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Abstract: Several studies have found that C-reactive protein (CRP) was associated with QTc interval prolongation and
ventricular arrhythmia. However, little is known about the mechanisms involved. K* channel interaction protein 2
(KChIP2) is a necessary subunit for the formation of transient outward potassium current (Ito.f) which plays a critical
role in early repolarization and QTc interval of heart. In this study, we aimed to evaluate the effects of CRP on KChIP2
and Ito.f in cardiomyocytes and to explore the potential mechanism. The neonatal mice ventricular cardiomyocytes
were cultured and treated with CRP at different concentrations. The expression of KChIP2 was detected by real time
quantitative PCR and Western blot. In addition, Ito.f current density was evaluated by whole cell patch clamp tech-
niques. Our results showed that CRP significantly decreased the mRNA and protein expression of KChIP2 in time
and doses dependent manners (P < 0.05), and also reduced the current density of Ito.f (P < 0.05). In addition, CRP
increased the expression of NF-kB and decreased IkBa expression without significant influence on the expression
of ERK1/2 and JNK. Meanwhile, the NF-kB inhibitor PDTC significantly attenuated the effects of CRP on KChIP2 and
Ito.f current density. In conclusion, CRP could significantly down-regulate KChIP2 expression and reduce current
density of Ito.f partly through NF-kB pathway, suggesting that CRP may directly or indirectly influence QTc interval

and arrhythmia via influencing KChIP2 expression and Ito.f current density of cardiomyocytes.
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Introduction

C-reactive protein (CRP), an acute-phase pro-
tein and mainly synthesized in liver, plays
important roles in cardiovascular diseases
[1-3]. For example, lots of epidemiological stud-
ies found that CRP could act as an important
risk factor for many cardiovascular diseases,
such as acute coronary syndrome, dialated car-
diomyopathy, etc [4, 5]. Recently, several re-
ports showed that CRP level was closely associ-
ated with QTc (correct QT) interval prolongation
and ventricular arrhythmia. In a population-
based sample, Kim et al. found a positive cor-
relation between CRP level and the length of
heart rate-corrected QTc interval [6]. Also, a
study on the hypertensive patients indicated
that CRP is a significant predictor for the QTc
interval and presence of QT prolongation [7].

Similar to this, a significant correlation between
serum CRP level and QTc interval was observed
in a study that included a cohort of young
healthy men [8]. It has also been demonstrated
that higher CRP level was able to increase the
ventricular ectopic activity in subjects without
cardiovascular diseases [9]. Moreover, a posi-
tive correlation between higher serum hs-CRP
level (> 3 mg/L) and the occurrence of ventricu-
lar arrhythmias was found in a prospective
cohort study on the ICD recipient [10]. Beside,
Florian Streitner et al found a significantly
increased occurrence rate of electronic storm
in patients receiving the ICD therapy with a
higher CRP level [11]. At present, there is con-
clusive evidence that CRP is used to predict
ventricular arrhythmia in patients with acute
coronary syndrome [12]. Hence, all these stud-
ies suggest that higher CRP level plays a pro-
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arrhythmia role and the QTc interval prolonga-
tion may be implicated in the development of
the pro-arrhythmia process. However, it re-
mains largely unknown about the mechanisms
involved in the QTc interval prolongation
induced by higher CRP level.

QTc interval is calculated using Bazett’s formu-
la (QT interval divided by square root of RR
interval) in clinical setting and is dependent
upon the action potential duration of ventricu-
lar myocytes. It was mentioned above that a
QTc interval prolongation might be induced by
higher CRP level in human. In other word, high-
er CRP level could lengthen the action potential
duration of ventricular myocytes. Accordingly,
the influencing factors of action potential dura-
tion may be involved in the prolongation of QTc
interval induced by CRP.

K* channel interacting proteins 2 (KChIP2), a
member of the Ca?*-binding protein, is highly
restricted to express in the heart tissue. KChIP2
may interact with Kv4.2 or Kv4.3 to form the
transient outward currents (Ito.f) and to partici-
pate in regulating the early repolarization of
action potential duration and QTc interval of
heart [13-15]. The first phase repolarization
duration is dependent upon the Ito.f current
density which plays an important role in the
action potential duration and QTc interval.
Hence, the KChIP2 expression is closely corre-
lated with the QTc interval. Meanwhile, it was
previously shown that the NF-kB, ERK1/2 and
JNK pathways were involved in the regulation of
KChIP2 in heart [16, 17]. Recently, functional
reduction of Ito.f and KChIP2 has also been
reported in many animal models of heart fail-
ure, suggesting an important role of KChIP2 in
the development of cardiac remodeling [18-
20]. It was recently shown that downregulation
of KChIP2 causes a prolongation of action
potential and QTc interval while upregulation of
KChIP2 results in a shortage of action potential
and QT interval [21]. Furthermore, Kuo et al
found that the defect of KChIP2 gene led to a
complete loss of Ito.f and conferred susceptibil-
ity to ventricular tachycardia in mice [13]. There
is growing evidence that KChIP2 plays impor-
tant roles in the QTc interval prolongation and
the development of ventricular arrhythmia, and
the related regulatory pathways NF-kB could be
activated by CRP. Accordingly, the primary aim
of this study was to explore the effects of CRP
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on KChIP2 in ventricular myocytes and the
potential mechanisms involved.

Materials and methods
Animals

C57BL/6J mice (1-2 day old) were used in this
investigation and the study was approved by
the Institutional Animal Care and Use Com-
mittee of SunYat-sen University. Animal use
and care were in accordance with the animal
care guidelines, which conformed to the Guide
for the Care and Use of Laboratory Animals
published by the US National Institutes of
Health.

Culture of cardiomyocytes from neonatal mice

Cardiomyocytes were prepared from ventricles
of 1-2 day old C57BL/6J mice as described
[22]. Briefly, the hearts from neonatal mice
were prepared; the atrial and vascular tissues
were removed and the ventricles were enzy-
matically digested in 0.125% trypsin (Gibco) for
5 minutes and then 0.06% collagenase Il (MP
biomedical, USA) for 2 hours in a thermostat
shaker at 37°C and a speed of 62 rpm. Then,
we collected the supernatant and resuspended
mixed aliquots followed by PBS washing and
centrifuge in 0.5 g for 5 minutes. The sediment
was collected and resuspended with Dulbecco’s
modified Eagle medium/Ham’s F-12 medium
(DMEM/F12) and 10% fetal bovine serum (FBS)
together with 100 U/ml penicillin/ streptomy-
cine (Gibco, USA). Then the cells were plated in
tissue culture dishes and maintained at 37°C
in 5% CO, incubator to be differentially plated
for 30-35 minutes to remove non-myocytes.
Afterward, the supernatant was transferred to
new culture dishes and cardiomyocytes were
cultured in the DMEM/F12 and 10% FBS and
100 U/ml penicillin /streptomycine and 1%
BrdU.

Cell viability assay

The cell viability was detected by MTS assay.
The cardiomyocytes (5x10° cells/well) seeded
in 96-well plates were incubated with CRP (O, 5,
10, 20, 40 and 100 pg/mL) for 24, 48, 72 h
respectively and the aliquots (20 uL) of MTS
were added into each well and co-cultured 4 h.
The absorbance at 490 nm presented the cell
viability in microplate reader.
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Figure 1. Effects of CRP on cell viability of neonatal
mice myocytes. Cells were incubated with different
concentrations of CRP for 24, 48, 72 h. Cell viability
was determined by the absorbance at 490 nm. Each
column represents the mean + SD from three inde-
pendent experiments. #p < 0.05 vs normal control
group.

Cardiomyocytes treated with CRP

After incubation for 24 h in DMEM/F12 with
10% FBS, 100 U/ml penicillin/streptomycine,
the cardiomyocytes were maintained in serum-
free DMEM/F12 for 24 h and then treated with
human recombinant CRP (Merck, USA). Purity
of CRP was confirmed by SDS-PAGE showing a
single band. We determined the endotoxin level
as 0.0005 EU/pg for the CRP preparation by
the Limulusamebocyte lysate assay (Associates
of Cape Cord, USA). The cardiomyocytes were
treated by CRP with different concentrations (O,
5, 10, 20, 30, 40 yg/mL) for different durations
(0, 3,6, 12, 24, 48 h). The NF-kB inhibitor PDTC
(10 uM) was pretreated for 1 h and then the
cells were stimulated with CRP (10 ug/mL) for
24 h.

Quantitative Real Time PCR analysis

Total RNA was extracted from cardiomyocytes
by RNAiso plus (Takara, Japan) and reverse
transcribed to cDNA on the specification.
Quantization of KChIP2 transcript levels was
determined by amplification of cDNA prepared
from the isolated RNA with the SYBR Premix Ex
Taq (Takara, Japan) and primers specific for
KChIP2 (forward, 5-GGC TTC AAG AAC GAA TGT
CC-3’; reverse, 5'-CAG CCA CAA AGT CCT CAA
AA-3’) and glyceraldehydes-3-phosphate dehy-
drogenase (GAPDH) as the internal control (for-
ward, 5-TGT GTC CGT CGT GGA TCT GA-3’;
reverse, 5-TTG CTG TTG AAG TCG CAG GAG-3)).
Results were presented as fold difference for
each gene against GAPDH by use of 222°T meth-
od. The melting curve was used to confirm
whether only a single product was present.
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Western blot analysis

Total proteins and the nuclear proteins were
extracted from cultured cardiomyocytes with
RIPA buffer (CST, USA) and NE-PER Nuclear
Extraction Reagents (Thermo scientific, USA)
respectively. 10-40 ug protein samples were
separated on 10-13% SDS-PAGE gels and
blocked with 5% non-fat milk in tris-buffered
saline Tween, the membranes were incubated
overnight at 4°C with primary antibodies rabbit
original against KChIP2, NF-kBp65, IkBq,
GAPDH (Abcam, USA), ERK1/2, p-ERK1/2, JNK,
p-JNK (Cell Signaling Technology, USA) and sub-
sequently with horseradish peroxidase-conju-
gated secondary antibody (goat anti-rabbit IgG)
for 1 h at room temperature. Western blots
membranes were exposed with Gel Docu-
mentation and Analysis System (G-box, Synge-
ne, UK) by Western Chemiluminescent HRP
Substrate (Millipore Corporation, Billerica,
USA).

Measurement of Ito.f current density

Ito.f currents were measured by the whole-cell
patch-clamp method with a MultiClamp 700B
amplifier (Axon Instruments, Union City, CA).
Whole-cell patch-clamp was utilized at 37°C.
Micropipettes were pulled from borosilicate
glass capillaries (BF150-110-7.5, Sutter Instru-
ments, Novato CA) on a programmable horizon-
tal puller (S-97; Sutter Instruments, Novato CA).
The inner tip diameters of pipettes were about
1to 1.5 um. The resistance range from 2.5to0 5
MQ When filled with internal solutions. Data
were filtered at 4 KHz with a four-pole low-pass
bessel filter and sampled at 10 KHz. The experi-
ments were performed using pCLAMP10.2
software (Axon Instruments, Union City CA).
Boltzman’s fits were performed as previously
described. To record Ito.f currents, the pipette
solution contained 130 mM K* gluconate, 10
mM NaCl, 10 mM EGTA, 1 mM MgCIZ, 2 mM
Mg-ATP, 2.0 mM CaCl, and 10 mM HEPES,
adjusted to pH 7.2 with KOH. Cells were super-
fused at room temperature with HEPES-
buffered Tyrode’s containing 137 mM NaCl, 5.4
mM KCI, 1.8 mM CaCI2, 1mM MgCIz, 5 mM glu-
cose, and 10 mM HEPES (pH was adjusted to
7.4 with NaOH). Voltage clamp correction for a
liquid junction potential of -14 mV was made by
configuring the recording files in CLAMPEX of
pCLAMP10.2. Series resistances were usually
less than 1 MQ after 80% compensation. All
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Figure 2. Effects of CRP on the expression of KChIP2 in mRNA and protein level. A, B. In Figure 2 presented a reduc-
ing expression of the KChIP2 mRNA after treated with CRP in different concentration and time respectively. C and
D. Showed an identical variance of KChIP2 protein after stimulated with CRP in different concentration and time
respectively. Data are presented as mean + SEM (N = 3). #P < 0.05 compared with control.

voltages in current clamp recording were also
corrected for the junction potential [23].

The decay phases of the voltage-dependent K*
currents in mouse cardiomyocytes may be fit by
the sum of 2 exponentials, which denotes the
fast transient K current Ito,f, a rapidly activat-
ing, very slowly inactivating current, lK,sIow’ anda
non-inactivating current, Iss [24, 25]. The decay
phases of the outward K* currents evoked dur-
ing 4.0 s depolarizing voltage steps were fitted
by a double exponential function of the form:

Y (t) = Aexp (-t/T,) + Aexp (-t/T,) + B.

Where t is time, T, and T, are the decay time
constants, A, and A, are the amplitudes of the
inactivating current components (Ito,f and
lK,slow)’ and B is the amplitude of the non-inacti-
vating current component, Iss.
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Statistical analysis

Data were expressed as mean + standard devi-
ation (SD) or mean + SEM. Differences between
control and experimental groups were analyzed
by t test or one-way analysis of variance fol-
lowed by Dunnett’s test, and p < 0.05 was con-
sidered as statistical significant. All calcula-
tions were performed using SPSS 13.0
statistical software (SPSS, Chicago, USA).

Results

Effects of CRP on the cell viability of cardio-
myocytes

As shown in Figure 1, except for the concentra-
tion of 100 pg/mL, CRP (5, 10, 20 and 40 pg/
mL) had no significant effect on cell viability.
Therefore, the concentration of 5, 10, 20, 40
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Figure 3. Relevant pathways in the regulation of KChIP2. The results showed an increasing level of NF-kB p65 and a decreasing level of IkBa after CRP treatment
(10 pg/ml) (A, D) and the same level of p-ERK and p-JNK between control group and treatment group (B, E) (#P < 0.05: Compared with control group, *P < 0.05:
Compared with previous group in 30 min). Furthermore, the NF-kB inhibitor PDTC (10 uM) could attenuate the effects of CRP on KChIP2 in cardiac myocytes in 24
h (C, F). Data are presented as mean + SEM (N = 3). #P < 0.05: Compared with control group. *P < 0.05: Compared with CRP group.

926 Am J Transl Res 2015;7(5):922-931



C-reactive protein and KChIP2 in cardiomyocytes

A
control H ol

(S0uM) sensitive

Control

(Rp
CRP+POTC
(
q
2
0 400ms
B C
N 4 oo
+ (RP
¢ B 5 e
y :
W Qw42
% e % ICRP égﬁ.
ool | & Boeere M
i) B :
Il : N
i I {
3 H = -
O ol WE = by
(AL = = 2

Kok lof kson I Q400048

Figure 4. The Ito.f current density decreased in CRP group. Voltage-depen-
dent K*current tracings for the control and CRP group. a lower Ito.f current
density was presented in CRP group compared with control group. After expo-
sure to 50 uymol/L 4-AP (middle), and the 4-AP sensitive current (A, B). Patch
clamp protocols was described in Methods and we obtained 4-AP sensitive

current by off-line digital subtrac-
tion of records before and after
4-AP application. Graph of current
density of 4-AP sensitive current
for normal control and CRP group
(C). Data were presented as Mean
+ SEM, control group (n = 43);
CRP group (n = 32) #P < 0.05:
Compared with control group,
*P < 0.05: Compared with CRP
group. pA/pF indicates picoamps/
picofarads.

ug/mL were applied in the fol-
lowing experiments.

CRP down-regulated the
KChIP2 expression in cultured
cardiomyocytes

To clarify the effects of CRP on
KChIP2 in cardiomyocytes,
cells were serum-deprived for
24 h and treated with CRP in
different concentrations (0, 5,
10, 20, 40 pg/mL) for 24 h. At
every time point, cell lysates
were collected for the analysis
of KChIP2 mRNA and protein
expression. Results in Figure
2 showed that mRNA and pro-
tein expressions of KChIP2
began to decrease after 6 h
and reached valleyat48 hina
time and dose-dependent
manner (P < 0.01).

NF-kB pathways were involved
in CRP-induced electrophysi-
ological effects in cardiomyo-
cytes

Results in Figure 3A, 3D sho-
wed that CRP stimulation
could increase the phosphory-
lation of NF-kB and decrease
IkKBa expression in cardiomyo-
cytes. Furthermore, NF-kB in-
hibitor PDTC could attenuate
the effect of CRP on KChIP2
and Ito.f current density
(Figure 3C and 3F). But no
changes of phosphorylated
ERK1/2 and JNK were ob-
served after CRP stimulation
(Figure 3B and 3E).
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Effects of CRP on Ito.f current density

KChIP2 is a necessary ingredient for the forma-
tion of Ito.f. A decreased expression of KChIP2
was found in the cardiomyocytes after exposed
to CRP. To well clarify the electrophysiological
effects of CRP on the cardiomyocytes, the Ito.f
current density was measured by patch clamp.
The results showed a reduction of voltage-
dependent K* current after CRP stimulation
compared with control group. In mouse cardio-
myocytes, at least three distinct voltage depen-
dent K" currents have been identified. Peak
outward Kcurrent (Ik.peak) was reduced in the
CRP treatment group (45.9 + 1.59 picoamps/
picofarads [pA/pF]) compared with normal con-
trol (58.5 £ 2.19 pA/pF) (p < 0.05). The decay
phases of the voltage-dependent K* currents in
cardiomyocytes after CRP stimulation might be
fit by the sum of 2 exponentials, which included
the Ito.f, Ik.slow, Iss current. The analysis of
decay phases showed a statistically reduction
in the current density of Ito.f (CRP group vs con-
trol group: P < 0.05) and a non-statistical varia-
tion in the current density of Ik.slow and Iss
(Figure 4A, 4B). The reduction of Ito.f current
density after CRP treatment was confirmed by a
pharmacological approach. After exposure to
50 umol/L 4-AP, a lower Ito.f current density
was observed in CRP group than in control
group (Figure 4C). These data suggested that
the Ito.f current density was reduced in cardio-
myocytes after the treatment of CRP.

Discussion

The underlying mechanisms about the pro-
arrhythmia roles of CRP are poorly understood.
Here, we showed that CRP could down-regulate
the expression of KChIP2 and reduce the lto.f
current density via NF-kB pathway. As we know,
KChIP2 is an important ingredient in the forma-
tion of Ito.f and action potential duration in
heart. The reduction of KChIP2 and Ito.f current
density may affect the cardiac repolarization
and cause a prolongation of action potential
duration and QTc interval followed by arrhyth-
mias. The results of this study give us a new
understanding on the arrhythmogenic roles of
CRP in cardiomyocytes.

Previous study had found a close correlation
between elevated CRP serum concentrations
and the incidence of malignant ventricular
arrhythmias in ICD-treated patients [10].
Meanwhile, results from Hidehiro et al study
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also suggested that a higher serum CRP level
was related to the development of VT/VF after
reperfused ST-elevation myocardiac infarction
[26]. Additional, Epidemic studies shown that
even moderate increases of serum CRP levels
were also accompanied with a higher risk of
future cardiovascular events in both apparently
healthy individuals and patients with coronary
heart disease [27, 28]. Combined with the
results of this experiment, we deduced that
higher CRP level might induce the ventricular
arrhythmias partly through influencing the
KChIP2 expression and Ito.f current density,
which could help to explain the potential mech-
anisms involved in the proarrhythmic effects of
CRP in patients with or without known cardio-
vascular diseases.

CRP is not only a marker but also a mediator of
cardiovascular diseases [29]. It was also
reported that CRP had a link with vascular and
left ventricle remodeling [30]. Toshiyuki Nagai,
et al demonstrated that overexpression of
human CRP could exacerbate the left ventricu-
lar remodeling in transverse aortic constriction
mice model [31]. Interestingly, it has been
reported that a reduction of KChIP2 and Ito.f
current density in ventricle hypertrophy in
severe stenosis of the ascending aorta rat
modle and a significantly improvement after
KChIP2 overexpression by transduced with
Ad.KChIP2 [32]. Therefore, a reduction of
KChIP2 expression may be involved in adverse
effects induced by CRP overexpression on the
left ventricular remodeling in transverse aortic
constriction mice model. Hence, the results
from our study suggest that the cardiac remold-
ing caused by CRP may in part be mediated by
affecting the expression and function of KChIP2
and may be as a predictor for the ventricular
arrhythmia.

NF-kB, an important transcriptional regulatory
factor, is activated and enters the nucleus
where it combines with specific DNA motifs and
stimulates the expression of various genes
after the cells are stimulated by various cyto-
kines such as CRP. As a classic inflammatory
pathway, the NF-kB pathway was involved in
CRP-induced inflammatory reaction and down-
stream effects. On the other side, it was found
that the NF-kB pathway played a regulatory role
in the KChP2 expression and Ito.f current den-
sity [33]. As an inflammatory factor, CRP could
activate the NF-kB inflammatory pathway and
affect the downstream target proteins. Our
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results also demonstrated that the NF-kB path-
way was involved in regulating KChIP2 expres-
sion and Ito.f current density of CRP-treated
myocytes. Meanwhile, PDTC, a free radical
scavenger, could inhibits NF-kB release from
I-kB and seemed as an inhibitor of NF-«kB ,could
attenuate these effects induced by CRP inde-
pendent on the actions of PDTC beyond its abil-
ity to inhibit NF-kB which further demonstrated
the NF-kB pathway was involved in the regula-
tory process of KChIP2. Interestingly, the
ERK1/2 and JNK pathways were not activated
in this study. It was reported that the ERK1/2
and JNK were implicated in the reduction of
KChIP2 protein and mRNA expression in aortic
banded rat ventricles as well as in cultured neo-
natal rat ventricular myocytes after treatment
with the alpha-adrenergic agent phenylephrine
and the PKC activator, phorbol 12-myristate
13-acetate (PMA), which suggested that differ-
ent pathways exerted their regulatory roles for
KChIP2 in different case [34]. Therefore,
involvement of NF- kB signaling pathway in the
regulation of KChIP2 by CRP further demon-
strate the closely relation between CRP and
KChIP2.

In conclusion, we demonstrated that CRP down-
regulated KChIP2 expression and Ito.f current
density in cardiomyocytes, and clarified that
NF-kB signaling pathways were involved. Our
findings suggest that CRP as a predictor for
ventricular arrhythmia might be partly associ-
ated with its inhibition effect on KChIP2 expres-
sion and Ito.f current density.

Limitation

Limitations of our study include a lack of data
about the effects of CRP on the expression of
other potassium channels as Kv4.2, Kv4.3,
Kv1.5 and Kv2.1 and calcium channels and
sodium channels which also play important
roles in the QTc interval of cardiomyocytes. As a
risk factor for ventricular arrhythmia, CRP may
also exert an effect on these ion channels,
which requires further research to determine.
In addition, the data about the resting mem-
brane potential, upstroke velocity and action
potential duration in cardiomyocytes treated
with CRP were not shown in this paper.
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