
Citation: Liao, W.-T.; Chen, W.-L.;

Tain, Y.-L.; Hsu, C.-N. Complement

Factor H and Related Proteins as

Markers of Cardiovascular Risk in

Pediatric Chronic Kidney Disease.

Biomedicines 2022, 10, 1396. https://

doi.org/10.3390/biomedicines10061396

Academic Editor: Gener Ismail

Received: 10 May 2022

Accepted: 11 June 2022

Published: 13 June 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Complement Factor H and Related Proteins as Markers of
Cardiovascular Risk in Pediatric Chronic Kidney Disease
Wei-Ting Liao 1, Wei-Ling Chen 1, You-Lin Tain 1,2 and Chien-Ning Hsu 3,4,*

1 Division of Pediatric Nephrology, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung 833, Taiwan;
winona0409@cgmh.org.tw (W.-T.L.); weilingchen@cgmh.org.tw (W.-L.C.); tainyl@adm.cgmh.org.tw (Y.-L.T.)

2 College of Medicine, Chang Gung University, Taoyuan 333, Taiwan
3 Department of Pharmacy, Kaohsiung Chang Gung Memorial Hospital, Kaohsiung 833, Taiwan
4 School of Pharmacy, Kaohsiung Medical University, Kaohsiung 807, Taiwan
* Correspondence: cnhsu@cgmh.org.tw; Tel.: +886-975-368975

Abstract: Cardiovascular disease (CVD) is the main cause of mortality among chronic kidney disease
(CKD) patients, both in adults and in children. Hypertension is one of the risk factors of CVD. For
early detection of subclinical CVD in pediatric CKD, 24 h ambulatory blood pressure monitoring
(ABPM), cardiosonography, and arterial stiffness assessment were evaluated. CAKUT (congenital
anomalies of the kidney and urinary tract) are the main etiologies of pediatric CKD. Previously, by a
proteomic approach, we identified complement factor H (CFH) and related proteins differentially
expressed between children with CAKUT and non-CAKUT CKD. In this study, we aimed to evaluate
whether CFH, CFH-related protein-2 (CFHR2), and CFH-related protein-3 (CFHR3) were related
to CVD risk in children with CKD. This study included 102 subjects aged 6 to 18 years old. The
non-CAKUT group had higher plasma CFHR3 levels than the CAKUT group (p = 0.046). CFHR3
was negatively correlated with LV mass (p = 0.009). CFHR2 was higher in children with CKD with
24 h hypertension in the ABPM profile (p < 0.05). In addition, children with non-CAKUT CKD with
day-time hypertension (p = 0.036) and increased BP load (p = 0.018) displayed a lower plasma CFHR3
level. Our results highlight that CFH and related proteins play a role for CVD in children with CKD.
Early assessment of CFH, CFHR2, and CFHR3 may have clinical utility in discriminating CV risk in
children with CKD with different etiologies.

Keywords: cardiovascular disease; chronic kidney disease; children; complement factor H; complement
factor H-related protein; congenital anomalies of the kidney and urinary tract; hypertension

1. Introduction

Considering that cardiovascular diseases (CVD) are the leading cause of death in
children with CKD [1], assessing cardiovascular risks and detecting early markers of CVD
are important. Unlike in adults, congenital anomalies of the kidney and urinary tract
(CAKUT) are the most common etiologies of CKD in childhood [2]. Hypertension has long
been a defined risk factor for both CVD and CKD. Over 50% of children with early-stage
CKD had abnormalities on 24 h ambulatory blood pressure monitoring (ABPM) in our
previous studies [3,4]. ABPM is a powerful tool for detecting missed hypertension and is
strongly associated with known risk factors for end-stage kidney disease (ESKD) [5]. In
addition, noninvasive assessments of arterial stiffness and left ventricular hypertrophy are
also surrogate markers of early events of CVD. These include carotid intimal and medial
thickness (cIMT), pulse wave velocity (PWV), ambulatory arterial stiffness index (AASI),
left ventricular (LV) mass, and LV mass index (LVMI) [3,5,6]. As CAKUT often develops
early in life and may progress to ESKD in childhood or early adulthood, early detection
of the abovementioned CVD surrogate markers can help prevent further mortality and
morbidity in pediatric CKD.
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In addition to functional and structural surrogate markers, biomarkers are also impor-
tant in early detection of CVD. Proteomics techniques have been used to identify various
biomarkers of kidney diseases [7]. Combined with mass spectrometry, isobaric tags for
relative and absolute protein quantification (iTRAQ) have been valuable in discovering
potential protein biomarkers [8]. Our previous study using the iTRAQ technique identified
several potential proteins expressed differentially between children with CKD with or with-
out ABPM abnormalities, including complement factor H (CFH), CFH-related protein-2
(CFHR2), and CFH-related protein-3 (CFHR3) [9].

The complement system is a critical part of innate immunity to protect our body
against infection and tumors [10]. Three main pathways, including the classical pathway,
the lectin pathway, and the alternative pathway, contribute to complement activation. CFH
is a main regulator of the alternative pathway to inactivate C3b and then to block the
amplification loop of C3 convertases and the terminal pathway [11]. The CFHR proteins
can be divided into two groups according to dimerization or not, as circulating in plasma:
CFHR2 existing in dimeric form belongs to group 1, while group 2, including CFHR3, is
oligomeric [12]. Considering the competition between CFHRs and CFH for binding to C3b,
as described in [9], we assumed that simultaneous analysis of CFH, CFHR2, and CFHR3
might provide more information to reflect the homeostasis of the complement system.

In this study, we aimed to discover the association between CFH, CFHR2, CFHR3,
and ABPM anomalies, parameters of cardiosonography, and arterial stiffness in children
with CKD.

2. Materials and Methods

The protocol for this Precision Medicine Project of Pediatric Chronic Kidney Dis-
ease (PMP-PCKD) study was obtained with consent from the Institution Review Board
and Ethics Committee of Chang Gung Medical Foundation, Taipei, Taiwan (201601181A3
and 201701735A3C501). Chronic kidney disease stage was defined by the KDIGO guide-
lines [13]. The Schwartz formula was used to calculate the estimated glomerular filtration
rate (eGFR) [14]. The following were the inclusion criteria of the study: CKD patients aged
6–18 years. Exclusion criteria were patients who were pregnant, had CKD stage 5, had
ESKD, were receiving a renal transplant, had congestive heart failure, or were unable to
receive cardiovascular assessment. All of the participants, including their parents, provided
signed consent to participate in the study. As the most common underlying disease in
pediatric CKD is CAKUT [2], the etiologies of CKD were divided into two categories:
CAKUT or non-CAKUT.

All participants received cardiovascular assessments, a fasting blood draw, and spot
urine collection. Urine was stored in a −80 ◦C fridge until examination. The hospital
central lab was responsible for measuring blood urea nitrogen (BUN), creatinine (Cr), uric
acid, glucose, hemoglobin (Hb), hematocrit (A), sodium (Na), potassium (K), calcium (Ca),
phosphate (P), urine total protein-to-Cr ratio (UPCR), triglyceride (TG), and low-density
lipoprotein (LDL). Plasma CFH was examined using an ELISA kit (catalog number: CSB-
E08931h, CUSABIO TECHNOLOGY LLC, Houston, TX, USA), CFHR2 was examined
using an ELISA kit (catalog number: CSB-EL005275HU, CUSABIO TECHNOLOGY LLC,
Houston, TX, USA), and CFHR3 was examined using an ELISA kit (catalog number:
CSB-EL005276HU, CUSABIO TECHNOLOGY LLC, Houston, TX, USA). All three kits’
inter-assay coefficients of variations were <10%.

We measured office blood pressure and ABPM for all subjects in this study. Before
measuring office BP, children rested for 5 min. Then, we recorded the seated non-dominant
arm BP three times at one-minute intervals. ABPM was conducted on an Oscar II monitor-
ing machine (SunTech Medical, Morrisville, NC, USA) for 24 h. The ABPM was equipped
by a trained nurse as previously described [15]. The BP was measured every 20 min from
7 a.m. to 10 p.m. and every 30 min from 10 p.m. to 7 a.m. Moreover, the patients recorded
the timing of waking, sleeping, and any activities that would fluctuate BP. Abnormal ABPM
profiles were determined as follows: (1) daytime BP, nighttime BP, systolic BP (SBP), or



Biomedicines 2022, 10, 1396 3 of 10

diastolic BP (DBP) ≥ 95th percentile basis as per the ABPM reference [16]; (2) BP load ≥
25% in daytime or nighttime SBP or DBP; (3) BP load decrease < 10% during sleep com-
pared to the average awake BP load. In addition, the AASI (ambulatory arterial stiffness
index) was counted by the formula of 1-DBP/SBP [13]. Cardiosonography was operated
by a pediatric cardiologist with ultrasound (Philips, Bothell, WA, USA). The LV mass was
calculated in the M-mode setting. The LVMI (left ventricular mass index) was also counted
by dividing LV mass to height3 [17]. The PWV (pulse wave velocity), a marker of arterial
stiffness, was examined by a ProSound7 ultrasound (ProSound7, e-tracking system; Aloka
Co., Tokyo, Japan).

Categorical variables are described as numbers and percentages. Continuous variables
are presented as medians and interquartile ranges (IQRs; 25th−75th percentile). We used
the Mann–Whitney U-test or chi-square test to test the variables’ difference between two
groups and Spearman’s rank correlation coefficient to identify the associations of variables.
A linear and logistic regression model were also operated, followed by entering multi-
variable analyses for adjusting related parameters for CFH, CFHR2, CFHR3, and CV risk
markers. A p < 0.05 was considered statistically significant. All analyses were conducted
on Statistical Package for the Social Sciences (SPSS) software 22.0 (Chicago, IL, USA).

3. Results
3.1. Population Characteristics

A total of 102 subjects aged 6–18 years old were enrolled in the analysis. Table 1 shows
the clinical, anthropometric, and biomedical characteristics of the participants. CAKUT
accounted for 56.9% (58/102) of the etiologies. In the CAKUT group, renal agenesis
accounted for 31% (18/58), renal dysgenesis was 16% (9/58), obstructive nephropathy was
10% (6/58), reflux nephropathy was 26% (15/58), multicystic dysplastic kidney disease was
10% (6/58), and prune-belly syndrome was 2% (1/58). The non-CAKUT group included
15 cases of glomerulonephritis, 13 cases of nephrotic syndrome, 7 cases of IgA nephropathy,
4 cases of lupus nephritis, 2 cases of purpura nephritis, 1 case of ANCA vasculitis, 1 case of
PSGN, and 1 case of FSGS. There were 56 (55%) male participants. The median age was
10.8 years old in the CAKUT group and 12.8 in the non-CAKUT group. There were 62%
and 80% CKD stage 1 in the CAKUT and non-CAKUT groups, respectively. In addition,
the non-CAKUT group had a higher eGFR and UPCR and a lower Hct, fasting glucose, Ca,
and P level. Neither systolic or diastolic BP nor office hypertension prevalence significantly
differed between the CAKUT and non-CAKUT groups. Regarding immunosuppressant
therapy, none of the CAKUT group received immunosuppressant therapy, while 47.7%
children (21/44) in the non-CAKUT group received prednisolone alone or with cyclosporin.

Table 1. Clinical, anthropometric, and biomedical characteristics in children with CKD.

Group CAKUT Non-CAKUT

n = 58 n = 44

Sex M:F 35:23 21:23
CKD stage 1 36 35

CKD stage 2,3,4 22 9
Age 10.8 (9.0–14.2) 12.8 (8.6–15.6)

Body weight, percentile 50 (22.5–85) 50 (15–85)
Body height, percentile 50 (25–85) 50 (25–75)

Systolic blood pressure, mmHg 114 (105–122.5) 109.5 (101–122)
Diastolic blood pressure, mmHg 71 (64–76) 68 (64–79.5)

Body mass index, kg/m2 18.1 (15.8–22.1) 19.2 (16.8–22.6)
Hypertension (office BP) 17 (29.3%) 14 (31.8%)

Immunosuppressant therapy
None 58 (100%) 23 (52.3%) *

Prednisolone 0 17 (38.6%)
Prednisolone + cyclosporin 0 4 (9.1%)
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Table 1. Cont.

Group CAKUT Non-CAKUT

n = 58 n = 44

Blood urea nitrogen, mg/dL 13 (11–16) 12 (10–15.75)
Creatinine, mg/dL 0.6 (0.49–0.8) 0.52 (0.46–0.72)

eGFR, mL/min/1.73 m2 99.4 (82.4–114.3) 117.1 (91.5–130.1) *
Urine total protein-to-creatinine ratio,

mg/g 49.0 (34.6–71.5) 225.4 (56.6–938.8) *

Hemoglobin, g/dL 13.8 (13–14.6) 13.4 (12.4–14.2)
Hematocrit, % 40.6 (38.9–43.0) 39.2 (37.3–41.4) *
Fasting glucose 89 (86–93) 87 (82–92) *

Uric acid, mg/dL 5.3 (4.3–6.3) 5.6 (4.2–7.1)
Sodium, meq/L 141 (140–142) 141 (139–142)

Potassium, meq/L 4.3 (4.1–4.5) 4.3 (4.1–4.5)
Calcium, mg/dL 9.8 (9.5–10.1) 9.5 (9.1–9.8) *

Phosphorus, mg/dL 4.9 (4.6–5.2) 4.7 (4.2–4.9) *
Data are medians (25th, 75th percentile) or n (%). * p < 0.05 for CAKUT vs. non-CAKUT by the chi-square test
or Mann–Whitney U-test. BP = blood pressure; CAKUT = congenital anomalies of the kidney and urinary tract;
eGFR = estimated glomerular filtration rate.

3.2. Complement Factor H and Related Proteins

As shown in Table 2, there was no difference in plasma CFH and CFHR2 levels between
the CAKUT and non-CAKUT groups. CFHR3 was higher in the non-CAKUT group com-
pared to the CAKUT group. We found that CFH and related proteins were not correlated
with eGFR (all p > 0.05) and UPCR (all p > 0.05). There was also no difference in plasma
CFH and related proteins in non-CAKUT patients under different immunosuppressant
therapy (Table S2, Supplementary Materials).

Table 2. Plasma complement factor H and related protein level in children with CKD.

Group CAKUT Non-CAKUT

n = 58 n = 44

CFH (µg/mL) 706.7 (478.0–1021.0) 635.9 (317.0–1013.9)
CFHR2 (µg/mL) 105.1 (73.0–144.1) 108.9 (75.6–126.4)
CFHR3 (µg/mL) 60.4 (37.3–92.4) 77.5 (50.2–127.7) *

Data are medians (25th, 75th percentile) or n (%). * p < 0.05 by the Mann–Whitney U-test.

3.3. Ambulatory Blood Pressure Monitoring and Cardiovascular Assessment

Compared to the office BP, the abnormal ABPM profile was more prevalent (76% vs.
30%). Patients had at least one abnormality in the ABPM, including 19 subjects (19%) with
24 h hypertension, 11 subjects (11%) with daytime hypertension, 24 subjects (24%) with
nighttime hypertension, 58 subjects (57%) with increased BP load, and 58 subjects (57%)
with non-dipping nocturnal BP. However, the ABPM profile did not differ between the
CAKUT and non-CAKUT groups. Additionally, there was no difference in cardiovascular
assessments between the CAKUT and non-CAKUT groups, including the LV mass, LVMI,
PWV, cIMT, and AASI.

3.4. Association between Cardiovascular Assessment and Complement Factor H and
Related Proteins

Table 3 illustrates the coefficient of correlation between CV assessments and CFH
and related proteins in children with CKD. In the CAKUT group, CFH had a positive
correlation with the LV mass and LVMI. CFHR3 was negatively correlated with the LV
mass, LVMI, and PWV in the non-CAKUT group but positively correlated with the LVMI
in the CAKUT group.
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Table 3. Coefficient of correlation of CFH, CFHR2, CFHR3 vs. CV assessments in the CAKUT and
non-CAKUT groups.

Group CAKUT Non-CAKUT

CFH CFHR2 CFHR3 CFH CFHR2 CFHR3

LV mass 0.422 ** −0.065 0.125 0.141 0.266 −0.462 **

LVMI 0.322 * −0.052 0.302 * 0.087 0.221 −0.392 **

PWV-beta −0.203 0.164 0.066 −0.235 −0.151 −0.446 **

cIMT −0.097 0.099 −0.028 −0.068 −0.113 −0.127
* p < 0.05; ** p < 0.01 by Spearman’s rank correlation.

3.5. Association between Ambulatory Blood Pressure Monitoring and Complement Factor H and
Related Proteins

We also analyzed the plasma levels of CFH and related proteins in children with CKD
and determined their associations with the ABPM profile (Tables S3 and S4, Supplementary
Materials). We observed a higher CFHR2 level in children with CKD with an abnormal 24 h
BP compared to a normal ABPM profile (118.4 vs. 96.8 µg/mL, p < 0.05). In the CAKUT
group, the plasma levels of CFH and related proteins were not different between children
with abnormal and normal ABPM profiles (Table S3).

However, Figure 1 shows that the children with non-CAKUT CKD with a high daytime
BP or a high BP load had lower CFHR3 levels compared to those with a normal ABPM
profile (Table S4).
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Mann–Whitney U-test.

Associations between CV risk and CFH and related proteins were further examined in
a multivariate linear regression or logistic model (Tables 4–6). We performed multivariate
linear regression model by entering confounding factors of age, sex, BMI, eGFR, TG, and
LDL. The LV mass was positively associated with CFHR2 in the children with CKD group
(Table 4). In the CAKUT group, CFH was positively correlated to the LVMI, controlling
for other factors (Table 5). In the non-CAKUT group, the regression model revealed
significantly positive associations between CFHR2, LV mass, and LVMI, whereas CFHR3
had negative associations with the LV mass and LVMI (Table 6).
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Table 4. Regression model of cardiovascular risks and CFH-related proteins in children with CKD.

Children with CKD (n = 102)

Dependent Variable Explanatory
Variable Adjusteda Model

Beta p-value R2 p-value

LV mass CFHR2 0.12 0.036 * 0.718 <0.001

OR p-value

24 h hypertension CFHR2 1.019 0.032 *

Nighttime hypertension CFHR2 1.019 0.02 *
OR: odds ratio; adjusteda for age, sex, BMI, eGFR, TG, and LDL; * p < 0.05.

Table 5. Regression model of cardiovascular risks and CFH-related proteins in the CAKUT group.

CAKUT (n = 58)

Dependent Variable Explanatory
Variable Adjusteda Model

Beta p-value R2 p-value

LVMI CFH 0.369 0.009 ** 0.275 0.001

OR p-value

Increased BP load CFHR2 1.020 0.027 *
OR: odds ratio; adjusteda for age, sex, BMI, eGFR, TG, and LDL; * p < 0.05, ** p < 0.01.

Table 6. Regression model of cardiovascular risks and CFH-related proteins in the non-CAKUT
group.

Non-CAKUT (n = 44)

Dependent
Variable

Explanatory
Variable Adjusted a Model

Beta p-value R2 p-value

LV mass CFHR2 0.230 0.005 ** 0.774 <0.001

CFHR3 −0.233 0.015 * 0.76 <0.001

LVMI CFHR2 0.320 0.007 * 0.518 <0.001

CFHR3 −0.302 0.031 * 0.481 <0.001
Adjusteda for age, sex, BMI, eGFR, TG, and LDL; * p < 0.05, ** p <0.01.

As for the multivariate logistic regression model, after adjusting for age, BMI, eGFR,
TG, and LDL, CFHR2 was associated with 24 h hypertension and nighttime hypertension
in the CKD group (Table 4). Additionally, CFHR2 was associated with increased BP load in
the CAKUT group (Table 5) but not in the non-CAKUT group (Table 6).

4. Discussion

The major findings of this study were as follows: (1) the use of office BP alone would
have missed the detection of hypertension in more than half the children; (2) children
with CKD with non-CAKUT etiology had a higher plasma CFHR3 level compared to the
CAKUT group; (3) CFHR3 was negatively correlated with the LV mass and LVMI in the
non-CAKUT group, whereas CFH was positively correlated with the LV mass and LVMI
in the CAKUT group; (4) CFHR2 was associated with 24 h hypertension and nighttime
hypertension detected by ABPM in children with CKD; and (5) a lower plasma CFHR3
level was noted in the non-CAKUT group with daytime hypertension and an increased BP
load. We present a brief summary of their relationships in Figure 2.
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In the current study, the non-CAKUT group had a higher eGFR and UPCR. As the
normal eGFR number is defined as more than 90 mL/min/1.73 m2 [13], both groups
actually displayed normal renal function. Most non-CAKUT children had glomerular
diseases associated with proteinuria, which is caused by increased glomerular permeability.
Our results in the non-CAKUT group were consistent with previous studies showing a
higher UPCR than children with CAKUT [2,4].

We also noted that there is lack of correlation between CFH proteins and eGFR and
UPCR. Although a previous study revealed that urinary CFH protein excretion correlated
negatively with eGFR [18], whether urinary excretion of CFH protein increases with de-
clining GFR due to increased glomerular permeability or impaired tubular reabsorption
remains unknown. In addition, proteinuria is a well-known marker for progression of
CKD, independent of the underlying kidney disease. Though increasing evidence supports
the role of complement in proteinuria-mediated kidney damage [19], plasma CFH protein
level is not correlated with UPCR or eGFR in this study, most likely because most children
with CKD are still in the early stages.

Prior research has demonstrated that ABPM is superior to office BP measurement in
its ability to distinguish patients at high risk for target-organ damage and has a strong
relationship to LVM [20]. Although our results revealed a high prevalence of BP abnor-
malities of ABPM, there was no difference regarding an abnormal ABPM profile between
the CAKUT and non-CAKUT group. Currently no studies report the association between
CFH and related proteins with cardiovascular risk in pediatric CKD. To the best of our
knowledge, we are the first to report the impact of CFH and related proteins on the CVD
risk in children with CKD.

CFH plays a key role as a regulator in the alternative pathway of the complement
system. CFH participates in inflammation and is associated with the pathogenesis of many
diseases, including CVD [21,22]. Previous studies have shown an association between CFH
genetic polymorphism and hypertension [23], indicating that CFH may be a significant
predictor of CVD [24]. In support of the notion that CFH is related to CVD risk, our results
demonstrated that CFH had a positive correlation with the LV mass and LVMI in children
with CKD.

The precise role of CFHR proteins is still unclear as to the inhibitory effect thought
initially, which is in contrast to recent studies reporting the enhancing activation of the
complement pathway [11]. In our data, CFHR2 had a positive correlation with the LV mass,
24 h hypertension, and nighttime hypertension in children with CKD. In the CAKUT group,
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CFHR2 was also associated with an increased BP load. CFHR2 is considered an inhibitory
regulator of the C3 alternative pathway convertase, acting simultaneously with CFH with
a synergic suppression effect [25]. Another study revealed that a higher urine CFHR2 level
was associated with a greater risk of death in patients with proteinuric diabetic kidney
disease [26]. As shown in Figure 1, we, therefore, hypothesized that CFHR2 may play a
role in the pathogenesis of CVD in pediatric CKD and may serve as a predictor of early
CVD risk, especially in the CAKUT group.

Regarding CFHR3, it presents homologous domains of CFH, sharing some binding
characteristics of CFH and, thus, was considered to have CFH cofactor activity [11]. The
circulating CFHR3 level was greatly influenced by the gene deletion of the CFHR3-CFHR1
allele and gene variants of the CFHR3 gene [10]. Polymorphism of the CFHR3 gene is
associated with an increased risk of atypical hemolytic uremic syndrome [10,27]. In line
with previous studies showing that a higher CFHR3 level in lupus nephritis was positively
correlated with SLEDAI values [28], our results indicated that the CFHR3 level was higher
in the non-CAKUT group.

Interestingly, our study revealed a negative correlation of CFHR3 with the LV mass,
LVMI, daytime hypertension, and increased BP load in children in the non-CAKUT group.
Whether high CFHR3 reduces CV risks or CVD induces compensatory increases in CFHR3
deserves further elucidation. Additionally, future studies are required to elucidate how
CFHR3 works differentially in CAKUT and non-CAKUT CKD and to determine their
underlying mechanisms. Our data support the notion that early evaluation of CFH, CHHR2,
and CFHR3 in children with CKD will have clinical utility in discriminating CV risk.
Although the proportion of abnormal BP load and CV risk markers did not differ between
the CAKUT and non-CAKUT group, CFH-related markers may differentially predict CV
risks in these two groups that have somewhat different etiologies.

Our study had some limitations. Firstly, we only studied CFH, CFHR2, and CFHR3
levels at one point of time, although there might be serial changes of these proteins at
different time points, and there are other proteins in the CFH-related protein family. As
immunosuppressive therapy could affect these proteins [29], whether serial analyses of
CFH-related proteins are helpful in monitoring disease activity or therapeutic response de-
serves further elucidation. Considering different CFHRs can compete with CFH for binding,
further research is warranted to investigate the individual role of the CFH-related protein
family in children with CKD. Secondly, we did not determine the levels of CFH, CFHR2,
and CFHR3 in the normal child population. Lack of normal reference and the pathologic
cut point value of the proteins may limit further clinical translation. Thirdly, our data were
from a single-centered cohort study; whether children with CKD from one hospital can
represent the whole pediatric CKD population remains uncertain. Further multicenter
studies are needed to support our findings. Last, the group of diseases encompassed by
non-CAKUT did not have a single disease mechanism. Although complement-mediated
kidney diseases belong to the non-CAKUT category [30], our results indicate that plasma
CFH-related protein levels vary in different etiologies of the non-CAKUT group. Thus,
further subgroups in larger cohorts by different etiologies in the non-CAKUT category will
improve the prevention and treatment of CKD, with the aid of CFH-related proteins.

5. Conclusions

Our results highlight that CFH and related proteins play a role for CVD in children
with CKD. Early assessment of a CVD surrogate marker, especially ABPM, may increase
early detection of CVD risk in pediatric CKD. Importantly, early measurement of CFH,
CFHR2, and CFHR3 may have clinical utility in discriminating CV risk in children with
CKD with different etiologies.



Biomedicines 2022, 10, 1396 9 of 10

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10061396/s1, Table S1: Plasma complement factor
H and related protein level in children with CKD.; Table S2: Plasma complement factor H and related
protein level in children with non-CAKUT group under different immunosuppressant therapy.;
Table S3: Plasma level of CFH, CFHR2, CFHR3 vs. ABPM profile in the CAKUT group.; Table S4:
Plasma level of CFH, CFHR2, CFHR3 vs. ABPM profile in the non-CAKUT group.

Author Contributions: Conceptualization, C.-N.H. and Y.-L.T.; data curation, W.-T.L., W.-L.C., and
Y.-L.T.; funding acquisition, Y.-L.T.; project administration, C.-N.H. and Y.-L.T.; methodology, C.-N.H.,
W.-T.L., W.-L.C., and Y.-L.T.; writing—original draft, C.-N.H., W.-T.L., W.-L.C., and Y.-L.T.; writing—
review and editing, C.-N.H., W.-T.L., W.-L.C., and Y.-L.T. All authors have read and agreed to the
published version of the manuscript.

Funding: This Precision Medicine Project of Pediatric Chronic Kidney Disease (PMP-PCKD) study
was supported by the Chang Gung Memorial Hospital, Kaohsiung, Taiwan, grants CMRPG8I0101
and CMRPG8K0722, and the Ministry of Science and Technology, Taiwan, grants MOST 110-2314-B-
182-020-MY3 (Y.-L.T.) and MOST 110-2314-B-182A-029 (C.-N.H.).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Institutional Review Board and Ethics Committee of Chang Gung
Medical Foundation, Taoyuan, Taiwan (201601181A3 and 201701735A3C501).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study. Written informed consent has been obtained from the patients to publish this paper.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mitsnefes, M.M. Cardiovascular disease in children with chronic kidney disease. J. Am. Soc. Nephrol. 2012, 23, 578–585. [CrossRef]

[PubMed]
2. Harambat, J.; van Stralen, K.J.; Kim, J.J.; Tizard, E.J. Epidemiology of chronic kidney disease in children. Pediatr. Nephrol. 2012, 27,

363–373. [CrossRef]
3. Mitsnefes, M.; Flynn, J.; Cohn, S.; Samuels, J.; Blydt-Hansen, T.; Saland, J.; Kimball, T.; Furth, S.; Warady, B.; Group, C.K.S. Masked

hypertension associates with left ventricular hypertrophy in children with CKD. J. Am. Soc. Nephrol. 2010, 21, 137–144. [CrossRef]
[PubMed]

4. Hsu, C.N.; Lu, P.C.; Lo, M.H.; Lin, I.C.; Chang-Chien, G.P.; Lin, S.; Tain, Y.L. Gut Microbiota-Dependent Trimethylamine N-Oxide
Pathway Associated with Cardiovascular Risk in Children with Early-Stage Chronic Kidney Disease. Int. J. Mol. Sci. 2018, 19,
3699. [CrossRef] [PubMed]

5. Samuels, J.; Ng, D.; Flynn, J.T.; Mitsnefes, M.; Poffenbarger, T.; Warady, B.A.; Furth, S.; Chronic Kidney Disease in Children Study
Group. Ambulatory blood pressure patterns in children with chronic kidney disease. Hypertension 2012, 60, 43–50. [CrossRef]

6. Urbina, E.M.; Williams, R.V.; Alpert, B.S.; Collins, R.T.; Daniels, S.R.; Hayman, L.; Jacobson, M.; Mahoney, L.; Mietus-Snyder, M.;
Rocchini, A.; et al. Noninvasive assessment of subclinical atherosclerosis in children and adolescents: Recommendations for
standard assessment for clinical research: A scientific statement from the American Heart Association. Hypertension 2009, 54,
919–950. [CrossRef] [PubMed]

7. Siwy, J.; Mischak, H.; Zurbig, P. Proteomics and personalized medicine: A focus on kidney disease. Expert Rev. Proteom. 2019, 16,
773–782. [CrossRef]

8. Wu, W.W.; Wang, G.; Baek, S.J.; Shen, R.F. Comparative study of three proteomic quantitative methods, DIGE, cICAT, and iTRAQ,
using 2D gel- or LC-MALDI TOF/TOF. J. Proteome Res. 2006, 5, 651–658. [CrossRef]

9. Chen, W.L.; Tain, Y.L.; Chen, H.E.; Hsu, C.N. Cardiovascular Disease Risk in Children With Chronic Kidney Disease: Impact of
Apolipoprotein C-II and Apolipoprotein C-III. Front. Pediatr. 2021, 9, 706323. [CrossRef]

10. Cserhalmi, M.; Papp, A.; Brandus, B.; Uzonyi, B.; Jozsi, M. Regulation of regulators: Role of the complement factor H-related
proteins. Semin. Immunol. 2019, 45, 101341. [CrossRef]

11. Jozsi, M.; Tortajada, A.; Uzonyi, B.; Goicoechea de Jorge, E.; Rodriguez de Cordoba, S. Factor H-related proteins determine
complement-activating surfaces. Trends Immunol. 2015, 36, 374–384. [CrossRef]

12. Skerka, C.; Chen, Q.; Fremeaux-Bacchi, V.; Roumenina, L.T. Complement factor H related proteins (CFHRs). Mol. Immunol. 2013,
56, 170–180. [CrossRef] [PubMed]

13. Levin, A.; Stevens, P.E.; Bilous, R.W.; Coresh, J.; De Francisco, A.L.; De Jong, P.E.; Griffith, K.E.; Hemmelgarn, B.R.; Iseki, K.; Lamb,
E.J. Kidney Disease: Improving Global Outcomes (KDIGO) CKD Work Group. KDIGO 2012 clinical practice guideline for the
evaluation and management of chronic kidney disease. Kidney Int. Suppl. 2013, 3, 1–150.

https://www.mdpi.com/article/10.3390/biomedicines10061396/s1
https://www.mdpi.com/article/10.3390/biomedicines10061396/s1
http://doi.org/10.1681/ASN.2011111115
http://www.ncbi.nlm.nih.gov/pubmed/22383696
http://doi.org/10.1007/s00467-011-1939-1
http://doi.org/10.1681/ASN.2009060609
http://www.ncbi.nlm.nih.gov/pubmed/19917781
http://doi.org/10.3390/ijms19123699
http://www.ncbi.nlm.nih.gov/pubmed/30469463
http://doi.org/10.1161/HYPERTENSIONAHA.111.189266
http://doi.org/10.1161/HYPERTENSIONAHA.109.192639
http://www.ncbi.nlm.nih.gov/pubmed/19729599
http://doi.org/10.1080/14789450.2019.1659138
http://doi.org/10.1021/pr050405o
http://doi.org/10.3389/fped.2021.706323
http://doi.org/10.1016/j.smim.2019.101341
http://doi.org/10.1016/j.it.2015.04.008
http://doi.org/10.1016/j.molimm.2013.06.001
http://www.ncbi.nlm.nih.gov/pubmed/23830046


Biomedicines 2022, 10, 1396 10 of 10

14. Schwartz, G.J.; Muñoz, A.; Schneider, M.F.; Mak, R.H.; Kaskel, F.; Warady, B.A.; Furth, S.L. New equations to estimate GFR in
children with CKD. J. Am. Soc. Nephrol. 2009, 20, 629–637. [CrossRef] [PubMed]

15. Hsu, C.-N.; Lu, P.-C.; Lo, M.-H.; Lin, I.C.; Tain, Y.-L. The Association between Nitric Oxide Pathway, Blood Pressure Abnormalities,
and Cardiovascular Risk Profile in Pediatric Chronic Kidney Disease. Int. J. Mol. Sci. 2019, 20, 5301. [CrossRef] [PubMed]

16. Wühl, E.; Witte, K.; Soergel, M.; Mehls, O.; Schaefer, F. Distribution of 24-h ambulatory blood pressure in children: Normalized
reference values and role of body dimensions. J. Hypertens. 2002, 20, 1995–2007. [CrossRef]

17. Daniels, S.R.; Kimball, T.R.; Morrison, J.A.; Khoury, P.; Meyer, R.A. Indexing left ventricular mass to account for differences in
body size in children and adolescents without cardiovascular disease. Am. J. Cardiol. 1995, 76, 699–701. [CrossRef]

18. Wenm, L.; Zhao, Z.; Wang, Z.; Xiao, J.; Birn, H.; Gregersen, J.W. High levels of urinary complement proteins are associated with
chronic renal damage and proximal tubule dysfunction in immunoglobulin A nephropathy. Nephrology (Carlton) 2019, 24, 703–710.
[CrossRef]

19. Berger, S.P.; Daha, M.R. Complement in glomerular injury. Semin. Immunopathol. 2007, 29, 375–384. [CrossRef]
20. Flynn, J.T.; Daniels, S.R.; Hayman, L.L.; Maahs, D.M.; McCrindle, B.W.; Mitsnefes, M.; Zachariah, J.P.; Urbina, E.M.; on behalf of

the American Heart Association Atherosclerosis, Hypertension and Obesity in Youth Committee of the Council on Cardiovascular
Disease in the Young. Update: Ambulatory blood pressure monitoring in children and adolescents: A scientific statement from
the American Heart Association. Hypertension 2014, 63, 1116–1135. [CrossRef]

21. Taylor, C.M. Complement factor H and the haemolytic uraemic syndrome. Lancet 2001, 358, 1200–1202. [CrossRef]
22. Meri, S.; Haapasalo, K. Function and Dysfunction of Complement Factor H During Formation of Lipid-Rich Deposits. Front.

Immunol. 2020, 11, 611830. [CrossRef] [PubMed]
23. Gan, W.; Wu, J.; Lu, L.; Xiao, X.; Huang, H.; Wang, F.; Zhu, J.; Sun, L.; Liu, G.; Pan, Y.; et al. Associations of CFH polymorphisms

and CFHR1-CFHR3 deletion with blood pressure and hypertension in Chinese population. PLoS ONE 2012, 7, e42010. [CrossRef]
[PubMed]

24. Volcik, K.A.; Ballantyne, C.M.; Braun, M.C.; Coresh, J.; Mosley, T.H.; Boerwinkle, E. Association of the complement factor H
Y402H polymorphism with cardiovascular disease is dependent upon hypertension status: The ARIC study. Am. J. Hypertens.
2008, 21, 533–538. [CrossRef] [PubMed]

25. Eberhardt, H.U.; Buhlmann, D.; Hortschansky, P.; Chen, Q.; Bohm, S.; Kemper, M.J.; Wallich, R.; Hartmann, A.; Hallstrom,
T.; Zipfel, P.F.; et al. Human factor H-related protein 2 (CFHR2) regulates complement activation. PLoS ONE 2013, 8, e78617.
[CrossRef]

26. Vaisar, T.; Durbin-Johnson, B.; Whitlock, K.; Babenko, I.; Mehrotra, R.; Rocke, D.M.; Afkarian, M. Urine Complement Proteins and
the Risk of Kidney Disease Progression and Mortality in Type 2 Diabetes. Diabetes Care 2018, 41, 2361–2369. [CrossRef] [PubMed]

27. Pouw, R.B.; Gomez Delgado, I.; Lopez Lera, A.; Rodriguez de Cordoba, S.; Wouters, D.; Kuijpers, T.W.; Sanchez-Corral, P.
High Complement Factor H-Related (FHR)-3 Levels Are Associated With the Atypical Hemolytic-Uremic Syndrome-Risk Allele
CFHR3*B. Front. Immunol. 2018, 9, 848. [CrossRef]

28. Hu, X.; Liu, H.; Du, J.; Chen, Y.; Yang, M.; Xie, Y.; Chen, J.; Yan, S.; Ouyang, S.; Gong, Z. The clinical significance of plasma CFHR
1-5 in lupus nephropathy. Immunobiology 2019, 224, 339–346. [CrossRef]

29. Renner, B.; Klawitter, J.; Goldberg, R.; McCullough, J.W.; Ferreira, V.P.; Cooper, J.E.; Christians, U.; Thurman, J.M. Cyclosporine
induces endothelial cell release of complement-activating microparticles. J. Am. Soc. Nephrol. 2013, 24, 1849–1862. [CrossRef]

30. Poppelaars, F.; Thurman, J.M. Complement-mediated kidney diseases. Mol. Immunol. 2020, 128, 175–187. [CrossRef]

http://doi.org/10.1681/ASN.2008030287
http://www.ncbi.nlm.nih.gov/pubmed/19158356
http://doi.org/10.3390/ijms20215301
http://www.ncbi.nlm.nih.gov/pubmed/31653115
http://doi.org/10.1097/00004872-200210000-00019
http://doi.org/10.1016/S0002-9149(99)80200-8
http://doi.org/10.1111/nep.13477
http://doi.org/10.1007/s00281-007-0090-3
http://doi.org/10.1161/HYP.0000000000000007
http://doi.org/10.1016/S0140-6736(01)06339-5
http://doi.org/10.3389/fimmu.2020.611830
http://www.ncbi.nlm.nih.gov/pubmed/33363547
http://doi.org/10.1371/journal.pone.0042010
http://www.ncbi.nlm.nih.gov/pubmed/22848687
http://doi.org/10.1038/ajh.2007.81
http://www.ncbi.nlm.nih.gov/pubmed/18292760
http://doi.org/10.1371/journal.pone.0078617
http://doi.org/10.2337/dc18-0699
http://www.ncbi.nlm.nih.gov/pubmed/30150236
http://doi.org/10.3389/fimmu.2018.00848
http://doi.org/10.1016/j.imbio.2019.03.005
http://doi.org/10.1681/ASN.2012111064
http://doi.org/10.1016/j.molimm.2020.10.015

	Introduction 
	Materials and Methods 
	Results 
	Population Characteristics 
	Complement Factor H and Related Proteins 
	Ambulatory Blood Pressure Monitoring and Cardiovascular Assessment 
	Association between Cardiovascular Assessment and Complement Factor H and Related Proteins 
	Association between Ambulatory Blood Pressure Monitoring and Complement Factor H and Related Proteins 

	Discussion 
	Conclusions 
	References

