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Abstract

Aims Patients undergoing dialysis, even those without coronary artery disease or valvular abnormalities, sometimes present
with reduced heart function, which resembles dilated cardiomyopathy (DCM). This condition is known as uraemic cardiomy-
opathy (UCM). The mechanisms of UCM development are not fully understood. Previous studies demonstrated that the
balance between placental growth factor (PIGF) and fms-like tyrosine kinase-1 (Flt-1) is correlated with renal function, and
PIGF/FIt-1 signalling is involved in the development of cardiovascular diseases in patients with chronic kidney disease. This
study was conducted to evaluate the pathogenesis of UCM and clarify the differences in the mechanisms of UCM and DCM
by using human endomyocardial biopsy and blood samples.

Methods and results The clinical and pathological features of 30 patients on dialysis with reduced cardiac function [left
ventricular ejection fraction (LVEF) <50%] (UCM group; mean age: 58.5 + 9.4 years and LVEF: 39.1 + 7.2%), 196 DCM patients
(DCM group; mean age: 62.7 + 14.0 years and LVEF: 33.5 + 8.8%) as controls with reduced cardiac function (LVEF <45%), and 21
patients as controls with normal cardiac function (control group; mean age: 56.2 + 19.3 years and LVEF: 67.5 + 6.7%) were
analysed. The percentage of the interstitial fibrosis area in the UCM group was greater than that in the DCM group
(P =0.045). In UCM patients, the percentage of the interstitial fibrosis area was positively correlated with the duration of renal
replacement therapy (P < 0.001). The number of infiltrated CD68-positive macrophages in the myocardium and expression of
monocyte chemoattractant protein-1 (MCP-1) in cardiomyocytes were significantly greater in the UCM group than in the other
groups (P < 0.001, respectively). Furthermore, while the serum level of soluble form of Flt-1, an endogenous inhibitor of PIGF,
in the UCM group was lower compared with that in the DCM group (P < 0.001), the serum levels of PIGF and PIGF/soluble form
of Flt-1 ratio and plasma level of MCP-1 in the UCM group were higher than those in the DCM group (P < 0.001, respectively).
Conclusions These results suggest that activated PIGF/Flt-1 signalling and subsequent macrophage-mediated chronic
non-infectious inflammation via MCP-1 in the myocardium are involved in the pathogenesis of UCM.
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Introduction cardiovascular disease of patients with CKD [estimated

glomerular filtration rate (eGFR) <60 mlL/min/1.73 m?] is
Chronic kidney disease (CKD) is an independent risk factor for ~ substantially higher than that of patients without CKD
cardiovascular events.'? Particularly, the mortality from (eGFR > 60 mL/min/1.73 m?).>™* Congestive heart failure is
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well known as the major cause of mortality among patients
with CKD.3* Despite the absence of ischaemic heart disease
and valvular disease, patients with end-stage renal disease
(ESRD) can develop left ventricular (LV) systolic dysfunction,
LV hypertrophy, and LV dilatation, which is known as uraemic
cardiomyopathy (UCM).**> The pathological features of the
UCM heart are diffuse interstitial fibrosis and cardiomyocyte
hypertrophy.>™ The clinical features of the UCM are similar
to those of dilated cardiomyopathy (DCM). However, the
pathogenesis of these functional and phenotypical features
in UCM, as well as whether the pathogenesis of UCM and
DCM hearts is the same, remains unclear.

In patients with CKD, cardiovascular events are known to
be caused by several factors such as uraemic toxins, inflam-
mation, oxidative stress, and placental growth factor
(PIGF).*>® Previous studies demonstrated that the balance
between PIGF and fms-like tyrosine kinase-1 (Flt-1) is strongly
correlated with renal function. PIGF is a member of the
vascular endothelial growth factor (VEGF) family and PIGF se-
lectively and specifically binds to Flt-1, also known as VEGF re-
ceptor-1. PIGF/Flt-1 signalling accelerates both vasculogenesis
and atherosclerosis by enhancing chronic non-infectious in-
flammation, which enhances the progression of cardiovascu-
lar events.®** A soluble form of Flt-1 (sFlt-1) lacks the
transmembrane and intracellular domains of Flt-1 and regu-
lates the availability of PIGF in the peripheral circulation.’ Be-
cause the expression of PIGF is increased and that of sFlt-1 is
decreased with decreases in eGFR, PIGF and sFlt-1 are impor-
tant mediators of the pathogenesis of cardiovascular diseases
in patients with CKD.®***3 Our group also reported that sFlt-1
knockout mice showed persistent stimulation of PIGF/Flt-1
signalling in a pressure overload model, as well as presented
with LV systolic dysfunction, diffuse interstitial fibrosis, and
overexpression of monocyte chemoattractant protein-1
(MCP-1) in cardiomyocytes with macrophage infiltration in
the myocardium.**

To investigate the mechanism of LV dysfunction in UCM
patients and explore the difference between UCM and DCM
hearts, we evaluated the involvement of inflammatory cells
and expression of MCP-1 in cardiomyocytes using human LV
endomyocardial biopsy and blood samples.

Methods
Patient population

The UCM group consisted of 30 consecutive patients with
Stage 5 CKD on dialysis admitted to our hospital to investi-
gate the aetiology of LV systolic dysfunction [LV ejection frac-
tion (LVEF) <50%] between January 2007 and December
2016. They underwent transthoracic echocardiography and
coronary angiography to exclude coronary artery disease

and valvular disease. They also underwent LV endomyo-
cardial biopsy to rule out acute myocarditis or secondary
myocardial diseases, including cardiac amyloidosis. After ex-
cluding ischaemic or valvular heart disease and secondary
myocardial diseases, they were diagnosed with UCM and en-
rolled in this study (UCM group). Patients already diagnosed
with primary or secondary cardiomyopathy, including DCM,
myocarditis, or cardiac amyloidosis, were excluded from the
UCM group. As controls with normal LV function, 21 consec-
utive patients with conduction disorder who had all the fol-
lowing conditions between January 2007 and December
2016 were enrolled (control group): (i) patients who were ex-
cluded having coronary artery disease or LV dysfunction by
coronary angiography and left ventriculography; (ii) patients
who were excluded having any myocardial diseases including
cardiac amyloidosis or myocarditis by LV endomyocardial bi-
opsy; and (iii) patients who had not been diagnosed as pri-
mary or secondary cardiomyopathy. As controls with
impaired LV function, 196 consecutive patients diagnosed
clinically with DCM between January 2007 and December
2016 and underwent LV endomyocardial biopsy to exclude
secondary myocardial diseases were enrolled (DCM group).
DCM was defined as (i) LV end-diastolic diameter (LVEDD) in-
dex >33 mm/m? (men) or >32 mm/m? (women); (i)
LVEF < 45%; and (iii) the absence of coronary artery disease
by coronary angiography and absence of valvular disease by
echocardiography.®® In the three groups, patients with a his-
tory of recent infection or any other active systemic disease
were excluded.

The study protocols were approved by the Nara Medical
University Ethics Committee, 1176-5, and followed the
Declaration of Helsinki guidelines. Written informed consent
or an opt-out-approach for approval for the publication of pa-
tient information was applied in this study to obtain consent
in all cases from either the patient or his/her family members.

Transthoracic echocardiography and laboratory
data

Data from transthoracic echocardiograms and laboratory
tests on admission were assessed. LVEF was calculated using
the modified Simpson method. Interventricular septum
thickness, posterior wall thickness, LVEDD, and LV
end-systolic diameter (LVESD) were measured by M-mode
echocardiography. eGFR was calculated according to the pub-
lished equation for Japanese subjects: 194 x serum
creatinine™>%* x age %7 (x 0.739 for women). In some
UCM and DCM patients, the serum levels of sFlt-1, PIGF,
and VEGF-A and the plasma level of MCP-1 were measured
using a sandwich enzyme-linked immunosorbent assay kit
(R&D Systems, Minneapolis, MN, USA). The plasma and se-
rum were collected after a small amount of heparin injection
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at the time of endomyocardial biopsy procedure, and those
were frozen at —80°C until analysis.

Myocardial tissue samples and
immunohistochemical analysis

All LV endomyocardial biopsy samples were obtained from a
standardized location at the apical posterior wall of the left
ventricle. Formalin-fixed paraffin-embedded tissues were
cut into 4-um-thick sections using a microtome. The speci-
mens were then processed for haematoxylin—eosin (HE) and
Masson’s trichrome (MT) staining and immunohistochemistry
analysis. The cardiomyocyte diameter was measured at the
nuclear level in at least 30 randomly selected cardiomyocytes
from HE staining at a high-power field using a BZ-X710 micro-
scope and BZ-X analyzer software system (Keyence, Osaka,
Japan). Interstitial fibrosis was quantified as a percentage of
the entire obtained myocardial tissue by MT staining. To
cover the entire myocardium area at the high-power field,
multiple images were captured. These high-resolution images
were jointed using the BZ-X analyzer software. For immuno-
histochemistry analysis, anti-CD45 (ab8216, 1:500 dilution;
Abcam, Cambridge, UK), anti-CD68 (ab125047, 1:100 dilution;
Abcam), and anti-MCP-1 (ab9669, 1:200 dilution; Abcam) an-
tibodies were used. The detailed methods are described in
Supporting Information, Text SZ and S3. The immunohisto-
chemistry of CD45 and CD68 was performed using the serial
section of biopsy samples used for MT staining. The number
of CD45-positive lymphocytes and CD68-positive macro-
phages in the entire myocardial area was counted per square
millimetre using the BZ-X analyzer software. MCP-1-positive
areas in cardiomyocytes were assessed as a percentage of
the entire cardiomyocytes. The endocardium, vascular struc-
ture, and interstitium were excluded in calculating the entire
cardiomyocytes area.

To confirm the specificity of the polyclonal antibody used
for MCP-1 immunostaining, we performed western blotting
and immunohistochemistry analyses using autopsied human
samples. The details of western blotting analysis and the pep-
tide competition assay are available in Supporting Informa-
tion, Text S2 and S3 and Figure S1.

Statistical analysis

Among the UCM, control, and DCM groups, continuous vari-
ables were expressed as the means and standard deviations
or medians and inter-quartile ranges as appropriate, and cat-
egorical variables were expressed as percentages. The statis-
tical significance of differences in continuous variables
between the three groups was assessed by one-way analysis
of variance or Kruskal-Wallis test, followed by Tukey’s honest
significant difference test or Mann—Whitney U test, as

appropriate. The statistical significance of differences in cate-
gorical variables was assessed by x> analysis. The Spearman
correlation test was used to determine the relationship be-
tween the two variables. All comparisons with P < 0.05 were
considered as statistically significant. JMP software (SAS
Institute, Cary, NC, USA) was used to analyse the data.

Results
Baseline characteristics

The baseline clinical characteristics of the three patient
groups, including cardiovascular risk factors and medications
on admission, are presented in Table 1. The proportion of
patients with hypertension was higher in the UCM group than
in the control and DCM groups. While the duration of hyper-
tension was similar between the three groups (P = 0.67), the
systolic and diastolic pressure in the UCM group was signifi-
cantly higher than the other groups. The proportion of atrial
fibrillation was lower in the UCM group than in the DCM
group. This is thought to be caused by the difference in left
atrium volume. New York Heart Association functional class
was similar between the UCM and DCM groups (P = 0.11).
The time from symptom onset and the diagnosis was not sig-
nificantly different between the UCM and DCM groups
(P = 0.86). The aetiology and dialysis method of patients in
the UCM group are presented in Supporting Information,
Table S1. Twenty-six patients were on haemodialysis, and four
were on peritoneal dialysis. The median duration of renal
replacement therapy (RRT) was 2.3 (0.6-10.2) years. In the
DCM group, the percentage of patients with CKD Stage 4, de-
fined as an eGFR from 15 to 29 mL/min/1.73 m?, was 6.1% and
CKD Stage 5, defined as an eGFR below 14 mL/min/1.73 m?,
was zero (Supporting Information, Figure S2).

Echocardiography and laboratory data

The parameters of transthoracic echocardiography on admis-
sion are presented in Table 1. LV wall thickness in the UCM
group was more hypertrophied than that in the other groups.
The LVEDD index, LVESD index, and LVEF in the UCM group
showed values between those of the control and DCM groups.
E/e/ ratio (septal) had no difference between the UCM and
DCM groups (P = 0.27). Thus, the echocardiographic charac-
teristics in the UCM group were LV dilatation, and LV systolic
and diastolic dysfunction associated with LV hypertrophy.

Laboratory data on admission for the three groups are pre-
sented in Table 1. Haemoglobin, uric acid, and sodium levels
in the UCM group were the lowest among the three groups.
Brain natriuretic peptide and potassium levels in the UCM
group were significantly higher than those in the control
and DCM groups.
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Table 1 Patient characteristics
Control group Uraemic cardiomyopathy group Dilated cardiomyopathy group ~ P-value
(n =21) (n = 30) (n = 196) (ANOVA)
Age (years) 56.2 = 19.3 585 +94 62.7 = 14.0 0.05
Male sex, n (%) 17 (81.0%) 20 (66.7%) 129 (65.8%) 0.37
Body mass index (kg/mz) 23.1 3.2 20.7 £ 3.3 23.6 + 4.7 0.003
Systolic blood pressure (mmHg) 125.1 £ 12.0 149.1 + 25.4 129.7 = 26.3 <0.001
Diastolic blood pressure (mmHg) 68.7 = 9.7 845+ 16.4 79.7 £ 19.6 0.004
Heart rate (b.p.m.) 57.6 = 15.8 86.5 + 14.6 89.6 + 27.3 <0.001
Duration from symptom onset to  23.0 (3.0-77.0) 445 (20.3-105.3) 50.0 (19.5-116.8) 0.06
diagnosis (days)
NYHA functional class
1, n (%) 6 (28.6%) 0 12 (6.1%) <0.001
I, n (%) 15 (71.4%) 13 (43.3%) 53 (27.0%) <0.001
I, n (%) 0 15 (50.0%) 98 (50.0%) <0.001
IV, n (%) 0 2 (6.7%) 33 (16.8%) 0.05
Previous history
Hypertension, n (%) 7 (33.3%) 21 (70.0%) 94 (48.0%) 0.02
Duration of hypertension (years) 9.4 + 6.8 13.7 £ 9.7 13.6 = 11.1 0.67
Diabetes mellitus, n (%) 4 (19.1%) 12 (40.0%) 53 (27.0%) 0.21
Dyslipidaemia, n (%) 6 (28.6%) 7 (23.3%) 54 (27.6%) 0.88
Smoker, n (%) 11 (52.4%) 17 (56.7%) 117 (59.7%) 0.79
Atrial fibrillation, n (%) 0 (0.0%) 1 (3.3%) 53 (27.0%) <0.001
Medical treatment on admission
ACEIi/ARB, n (%) 6 (28.6%) 14 (46.7%) 84 (42.9%) 0.39
Beta-blocker, n (%) 2 (9.5%) 10 (33.3%) 34 (17.4%) 0.06
Aldosterone blocker, n (%) 1 (4.8%) 1 (3.3%) 31 (15.8%) 0.08
Laboratory data on admission
Haemoglobin (g/dL) 14.1+1.8 109 £ 2.0 14.0 £ 2.0 <0.001
Uric acid (mg/dL) 6.5+ 1.9 59+19 7.2 *+22 0.004
Blood urea nitrogen (mg/dL) 189 + 11.2 53.2 + 23.2 19.9 + 8.7 <0.001
eGFR (mL/min/1.73 mz) 69.3 + 26.8 6.1 = 3.1 62.5 = 21.5 <0.001
Sodium (mEg/L) 140.7 + 2.2 138.3 = 3.7 140.0 = 3.5 0.01
Potassium (mEgq/L) 42 +0.3 4.6 +0.7 42 05 0.01
BNP (pg/mL) 36.9 (16.6-118.8) 1750.0 (351.5-2961.6) 460.4 (216.0-858.4) <0.001
PRA (ung/mL/h) 2.0 (1.1-3.4) 2.3 (0.9-4.9) 1.8 (0.8-4.5) 0.72
PAC (pg/mL) 118.1 (91.0-184.1) 139.9 (72.5-365.7) 104.5 (64.1-164.2) 0.11
TTE parameters on admission
IVS thickness (mm) 10.1 £ 1.6 11.4 £ 2.1 9.7 +15 <0.001
PW thickness (mm) 9.8 £ 1.3 116 =23 9.7 1.5 <0.001
LVEDD index (mm/m?)? 28.3 = 3.1 37.4+ 438 38.7 =+ 5.1 <0.001
LVESD index (mm/mz)a 175 £ 3.0 30.1 £ 4.9 323 5.2 <0.001
LVEF (%) 67.5 =+ 6.7 39.1+7.2 33.5+ 8.8 <0.001
E/er ratio (septal) 84 +34 21.7 £ 18.3 16.5 + 8.4 0.001
LAD index (mm/m?)? 21.6 = 3.4 26.5 + 4.1 27.6 = 4.8 <0.001

ACEi, angiotensin-converting enzyme inhibitor; ARB, angiotensin Il receptor blocker; BNP, brain natriuretic peptide; E/es ratio, the early
mitral filling velocity (E)/early diastolic mitral annular velocity (e7) ratio; eGFR, estimated glomerular filtration rate; IVS, intraventricular
septal; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; PAC, plasma aldosterone concentration; PRA, plasma
renin activity; PW, posterior wall; TTE, transthoracic echocardiography.
‘Left ventricular end-diastolic dimension index [LVEDD index = LVEDD body surface area (BSA)], left ventricular end-systolic dimension in-
dex (LVESD index = LVESD BSA), and left atrial dimension index (LAD index = LAD BSA) were calculated by two-dimensional

echocardiography.

Pathological features in left ventricular biopsy
samples

We assessed the LV biopsy specimens by HE and MT staining.
The cardiomyocyte diameter was significantly larger in the
UCM group than in the control group, but there was no
difference between the UCM and DCM groups (control,
222 + 33 um; UCM, 30.1 £ 59 um; and DCM,
28.5 £ 54 um, P < 0.001) [Figure 1A (upper panel) and
Figure 1B]. The degree of interstitial fibrosis in the UCM
group was significantly higher than that in the control group

but similar to that in the DCM group (control, 7.3 + 5.0%;
UCM, 18.4 £ 9.9%; and DCM, 15.4 + 11.6%, P < 0.001) [Figure
1A (bottom panel) and Figure 1C]. In the UCM group, the per-
centage of interstitial fibrosis was positively correlated with
the duration of RRT (P < 0.001) (Figure ID) and showed a
tendency to be negatively correlated with LVEF on admission
(P =0.06) (Figure IE).

Immunostaining for CD45 and CD68 was performed to
assess the infiltration of inflammatory cells (Figure 2A).
Although the number of CD45-positive lymphocytes in the
myocardium was similar among the three groups [control,
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Figure 1 Degree of cardiomyocyte diameter and interstitial fibrosis. (A) Upper micrographs show haematoxylin—eosin (HE) staining, and bottom mi-
crographs show Masson'’s trichrome (MT) staining. Bar graph shows (B) the cardiomyocyte diameter based on HE staining and (C) percentage of inter-
stitial fibrosis based on MT staining. In the uraemic cardiomyopathy (UCM) group, the relationship between the percentage of interstitial fibrosis and
(D) duration of renal replacement time (RRT), and (E) left ventricular ejection fraction (LVEF) on admission were significantly correlated. DCM, dilated

cardiomyopathy.
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0.9 (0.0-1.6) cells/mm?; UCM, 1.1 (0.2-2.1) cells/mm?; and
DCM, 1.2 (0.0-2.8) cells/mm?, P = 0.52] [Figure 2A (upper
panel) and Figure 2B], the number of CD68-positive macro-
phages in the myocardium was significantly greater in the

UCM group than in the other two groups [control, 0.0
(0.0-0.0) cells/mm? UCM, 1.8 (0.5-4.9) cells/mm?; and
DCM, 0.0 (0.0-0.7) cells/mm? P < 0.001] [Figure 2A
(bottom panel) and Figure 2C]. Thus, macrophages showed
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Figure 2 Immunostaining of CD45-positive and CD68-positive cells. (A) Immunohistochemistry staining for CD45 and CD68, visualized by diaminoben-
zidine (brown), to assess the infiltration of inflammatory cells in myocardium. Bar graph shows quantification of (B) CD45-positive lymphocytes and (C)
CD68-positive macrophages in the myocardium. DCM, dilated cardiomyopathy; UCM, uraemic cardiomyopathy.

A

Control group UCM group
T > 7 7 = = S L €
it ¢ 7 ‘ ) O > 3 \ s
e ‘,‘ / 1 \ e ‘u.f /| N
\ b/ - * i Al > B e
‘ \ . o
i ! 4 - S0 .
CD45 L « o = :
W - : N
g oG it ’ e . .
f' 4 % 2 = N S
c ST S s - - Sy
et haenom oo ! N
e o e s i - o Lol >
[es? S i Sep o T8 e g &
= S . » e &y : %4
S . e s 4
x - £ S - ) 5, &
CD68 S \ s ‘, . . : l.‘ y 4 : s . -t . ‘
> CF 2 2 v ? 5 ; o T i a Y o
- 2 | a BB e
= S = = v A7 4@ 2 g Sy 0w V¢
8- ST N - @ SRt A, SN *
s el e oS | B e e
B  mmw C ()
3 1079 T 87 P<0.001
8 o P <0.001
> 271
5 8- =
@ P=098 G 6-
<3 S
g P=031 1
X %
A A 4+
O O
B 4 B 3
o -
2 5,
E ] . E
=]
= = 14
= . : 20 : :
Cont group  UCM group DCM group = Cont group  UCM group DCM group
(n=21) (n=30) (n=196) (n=21) (n=130) (n=196)

greater infiltration in the UCM group than in the other
groups.

Expression of monocyte chemoattractant
protein-1 in left ventricular biopsy

Previous studies showed that inflammatory cytokines, such
as MCP-1, participate in the recruitment and activation of
monocytes/macrophages.  Therefore, we investigated
whether MCP-1 was expressed in UCM hearts by immuno-
staining. MCP-1 expression was observed in cardiomyocytes.
The degree of the positively stained area by the anti-MCP-1

antibody in the cardiomyocyte was significantly higher in
the UCM group than in the control and DCM groups (control,
5.1 £ 4.0%;, UCM, 23.6 = 7.4%; and DCM, 9.8 + 5.6%,
P < 0.001) (Figure 3A and 3B).

Blood levels of placental growth factor, soluble
form of fms-like tyrosine kinase-1, and monocyte
chemoattractant protein-1

To investigate the differences in pathological features
between groups, we measured the serum levels of PIGF,
sFlt-1, and VEGF-A and the plasma level of MCP-1 in the
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Figure 3 Immunostaining of monocyte chemoattractant protein-1 (MCP-1). (A) Immunohistochemistry staining for MCP-1 using the specific antibody.
MCP-1 was visualized by diaminobenzidine and found to be expressed in cardiomyocytes. (B) Quantification for MCP-1-positive-stained area in
cardiomyocytes. DCM, dilated cardiomyopathy; UCM, uraemic cardiomyopathy.
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UCM and DCM groups. In the UCM group, as compared with
the DCM group, the serum level of sFlt-1 was significantly
lower (UCM, 120.4 + 75.2 pg/mL; DCM, 430.8 + 264.5 pg/
mL, P < 0.001) (Figure 4A), the serum level of PIGF was
significantly higher (UCM, 18.0 * 4.9 pg/mL; DCM,
10.4 + 5.7 pg/mL, P < 0.001) (Figure 4B), and PIGF/sFIt-1 ra-
tio was significantly higher (UCM, 0.18 + 0.07; DCM,
0.03 + 0.02, P < 0.001) (Figure 4C). The serum level of
VEGF-A, which also binds to Flt-1 in the same manner as
PIGF, was comparable between the UCM and DCM groups
(UCM, 221.0 £ 199.7 pg/mL; DCM, 295.0 + 180.5 pg/mL,
P = 0.39) (Figure 4D). The serum levels of sFlt-1 in the
UCM and DCM groups were positively correlated with eGFR
(P = 0.01) (Supporting Information, Figure S3A). In contrast,
the serum levels of PIGF and PIGF/sFIt-1 ratio were nega-
tively correlated with eGFR (P = 0.01 and P < 0.001, respec-
tively) (Supporting Information, Figure S3B and S3C). The
serum levels of VEGF-A in the UCM and DCM groups were
not correlated with eGFR (P = 0.57) (Supporting Information,
Figure S3D).

Furthermore, the plasma level of MCP-1 was higher in the
UCM group than in the DCM group (UCM, 370.3 + 131.4 pg/
mL; DCM, 195.2 + 78.1 pg/mL, P < 0.001) (Figure 4E). The

plasma level of MCP-1 in the UCM and DCM groups was
negatively correlated with eGFR on admission (P < 0.001)
(Supporting Information, Figure S3E) and the serum level of
sFlt-1 (P = 0.03) (Figure 4F). Although not significant, the
plasma level of MCP-1 tended to be positively correlated
with the serum level of PIGF (P = 0.07) (Figure 4G). The
plasma level of MCP-1 showed a positive correlation with
the PIGF/sFIt-1 ratio (P < 0.001) (Figure 4H).

Discussion

The present study demonstrated that cardiomyocytes’ over-
expression of MCP-1, the main chemokine responsible for
recruiting macrophages, and infiltration of macrophages into
the myocardium were associated with the progression of
interstitial fibrosis and cardiac dysfunction in human LV
biopsy samples from UCM patients. This suggests that
macrophage-mediated chronic non-infectious inflammation
via pro-inflammatory cytokines is involved in the develop-
ment of UCM.**®
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Figure 4 Serum level of soluble isoform of fms-like tyrosine kinase-1 (sFlt-1), placental growth factor (PIGF), PIGF/sFlt-1 ratio, and vascular endothelial
growth factor-A (VEGF-A) and plasma level of monocyte chemoattractant protein-1 (MCP-1). Serum levels of (A) sFlt-1, (B) PIGF, (C) PIGF/sFIt-1 ratio,
and (D) VEGF-A and (E) plasma level of MCP-1 between the uraemic cardiomyopathy (UCM) and dilated cardiomyopathy (DCM) groups. Relationship
between plasma level of MCP-1 and (F) serum level of sFlt-1, (G) serum level of PIGF, and (H) PIGF/sFlt-1 ratio.
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Clinical and pathological features of the uraemic
cardiomyopathy heart

As reported previously,”*”*® the UCM heart in this study clin-
ically displayed a more hypertrophied LV wall, more dilated
LV, worse LV systolic and diastolic function, pathologically
larger LV cardiomyocyte size, and higher degree of interstitial
fibrosis compared with the control heart. The degree of inter-
stitial fibrosis increased with the duration of RRT in the UCM
patients, which agrees with a previous study showing that the
degree of interstitial fibrosis increased over time in patients
with hemodialysis.*® Several factors of the pathogenesis of
the UCM hearts have been reported, such as uraemic toxins,
inflammation, and oxidative stress.** These findings suggest
that the development of interstitial fibrosis might be associ-
ated with exposure time of uraemic retention compounds
with harmful or biochemical activity in the UCM heart. Fur-
thermore, the increased formation of interstitial fibrosis and

subsequent decrease in number of cardiomyocytes might
contribute to LV systolic dysfunction.?%?*

Activated placental growth factor/fms-like
tyrosine kinase-1 signal pathway in uraemic
cardiomyopathy heart

Our group demonstrated that the balance between PIGF and
sFlt-1, which functions as an endogenous inhibitor of PIGF, is
strongly related to renal function,®'%*? and impairment of re-
nal function and subsequent accumulation of uraemic toxins
are key factors in the activation of the PIGF/Flt-1 signal.}%?2
In this study, both the serum PIGF level and PIGF/sFlt-1 ratio
were higher in the UCM group than in the DCM group, while
the serum VEGF-A level was similar between both groups.
Furthermore, unlike the serum VEGF-A level, the serum PIGF
level and PIGF/sFlt-1 ratio increased with worsening eGFR
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(Supporting Information, Figure S3). Previous reports
indicated that both PIGF and VEGF-A levels in circulation
were increased as a result of impaired myocardial perfusion
and worked as the trigger of neoangiogenesis.?*>?* At the
same time, the PIGF production from endothelial cells was re-
ported to be activated under severe CKD, which was not seen
in VEGF-A.2? In this study, the serum VEGF-A level was not
increased in UCM; however, the serum PIGF level was
increased. Those findings suggested that the activation of
PIGF production from endothelial cells rather than impaired
myocardial perfusion is dominant as a cause of PIGF increase
in the ESRD patients &3

Macrophage-mediated chronic inflammation in
uraemic cardiomyopathy heart

We previously reported that the overexpression of MCP-1 in
cardiomyocyte and subsequent infiltration of macrophage in
myocardium caused the interstitial fibrosis and LV dysfunc-
tion under persistently activated PIGF/FIt-1 signalling.**

In this study, UCM hearts demonstrated more degree of
interstitial fibrosis and macrophage infiltration, as previously
reported. Macrophage can be broadly classified into two
different subtypes: classically activated (M1) and alternatively
activated (M2) macrophages.”>?® In this study, as M2
macrophages were rarely observed in the UCM heart (data

not shown), the majority of macrophages were thought to
be M1 macrophages. This finding suggested that M1
macrophages might be polarized by a uraemic toxin?’ and
the activation of PIGF/Flt-1 signalling, and the sustained
pro-inflammatory environment lead to the development of
interstitial fibrosis,>*2>2% which is consistent with the de-
gree of interstitial fibrosis to be higher with a longer duration
of RRT.

This study also demonstrated that the expression of MCP-1
in the cardiomyocyte and the plasma level of MCP-1 were
increased in the UCM heart.2*?®2 Pprevious reports also
showed that MCP-1 was overexpressed in cardiomyocyte
from patients’ sample with DCM and ischaemic cardio-
myopathy.3>3! Considering that plasma MCP-1 level was
increased with worsening eGFR,3? overexpression of MCP-1
might be associated with activation of PIGF/Flt-1 signalling un-
der severe CKD.™

Clinical and pathological comparison between the
uraemic cardiomyopathy and dilated
cardiomyopathy heart

Uraemic cardiomyopathy heart displayed LV dilatation and LV
systolic and diastolic dysfunction, which resembles DCM phe-
notype. Comparison of the morphological and pathological
findings revealed that the LV wall thickness, the extent of

Figure 5 Schematic representation of development of uraemic cardiomyopathy (UCM). In UCM patients, activation of placental growth factor (PIGF)/
fms-like tyrosine kinase-1 (Flt-1) signal may be associated with uraemic toxins, and subsequent macrophage-mediated chronic non-infectious inflam-
mation via overexpression of monocyte chemoattractant protein-1 (MCP-1) in the myocardium was involved in the mechanism of interstitial fibrosis
and development of UCM hearts. sFlt-1, soluble isoform of fms-like tyrosine kinase-1.
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interstitial fibrosis, macrophage infiltration, and MCP-1 ex-
pression in the UCM heart were greater than in the DCM
heart. The pathological findings in UCM patients observed
in this study, cardiomyocyte hypertrophy, and fibrosis could
be caused merely by hypertension because the prevalence
of hypertension was significantly higher in the UCM group.
However, when we compared all UCM patients (n = 30) with
DCM patients with hypertension (n = 94) (Supporting Infor-
mation, Table S2), intraventricular septal and posterior wall
in the UCM patients had more hypertrophy than those in
the DCM patients with hypertension (UCM patients:
11.4 £ 2.1 and 11.6 £ 2.3 mm; DCM patients with hyperten-
sion: 10.1 £ 1.5 and 10.2 + 1.6 mm, P < 0.01, respectively).
The cardiomyocyte diameter in the UCM patients was similar
to that of the DCM patients with hypertension (UCM pa-
tients: 30.1 £ 5.9 um; DCM patients with hypertension:
29.3 £ 5.6 um, P = 0.51), while the degree of interstitial fibro-
sis in the UCM patients was severer than that in the DCM pa-
tients with hypertension (UCM patients: 18.4 + 9.9%; DCM
patients with hypertension: 14.9 + 10.8%, P = 0.04). These
findings suggested that the LV wall hypertrophy mechanism
specific to the UCM was caused by interstitial fibrosis, which
might be affected not only by hypertension but also by other
factors such as a uraemic toxin.

The mechanism of development of uraemic
cardiomyopathy heart

Our findings suggested that activated PIGF/Flt-1 signalling by
uraemic toxins and subsequent macrophage-mediated
chronic inflammation via overexpression of MCP-1 play an
important role in the development of UCM. Based on our
findings, the predicted mechanism of UCM development is
shown in Figure 5. However, our findings cannot fully explain
this mechanism. Previous reports demonstrated that the
interaction between blood and dialysis membrane in
haemodialysis leads to increased cytokine production includ-
ing MCP-1.2% The cytokines produced during haemodialysis
may also be associated with the development of UCM. We
analysed the differences in each index between patients with
haemodialysis (n = 26) and with peritoneal dialysis (n = 4) to
assess the influence of dialysis membrane. As shown in
Supporting Information, Table S3, there were no differences
in indices regarding inflammation, such as the number of in-
filtrated inflammatory cells or the degree of interstitial fibro-
sis. We, therefore, believe the dialysis membrane has little
effect on the development of UCM.

Limitations

This study had some limitations. First, the sample size was
small, and all samples were obtained from a single hospital.

Thus, a larger number of samples should be evaluated to clar-
ify the mechanisms of UCM development. Second, DCM pa-
tients may have been included in the UCM groups. It was
not possible to exclude cases in which patients who initially
had DCM, regardless of renal function, reached ESRD. Third,
blood sampling of the control group was not performed, al-
though previous studies revealed lower levels of PIGF and
MCP-1 in patients with normal renal and cardiac function.®3*
Fourth, we conducted immunohistochemistry analysis to
evaluate MCP-1 expression. Generally, it is better to combine
western blotting or reverse transcription polymerase chain
reaction to confirm the results of immunohistochemistry,
which depends on the specificity and sensitivity of the
antibodies used. However, in this human study, we could
not obtain large samples enough to extract protein or mRNA.
To determine the specificity of the anti-MCP-1 antibody, we
performed western blot analysis and peptide competition
assays using an autopsied human sample.

Conclusions

The activation of the PIGF/FIt-1 signalling by uraemic toxins
and the subsequent macrophage-mediated chronic non-in-
fectious inflammation via the overexpression of MCP-1 in
the myocardium may be involved in the mechanism of car-
diac hypertrophy, interstitial fibrosis, and progression of LV
dysfunction in UCM hearts. Our data have the potential to
provide the basis for the development of new therapeutic
methods.
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