Qiao “*, PhD

BACKGROUND: Collagen cross-linking is covalent bonds among collagen fibers from catalysis of lysyl oxidase (LOX) and ad-
vanced glycation end products (AGEs). We aimed to evaluate the formation of enzymatic and nonenzymatic collagen cross-
linking and its clinical significance in patients with hypertrophic obstructive cardiomyopathy.

METHODS AND RESULTS: Forty-four patients with hypertrophic obstructive cardiomyopathy who underwent surgical myec-
tomy were consecutively enrolled. Cardiovascular magnetic resonance parameters of left atrial/left ventricular function were
measured, including peak filling rate (PFR) and early peak emptying rate (PER-E). Total collagen was the sum of soluble and
insoluble collagen, which were assessed by collagen assay. The myocardial LOX and AGEs expression were measured by
molecular and biochemical methods. Compared with patients without atrial fibrillation, insoluble collagen (P=0.018), insoluble
collagen fraction (P=0.017), and AGEs (P=0.039) were higher in patients with atrial fibrillation, whereas LOX expression was
similar (P=0.494). The insoluble collagen fraction was correlated with PFR index (PFR normalized by left ventricular filling
volume) (r=—0.44, P=0.005), left atrial diameters (r=0.36, P=0.021) and PER-E index (PER-E normalized by left ventricular fill-
ing volume) (=—0.49, P=0.001).Myocardial LOX was positively correlated with total collagen (=0.37, P=0.025) and insoluble
collagen fraction (r=0.53, P < 0.001), but inversely correlated with PFR index (r=—0.43, P=0.006) and PER-E index (r=-0.35,
P=0.027). In multiple regression analysis, myocardial LOX was independently associated with PFR, while insoluble collagen
fraction showed independent correlation with PER-E after adjustment for clinical confounders.

CONCLUSIONS: Collagen cross-linking plays an important role on heart remodeling in hypertrophic obstructive cardiomyopathy.
Myocardial LOX expression is independently correlated with left ventricular stiffness, while accumulation of AGEs cross-links
might be associated with the occurrence of atrial fibrillation in patients with hypertrophic obstructive cardiomyopathy.
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netic disorder with a high risk for arrhythmias.

Myocardial fibrosis, a process of collagen depo-
sition, is an early and important manifestation of HCM
and is associated with adverse cardiac remodeling and
clinical outcomes.! It is usually assumed that increased
collagen content is associated with worse cham-
ber compliance and diastolic function.? However, the

Hypertrophic cardiomyopathy (HCM) is a ge-

structure of the collagen network also has important
effects on its mechanical properties. For example, the
relative proportions of collagen type | and type Ill are
believed to be associated with tissue stiffness because
collagen | fibers provide rigidity, while type Il collagen
contributes to elasticity.3

Recent studies show that the degree of collagen
cross-linking (CCL) but not collagen amount has a

Correspondence to: Shubin Qiao, PhD and Shihua Zhao, PhD, Department of Cardiovascular Disease, State Key Laboratory of Cardiovascular Disease,
Fuwai Hospital,National Center for Cardiovascular Diseases, Chinese Academy of Medical Sciences and Peking Union Medical College, 167 Beilishi Road,
Xicheng District, Beijing, 100037 China. E-mail: gsbfw@sina.com, cjrzhaoshihual011@163.com

*Drs Bi, Yanyan Song and Yunhu Song contributed equally to this work.
For Sources of Funding and Disclosures, see page 11.

© 2020 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use

is non-commercial and no modifications or adaptations are made.
JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2021;10:e017752. DOI: 10.1161/JAHA.120.017752


mailto:﻿
https://orcid.org/0000-0002-2956-7233
mailto:qsbfw@sina.com
mailto:cjrzhaoshihua1011@163.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha

Bl et al

CLINICAL PERSPECTIVE

What Is New?

* In patients with hypertrophic obstructive car-
diomyopathy, collagen cross-linking (CCL) was
correlated with left atrial/left ventricular remod-
eling and highly expressed in patients with atrial
fibrillation.

e Lysyl oxidase, which enzymatically regulates
CCL, was also associated with left atrial/left
ventricular remodeling but did not differ be-
tween patients with and without atrial fibrillation.

e Advanced glycation end products, as a nonen-
zymatic pathway to form CCL, were higher in
patients with atrial fibrillation, although without
any correlation with cardiac remodeling.

What Are the Clinical Implications?

e Whereas most studies were focused on the
amount of myocardial fibrosis in patients with
hypertrophic cardiomyopathy, our results pro-
posed that lysyl oxidase and CCL were also
associated with cardiac remodeling in hyper-
trophic obstructive cardiomyopathy.

e A deeper knowledge of the underlying mecha-
nisms involved in lysyl oxidase and CCL dysreg-
ulation are required to generate both diagnostic
and therapeutic strategies targeting the enzyme
to identify and interfere with, respectively, its
detrimental actions in patients with hypertrophic
cardiomyopathy.

Nonstandard Abbreviations and Acronyms

AGEs advanced glycation end products

CCL collagen cross-linking

HCM hypertrophic cardiomyopathy

HOCM hypertrophic obstructive cardiomyopathy
LATEF total left atrial ejection fraction

LAV left atrial volume

LOX lysyl oxidase

PER-E early peak emptying rate
PFR peak filling rate

great influence on left ventricular (LV) stiffness in pa-
tients with heart failure.#® CCL is the formation of intra-
molecular and intermolecular covalent bonds between
lysine residues in collagen molecules, which greatly
increases the tensile strength and stiffness of collagen
fibers and makes them more resistant to degradation.®
There are 2 major groups of cross-links: those initi-
ated by the enzyme lysyl oxidases (LOXs) and those
derived from nonenzymatically glycated lysine and
hydroxylysine residues.” LOX, a copper-dependent
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enzyme, acts on specific lysine or hydroxylysine res-
idues, catalyzing the formation of allysine aldehydes.
Nonenzymatic cross-links are the formation of nonen-
zymatic sugar-amino adducts through a series of re-
actions between reducing sugar and collagen amino,
which are called advanced glycation end products
(AGEs).? It is thought that enzymatic and nonenzymatic
CCLs share the same binding sites but have functional
differences.® There are several lines of evidence indi-
cating that LOX-meditated CCL facilitates the increase
in LV stiffness and diastolic dysfunction.>'® However,
the role of CCL on cardiac function in patients with
hypertrophic obstructive cardiomyopathy (HOCM) re-
mains unknown. This study was designed to explore
the formation of enzymatic and nonenzymatic CCL
and its clinical significance in patients with HOCM.

METHODS

The study protocol was approved by the institutional
review boards of Fuwai Hospital, and the study was
conducted in accordance with the protocol. Written
informed consent was issued by all participants or
their parents or legal guardians. The data that support
the findings of this study are available from the corre-
sponding author upon reasonable request.

We consecutively recruited 44 patients with HOCM
who underwent surgical myectomy at the Fuwai
Hospital from July 2019 to September 2019. In patients
with a confirmed diagnosis of HCM, the diagnosis
was based on the generally used diagnostic criterion,
that is, unexplained LV hypertrophy with maximal wall
thickness >15 mm in the absence of other cardiac or
systemic cause. LV outflow tract obstruction was de-
fined as an instantaneous peak Doppler LV outflow
tract (LVOT) gradient >30 mm Hg at rest or an exer-
cised LVOT gradient =50 mm Hg."

The diagnosis of atrial fibrillation (AF) was based on
12-lead electrocardiography or 24-hour dynamic ECG
recordings or an established history of paroxysmal or
chronic AF. AF was defined as paroxysmal when it was
either self-terminating or successfully cardioverted to
sinus rhythm; AF was considered chronic when it be-
came established.

Patients with cardiac valve diseases, history of acute
myocardial infarction, a significant stenosis (>50%) in
>1 coronary arteries in the angiography and history of
alcohol septal ablation were excluded after complete
medical examination.

Control myocardial samples were obtained
from autopsies of 9 accident victims (mean age,
45.4+14.3 years; 6 men/3 women), without a medical
history of cardiovascular diseases and signs of mac-
roscopic or microscopic cardiac lesions, to assess
control values of the histomorphologic parameters.
Blood samples were from an additional group of 29
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age- and sex-matched healthy subjects (mean age,
48.9+15.5 years; 14 men/15 women) for biochemical
studies.

Echocardiography

Echocardiography was preoperatively performed in all
patients with the use of a commercially available in-
strument. LV ejection fraction and maximal chamber
dimensions including the left atrial (LA) diameter and
end-diastolic LV wall thickness were measured ac-
cording to the standard protocol. The LVOT pressure
gradient was estimated through resting LVOT peak ve-
locity by using a simplified Bernoulli equation.

Cardiovascular Magnetic Resonance
Imaging

Cardiovascular magnetic resonance was performed
on 40 patients with a 1. 5-T magnetic resonance scan-
ner (Magnetom Avanto, Siemens Medical Solutions,
Erlangen, Germany). All imaging acquisitions were
captured under breath control. Cardiovascular mag-
netic resonance images were analyzed using standard
ventricular analysis software (Medis Medical Imaging
Systems BV, Leiden, The Netherlands). For all patients,
wall thickness at the septal, posterior, and LV end-dias-
tolic dimensions were all determined in the short-axis
view (at the midpapillary level). Epicardial and endo-
cardial borders of the LV myocardium were manually
traced during the whole cardiac phase on each cine
short-axis image to obtain LV end-diastolic and end-
systolic volumes, ejection fractions, and myocardial
mass. Myocardial mass was calculated by multiply-
ing the volume of the myocardium calculated at end
diastole by the specific gravity of the myocardium (1.
05 g/mL). The end-diastolic volume index, end-systolic
volume index, and mass index were indexed to body
surface area.

Image postprocessing was performed using the
Tracking Tool software (QStrain 2.0, Medis Medical
Imaging Systems BV). The LV endocardial and epicar-
dial contours were manually traced in the 2-chamber,
3-chamber, 4-chamber, and short-axis view of the
end-diastolic and end-systolic phase. LA endocar-
dial contour was manually traced at the phase of the
maximal LA volume before mitral valve opening and at
the phase of the minimum LA volume after atrial con-
traction on 2-chamber and 4-chamber view. The atrial
and ventricular volume/time and dV/dt curves were
obtained plotting the cavity volumes over time. From
the ventricular dV/dt curves, the first positive peak was
defined as the peak filling rate (PFR). PFR represents
the maximum speed of LV filling. The acceleration
time was defined as time from end systole to peak.
The deceleration time was defined as time from peak
to diastole. From atrial curves, we measured left atrial
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volume (LAV) at (1) the beginning of LV diastole (defined
as the frame immediately before opening of the mitral
leaflets [LAV, .. ]), (2) the end of passive LV filling (de-
fined as the frame immediately prior to LA contraction
[LAV,,)), and (3) the end of LA contraction (LAV,;,).
Passive left atrial ejection fraction was calculated as
LAV, . — LAV, J/LAV,_ . x100; active left atrial ejection
fraction as (LAV, . — LAV,.)JLAV,.x100; and total left

- LAV, )/

atrial ejection fraction (LATEF) as (LAV, ., i)
LAV,,,,x100. Peaks of the atrial dV/dt curves were de-
fined as follows: The first negative peak was defined
as the early peak emptying rate (PER-E), and the sec-
ond peak was defined as atrial peak emptying rate A,
representing maximal emptying during the conduit
phase and the booster phase, respectively. To be more
comparable, LAV, and LAV, were indexed to body
surface area (BSA). PER-E and atrial peak emptying
rate A were also normalized by the LV filling volume
(difference between LV end-diastolic and end-systolic
volumes), obtaining PER-E index, and atrial peak emp-

tying rate A index.

Histomorphologic Studies

The surgical specimens were formalin fixed and paraffin
embedded. Paraffin-embedded sections (4 mm) of heart
samples were stained with Masson’s trichrome staining.
Four images of every section were acquired with a pro-
jection microscope (x200). Subsequent image analysis
was performed using Image-Pro Plus 6.0 image analysis
software (Media Cybernetics Inc, Buckinghamshire, UK).
The myocardial fibrosis was determined by quantitative
morphometry in sections stained with collagen-specific
blue. The collagen volume fraction was calculated as the
ratio of collagen-specific staining to the total area of the
myocardium in each specimen. Immunohistochemical
analysis of LOX (Abcam; ab174316, 1:500) was per-
formed on formalin-fixed and paraffin-embedded sec-
tions. Positive staining was visualized with DAB (Solarbio,
China), and tissues were counterstained with Harris he-
matoxylin (Solarbio, China) (Figure 1).

Biochemical Studies

Circulating LOX was measured by ELISA using a com-
mercial human LOX ELISA kit (USCN, SEC580Hu; Life
Science, Wuhan, China). Western blot studies were
analyzed by SDS-PAGE and immunoblotted. Specific
antibodies against LOX (Abcam; ab174316, 1:500), col-
lagen type | (Abcam; ab88147, 1:1000), collagen type Il
(Abcam; ab6310, 1:1000) were used. The optical den-
sity of each band on the western blot was quantified
using Image-Pro Plus 6.0 and expressed as arbitrary
densitometric units relative fold to B-actin (Figure 2).
Heart samples were homogenized, and the superna-
tants were collected after centrifugation. A commercial
ELISA kit (Cell Biolabs Inc, San Diego, CA) was used
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Figure 1.
HOCM.

Representative histologic staining from septal biopsies in patients with

The left panel corresponded to representative pictures of Masson’s trichrome staining (A)
and immumohistochemical staining (C) for LOX in a control subject, respectively. The right
panel corresponded to representative pictures of Masson’s trichrome staining (B) and
immumohistochemical staining (D) for LOX in a HOCM patient, respectively. Myocardial
fibrosis was stained in blue (A, B), and the LOX expression was stained in brown (C, D).
Magnification x200. HOCM indicates obstructive hypertrophic cardiomyopathy; and LOX,

lysyl oxidase.

according to the manufacturer’s instructions to detect
total AGEs, including Ne-carboxymethyllysine, pentosi-
dine, and other AGE structures. Myocardial AGE levels
are standardized per 1 mg of heart tissue protein.

Collagen Assay

The soluble and insoluble collagen contents were de-
termined by the Sircol collagen assay kit (Biocolor,

50kDa LOX

42kDa B-actin

139kDa Collagen I

42kDa B-actin

138kDa Collagen IIT

42kDa B-actin

Figure 2. Western blot of LOX, collagen type |, and collagen
type lll in patients with HOCM.

HOCM indicates obstructive hypertrophic cardiomyopathy; and
LOX, lysyl oxidase.
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Carrickfergus, UK). Briefly, heart samples were dis-
solved in pepsin (Sigma, St. Louis, MO) at a con-
centration of 1 mg/mL of 0.5 M acetic acid (Sigma)
at 4°C for 72 hours, and 100 pL of supernatant was
assayed for soluble collagen according to the manu-
facturer’s instructions. The residue, after the soluble
collagen extraction, was then incubated in fragmen-
tation reagent and heated at 65°C for 2 hours, and
100 pL of supernatant was assayed for insoluble col-
lagen according to the manufacturer’s instructions.
The total collagen was calculated as the sum of solu-
ble and insoluble collagen. The fractions of soluble
and insoluble collagen were also expressed as the
percentage of the total collagen. The degree of CCL
was determined as the ratio between the insoluble
collagen and soluble collagen.

Statistical Analysis

Continuous variables are shown as mean+SD.
Categorical variables are presented as frequen-
cies (percentages). Comparisons of the groups for
continuous variables were performed with the un-
paired t test or Mann-Whitney U test, whereas the
chi-squared test or Fisher’s exact test was used
for categorical variables. Pearson’s correlation test
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or Spearman’s correlation test was used to exam-
ine correlations between 2 continuous variables
when indicated. Multivariate analysis was performed
with stepwise linear regression analysis to evaluate
whether the variables were independently associated
with PFR and PER-E, provided they had a P value
of <0.1 in univariate analysis. However, age and sex
were forced to remain in the multivariate models re-
gardless of their significance in univariate analysis. All
P values were 2-sided. Statistical analysis was per-
formed with the SPSS software package (version 20,
IBM Corp, Armonk, NY).

RESULTS

The baseline characteristics of the 44 patients with
HOCM are listed in Table 1. The mean age was
48.8+14 years, and 22 (50%) were men. Six (13.6%)
patients were observed to have AF (4 paroxysmal AF
and 2 chronic AF).

Table 1. Clinical Characteristics of Study Population

Patients With HOCM
All Patients | Patients
Patients With AF Without
(n=44) (n=6) AF (n=38) | P Value
Age, y 48.8+14 59.2+8.4 47.2+14 0.05
Male, n (%) 22 4 (66.7) 18 (47.4) 0.66
BMI, kg/m? 24.2+3.3 24.5+1.3 241+3.5 0.787
Heart rate, beats/min 73.3+11 67.5+10.6 | 74.2+10.9 0.165
SBP, mm Hg 124.9+13.5 | 124.3+12.3 | 125+13.9 0.912
DBP, mm Hg 711£7.8 69+9.5 71.4+7.6 0.485
Dyspnea, n (%) 40 6 (100) 34 (89.5) 1.000
NYHA II/IV, n (%) 14 2(33.9) 12 (31.6) 1.000
NSVT, n (%) 7 2(33.9) 5(13.2) 0.238
History of syncope 14 1(16.7) 13 (34.2) 0.700
History of hypertension, 13 0 (0) 13 (34.2) 0.22
n (%)
History of diabetes 5 0 (0) 5(13.2) 1.000
mellitus, n (%)
Family history of HCM, 3 1(16.7) 2 (5.3 0.363
n (%)
Family history of SCD, 1 0(0) 1(2.6) 1.000
n (%)
Verapamil or diltiazem, 4 0(0) 4 (10.5) 1.000
n (%)
ACEI/ARB, n (%) 1 0(0) 1(2.6) 1.000
Diuretics, n (%) 5 1(16.7) 4 (10.5) 0.538
Beta blocker, n (%) 42 6 (100) 36 (94.7) 1.000

ACEl indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin
receptor blocker; AF, atrial fibrillation; BMI, body mass index; DBP, diastolic
blood pressure; HCM, hypertrophic cardiomyopathy; HOCM, hypertrophic
obstructive cardiomyopathy; NYHA, New York Heart Association; NSVT,
nonsustained ventricular tachycardia; SBP, systolic blood pressure; and
SCD, sudden cardiac death.

J Am Heart Assoc. 2021;10:e017752. DOI: 10.1161/JAHA.120.017752

Collagen Cross-Linking and Cardiac Remodeling

Histomorphologic and Molecular
Parameters

The collagen volume fraction was higher in HOCM
patients than in controls (8.7+3.5% versus 3.7+1.2%;
P<0.001). Patients with AF showed a greater extent of
myocardial fibrosis than those without AF (12+2.7%
versus 8.1£3.4%, P=0.015). We did not find any differ-
ence in the expression of collagen type | or type Ill be-
tween patients with and without AF.

Compared with patients without AF, the insolu-
ble collagen and insoluble collagen fraction were
higher in patients with AF (33.1+17.9 pg/mg ver-
sus 20.1+8.1 pg/mg; P=0.018; 75.3+7.4% versus
64.7+9.9%; P=0.017; Figure 3B). The degree of CCL
was also increased in patients with AF (3.39+1.46
versus 2.09+1.05; P=0.008). Soluble collagen did
not differ between patients with AF and those with-
out AF (9.68+2.0 ug/mg1 versus 10.28+2.71 ug/mg;
P=0.681). The total collagen was increased in pa-
tients with AF (42.8+19.1 ug/mg versus 30.4+8.8 pg/
mg; P=0.087; Figure 3A) but without statistical
significance.

Association analysis showed that collagen volume
fraction was positively correlated with age (r=0.36,
P=0.015). However, collagen volume fraction did not
correlate with collagen molecular indices. No further
associations were found between collagen type | or
type lll and insoluble collagen or CCL.

Enzymatic and Nonenzymatic CCL
Whereas the controls showed mild immunostaining
for LOX, patients with HOCM exhibited moderate to
severe immunostaining (Figure 1). Compared with
patients with AF, the expression of myocardial LOX
did not differ in those without AF (0.62+0.34 arbi-
trary densitometric units versus 0.52+0.31 arbitrary
densitometric units; P=0.494; Figure 3C). However,
serum LOX was significantly higher in patients than
in controls (1.35+0.7 ng/mL versus 0.9+0.28 ng/mL;
P=0.021). Patients with AF showed greater serum
LOX expression than those without AF, but with-
out statistical significance (1.9+0.7 ng/mL versus
1.27+0.67 ng/mL; P=0.075). The mean myocardial
AGEs were 0.83+0.42 pg/mg in patients with HOCM.
Patients with AF showed higher levels of AGEs
than patients without AF (1.16+0.29 ug/mg versus
0.78+0.42 pg/mg; P=0.039; Figure 3D).

Myocardial LOX was correlated with insoluble col-
lagen (=0.47, P=0.001), insoluble collagen fraction
(r=0.53, P < 0.001; Figure 4A), collagen type | (=0.36,
P=0.016), collagen type I/lll ratio (=0.34, P=0.026) and
total collagen (=0.34, P=0.023; Figure 4B). Serum
LOX was correlated with collagen type | (r=0.32,
P=0.032). It also showed a positive trend to insolu-
ble collagen fraction (r=0.26, P=0.091). But no further
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Figure 3. Comparisons between patients with HOCM with AF and those without
AF for molecular and cardiovascular magnetic resonance indices.

Compared with patients without AF, patients with AF showed higher myocardial total
collagen (A), insoluble collagen (B), and AGE expression (D), but insignificant LOX
expression (C). In addition, patients with AF also exhibited lower PFR (E), PFR index (F),
PER-E (G), and LATEF (H). ADU indicates arbitrary densitometric units; AF, atrial fibrillation;
AGE, advanced glycation end-product; HOCM, hypertrophic obstructive cardiomyopathy;
LATEF, total left atrial ejection fraction; LOX, lysyl oxidase; PER-E, early peak emptying
rate; and PFR, peak filling rate.
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correlation between myocardial and serum LOX was
found (=-0.09, P=0.579). There was also no correla-
tion between myocardial AGEs and collagen subtypes.

LV Remodeling Parameters

As shown in Table 2, the LV volume parameters, includ-
ing LV end-diastolic diameter, septal wall thickness,
end-diastolic volume index, end-systolic volume index,
and LV mass index, did not differ between patients
with HOCM with and without AF. In contrast, PFR was

Collagen Cross-Linking and Cardiac Remodeling

significantly lower in patients with AF than in those with-
out AF (211+£40.6 mL/s versus 272+110 mL/s; P=0.024;
Figure 3E). The PFR index was also lower in patients
with AF but without statistical significance (1.98+0.7/s
versus 3.06+1.37; P=0.070; Figure 3F).

Myocardial LOX was inversely correlated with
PFR and PFR index (=-0.46, P=0.003; and r=-0.43,
P=0.006, respectively; Figure 4D) but positively cor-
related with acceleration time and LV mass index
(r=0.38, P=0.016; and r=0.36; P=0.026, respectively).
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Figure 4. Associations of cardiovascular magnetic resonance parameters with

collagen metabolism.

(A, B) Correlations between myocardial LOX expression and insoluble collagen fraction
and total collagen. (C, D) Correlations between PFR and insoluble collagen fraction and
myocardial LOX expression. (E, F) Correlations between PER-E and insoluble collagen
fraction and myocardial LOX expression. A.D.U., arbitrary densitometric units; HOCM,
hypertrophic obstructive cardiomyopathy; LOX, lysyl oxidase; PER-E, early peak emptying

rate; and PFR, peak filling rate.
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Table 2. Cardiovascular Magnetic Resonance Imaging Assessment of LA/LV Parameters in Patients With HOCM With and

Without AF
All Patients Patients With HOCM
With AF Without AF
(n=40) (n=6) (n=34) P Value
Indices of LV remodeling
Septal wall thickness, mm 24.7+4.2 25.8+1.3 24.7+4.5 0.252
LV end-diastolic diameter, mm 45.3+3.4 43.7+4.7 45+4 0.478
LVMI, g/m? 97+30.1 85.3+25.2 99.2+30.8 0.304
LVEF, % 64+6.6 63.2+10.8 64.5+5.8 0.778
LVEDVi, mL/m? 86.9+23.3 90.8+18.4 85.7+23.7 0.240
LVESVi, mL/m? 29.1+10.1 25.4+7.4 29.4+10.3 0.344
PFR, mL/s 2641105 211+40.6 272110 0.024
PFR index, s 2.9+1.4 1.98+0.7 3.06+1.37 0.070
AT, s 143.6+45 167.3+52.2 140+41.9 0.1568
DT, s 1721+65.2 166.2+51.5 177.2+69.5 0.713
Indices of LA remodeling

LA diameter, mm 41.5+8.8 48.8+6.4 40.2+8.8 0.028
LAV, index, mL/m? 65.5+20.8 86.6+23.9 61.8+18.1 0.005
LAV, index, mL/m? 40.3+£19.6 66.5+£23.7 35.6+14.9 0.004
LATEF, % 40.8+12.2 24.3+7.6 43.7£10.5 <0.001
LAPEF, % 21.6+16.1 13.3+3.6 23117 0.173
LAAEF, % 26.4+12 12.4+10.6 29+10.5 0.001
PER-E, mL 112.1+59.1 81.4+18.5 117.5+62.3 0.01

PER-E index, /s 1.3+0.6 1.2+0.4 1.3+0.6 0.587
PER-A, mL 147+77.4 98.6+74.6 156.5+75.6 0.91

PER-A index, /s 1.7£0.9 1.3+0.9 1.8+0.9 0.384

AT indicates acceleration time; DT, deceleration time; HOCM, hypertrophic obstructive cardiomyopathy; LA, left atrial; LAAEF, active left atrial ejection
fraction; LAPEF, passive left atrial ejection fraction; LATEF, total left atrial ejection fraction; LAV, left atrial volume; LV, left ventricular; LVEDVI, left ventricular end-
diastolic volume index; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end-systolic volume index; LVMI, left ventricle mass index; PER-A, atrial
peak emptying rate A; PER-A index, atrial peak emptying rate A normalized by left ventricular filling volume; PER-E, early peak emptying rate; PER-E index, early
peak emptying rate normalized by left ventricular filling volume; PFR, peak filling rate; and PFR index, peak filling rate normalized by left ventricular filling volume.

The soluble collagen was correlated with LV end-di-
astolic diameters (r=—0.37, P=0.018). The insoluble
collagen was associated with PFR index (r=—0.32,
P=0.044), and the insoluble collagen fraction was cor-
related with PFR, PFR index, and acceleration time
(=—0.35, P=0.029; r=-0.44, P=0.005; and r=0.36,
P=0.022, respectively; Figure 4C).

LA Remodeling Parameters

Compared with patients with HOCM without AF, patients
with AF exhibited larger LA diameters (48.8+6.4 mm
versus 40.2+8.8 mm; P=0.028), LAV, index
(86.6+23.9 mL/m? versus 61.8+18.1 mL/m?, P=0.005)
and LAV, index (66.5+23.7 mL/m? versus 35.6+14.9
mL/m?, P=0.004). Patients with AF also showed
lower LATEF (24.3+7.6% versus 43.7+10.5%; P<0.001;
Figure 3H), active left atrial ejection fraction (12.4+10.6%
versus 29+10.5%; P=0.001) and PER-E (81.4+18.5 mL

versus 117.5+62.3 mL; P=0.01; Figure 3G).

In correlation analysis, collagen type Il and the ratio
of collagen types | and Il were significantly correlated
with LA diameters (r=-0.48, P=0.001; and r=0.40,
P=0.010, respectively). The ratio of collagen type |
and Ill was also correlated with LAV, ,, index (=0.33,
P=0.035). The total collagen was associated with
PER-E (=-0.34, P=0.030) and PER-E index (r=—0.39,
P=0.013). The insoluble collagen and insoluble collagen
fraction were also correlated with LA diameters (=0.31,
P=0.050; and r=0.36, P=0.021), PER-E (=-0.44,
P=0.004; and r=-0.46, P=0.003; Figure 4E) and PER-E
index (r=—0.50, P=0.001; and r=-0.49, P=0.001). In
addition, the insoluble collagen fraction was asso-
ciated with LATEF (=-0.40, P=0.010), LAV, index
(=0.34, P=0.034) and LAV, index (r=0.40, P=0.010).
Furthermore, myocardial LOX expression was cor-
related with PER-E (r=—0.38, P=0.016; Figure 4F) and
PER-E index (=-0.35, P=0.027). However, the myo-
cardial AGE levels were not correlated with LA/LV re-

modeling parameters.
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Then multiple linear regression analysis was per-
formed to identify whether independent determinants
of LA/LV deformation rate on univariate analysis were
still significant after controlling for potential confound-
ing factors (Table 3). Only myocardial LOX expression
was independently associated with PFR after adjust-
ment for age, sex, septal wall thickness, and insoluble
collagen fraction. However, insoluble collagen fraction
showed independent correlation with PER-E after ad-
justment for age, sex, LA diameters, LATEF, and myo-
cardial LOX expression.

DISCUSSION

In our study, we mainly found the following: (1) The de-
gree of CCL was correlated with the expression of the
enzyme LOX rather than myocardial AGEs in patients
with HOCM; (2) the degree of CCL and myocardial LOX
expression were associated with LA/LV remodeling
after adjusted for clinical confounders; (3) and com-
pared with patients with HOCM without AF, patients
with AF exhibited a greater degree of CCL and worse
LA/LV function, even with similar amounts of total
collagen.

Enzymatic and Nonenzymatic CCL in
HOCM

Myocardial fibrosis is a hallmark of HCM, which is
characterized as accumulation of collagen.'” The col-
lagen network provides the preservation of tissue
architecture and chamber geometry, and its dispro-
portionate accumulation further increases tissue stiff-
ness. CCL is formation of covalent bonds between free
collagen, and excessive CCL in the collagen network

Collagen Cross-Linking and Cardiac Remodeling

translates into tissue stiffness and more energy effi-
ciency on deformation. Previous studies reported that
myocardial CCL had a close relationship with diastolic
indexes rather than collagen amount in patients with
heart failure.*'° Here, we showed that a lower LV defor-
mation rate was correlated with increased abundance
of insoluble collagen but not total collagen content. In
addition, soluble collagen content was correlated with
larger LV end-diastolic diameters. This suggested that
the relative proportion of CCL in the collagen network
emerged as a critical influence of LV remodeling in
HOCM.

To take this finding one step further, we analyzed the
clinical significance of enzyme LOX and AGEs, which
were biosynthetic pathways of enzymatic CCL and
nonenzymatic CCL respectively. LOX is an extracellular,
matrix-embedded protein, which was associated with
CCL and collagen expression. Animal studies showed
that myocardial LOX could regulate the abundance
of collagen type | and the resulting heart failure.'®
Inhibiting LOX with direct inhibitors could reduce myo-
cardial stiffness in the left ventricle of normal adult pigs
through decreasing CCL.'"> Consistent with previous
studies, we found that myocardial LOX expression was
higher in patients with HOCM and significantly asso-
ciated with CCL, the expression of total collagen and
collagen type I. LOX overexpression triggered a greater
fibrotic response that was characterized by stronger
collagen deposition and CCL, leading to increased
LV stiffness and impaired diastolic dysfunction. In our
study, patients with HOCM exhibited decreased LV de-
formation rate, which reflected impaired LV relaxation,
progressive LV stiffness, and larger LA/LV diastolic fill-
ing gradients,'® and a negative correlation was found
between LOX expression and LV deformation rate,

Table 3. Univariate and Multivariate Regression for LA/LV Deformation Rate in Patients With HOCM

Univariate Multivariate
P Value 3 (95% CI) P Value 3 (95% CI)
PFR
Age 0.457 0.9 (-1.5t03.2) 0.885 -0.2 (-2.4t02.1)
Sex 0.623 -16.6 (-84.3 to 51.1) 0.956 1.8 (-61.8 t0 65.3)
Septal wall thickness 0.017 -9.4 (<171 to -1.8)
LOX expression 0.003 -185.2 (-301.3 to —69.2) 0.005 -188.7 (-315.6 to -61.7)
Insoluble collagen fraction 0.008 -4.6 (-7.4t0 -1.7)
PER-E
Age 0.246 -0.8 (-2.1t00.5) 0.406 -0.5(-1.7t0 0.7)
Sex 0.547 -11.5 (-49.7 t0 26.7) 0.975 0.6 (-36.1t0 37.2)
LA diameter 0.081 -1.9(-4.0t0 0.2)
LOX expression 0.023 —-80.7 (-149.9 to —-11.6)
Insoluble collagen fraction 0.002 -2.6 (-4.3t0 -1.0) 0.005 -2.6 (-4.310-0.8)
LATEF 0.02 1.8(0.3103.3)

HOCM indicates hypertrophic obstructive cardiomyopathy; LA, left atrial; LATEF, total left atrial ejection fraction; LOX, lysyl oxidase; PER-E early peak

emptying rate; and PFR, peak filling rate.
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suggesting that LOX was associated with both forma-
tion and assembly of the collagen network and subse-
quent LV adverse remodeling. Although the important
role of myocardial LOX was found in our study, serum
LOX was not correlated with myocardial LOX or colla-
gen subtypes, which made serum LOX not so qualified
as a cardiac biomarker for myocardial LOX in HOCM.
Another pathway to form CCL is glycation-induced
nonenzymatic cross-links (ie, AGEs). AGE cross-
links occur adventitiously and are usually stimulated
by aging, hyperglycemia, and oxidative stress."'®
Enzymatic and AGE cross-links have different effects
on mechanical properties of tissue. In bone, enzymatic
cross-links are considered beneficial to bone strength.
In contrast, AGE cross-links have detrimental effects
on biological functions of bone, which could make
collagen fibers brittle.'® Interestingly, no significant cor-
relation was found between AGE levels and CCL or LV
remodeling parameters in our study. This finding might
indicate that AGEs had a less effective role in forma-
tion of collagen cross-links in patients with HOCM.
Results of a study by van Heerebeek et al*® showed
that AGEs were of particular influence in patients with
heart failure with a reduced ejection fraction but insig-
nificant in patients with a normal ejection fraction. This
might explain the lack of clinical significance of AGEs
in patients with HOCM, who had a high-normal or ele-
vated ejection fraction. Besides AGE cross-links, AGEs
could also mediate their effects through a receptor-de-
pendent pathway. AGEs bind to specific cell surface—
associated receptors and accelerate the process of
oxidation.?' Thus, the role of AGEs in HOCM is not fully
understood and worth further investigation.

Association Between LA Remodeling and
CCL

Enlargement of the left atrium occurs frequently in
patients with HCM, reflecting significant LV diastolic
dysfunction, LVOT obstruction, presence of mitral re-
gurgitation, and intrinsic atrial myopathy.?? Recent
studies also reported that patients with HCM could
also exhibit impairment of LA function before LA en-
largement, even in the early stage of the disease.?®
However, the mechanism remained unknown. In a
study of HCM sarcomere mutation carriers, the overt
HCM group had significantly lower LATEF and passive
left atrial ejection fraction compared with preclinical
HCM and controls, which was attributable to a greater
extent of late gadolinium enhancement in subjects with
overt HCM.?* In addition, LA strain was reported as an
independent predictor to LA fibrosis in patients with
severe mitral regurgitation.?® In our study, CCL and
collagen type I/lll were correlated with LA diameters
and LA volume. In addition, CCL was associated with
LA deformation rate and emptying function. Both CCL
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and a high proportion of collagen | are considered to
be coincident with an increased in tissue stiffness.
Thus, the molecular changes of the collagen network
were also correlated with LA remodeling in HOCM.

AF is the most common arrhythmia observed in
HCM. Roughly 20% of patients develop AF, with an
annual incidence of 2%.%%Patients with LVOT obstruc-
tion have a higher prevalence of AF.2” A previous study
showed that AF developed after the diagnosis of HCM
in the majority of patients, indicating that anatomic
and physiologic changes were related to AF develop-
ment.?8 In our study, compared with patients without
AF, patients with AF exhibited a larger left atrium but
lower LA emptying function and deformation rate.
Meanwhile, patients with AF also showed higher CCL
than patients without AF, but the amount of total colla-
gen was similar. Consistent with our results, Adam et
al®® previously reported that patients with AF showed
higher total collagen content and 2.5-fold increased
collagen cross-linking compared with patients with
sinus rhythm. This might indicate that increased CCL
was correlated with occurrence of AF in HOCM. Of in-
terest, although LOX expression was correlated with
LA deformation rate, the difference was not significant
between patients with and without AF, but myocardial
AGEs were higher in patients with AF. In our opinion,
AF occurrence was determined by a combination of
multiple factors. Lysine residues are common binding
sites of enzymatic and nonenzymatic cross-linking.®
Accumulation of AGEs might result in competitive in-
hibition of enzymatic cross-linking and deteriorate the
physiologic formation of the collagen network because
of their relative fragility, which might be associated with
the occurrence of AF.

Several limitations must be acknowledged. First,
this was a study involving a relatively small number of
patients, including few patients with AF. However, be-
cause of the nature of the goals under investigation,
it was adequately powered. Also, our conclusion was
mainly derived from correlation analysis, which did not
necessarily represent a causative relation. In addition,
our study did not include patients with HCM with a nor-
mal LVOT pressure gradient or patients with systolic
dysfunction. Different results could have been found
by evaluating these 2 populations. Finally, because the
time course was short, the follow-up data were absent.
We cannot evaluate how LOX and CCL influence clin-
ical outcomes or longitudinal disease evolution in this
study.

CONCLUSIONS

CCL plays an important role in heart remodeling in
HOCM, which might be regulated mainly by LOX.
Myocardial LOX expression is independently correlated
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with LV stiffness, while accumulation of AGE cross-
links might be associated the occurrence of AF in pa-
tients with HOCM.
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