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Patrizia Brunner, et al.

C-Reactive Protein (CRP) Blocks the Desensitization of Agonistic Stimulated G Protein Coupled
Receptors (GPCRs) in Neonatal Rat Cardiomyocytes
Reprinted from: J. Clin. Med. 2022, 11, 1058, doi:10.3390/jcm11041058 . . . . . . . . . . . . . . . . 113

vi



About the Editor

Ahmed Sheriff

Ahmed Sheriff is a biochemist with several years of research on the immunology of inflammatory

diseases at the Institute for Clinical Immunology at the University of Erlangen. Previously, Dr.

Sheriff gained corporate experience in the biotechnology company Genethor GmbH, which he

founded. From 2007 to 2008, Dr. Sheriff was the Managing Director of the European Federation

of Immunological Societies. From 2007 to 2010, he was the Managing Director of the German Society

for Immunology. In 2008, his path also led him to Charité Universitätsmedizin in Berlin, where
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1. Prologue: The Prehistoric Antibody CRP and Its Immune Complexes

This Special Issue focuses on the clinical relevance of C-reactive protein. Most physi-
cians are familiar with it as a diagnostic biomarker. Only a few have realised that it can
be a pathomolecule. After all, biomarker is of course not a physiological function. The
main task of CRP is to mark cells to be disposed of, which has been shown for decades in
various animal models and has been broken down to the molecular detail [1,2]. For several
decades, CRP has been established as an extremely sensitive, reliable and early indicator of
inflammatory and tissue-destructive processes. Following an acute phase stimulus, up to
1000-fold increased values can be measured.

This prototype of the human acute phase protein has been considered an inflammatory
marker since it was first described by Tillet and Francis in 1930 [3].

However, the mere use of CRP as a readily measurable inflammation marker neglects
the biological function of the protein.

CRP is a serum protein and a mediator of innate immunity. The diverse functions of
CRP across all living species led to the conclusion that CRP is a prehistoric precursor of all
antibodies in the evolutionarily much later appearing mammals.

Already in the horseshoe crab (Limulus), a “living fossil” at least 250 million years
old, CRP forms immune complexes together with complement and thus assumes defence
functions. At the same time, it acts phylogenetically as an antibody in numerous species,
such as fish, which have no adaptive immune system. In humans, its functions are complex
and part of re-intensified research.

It is now accepted, even if not everyone is aware of it, that CRP plays a central role in
the development of inflammation-related tissue damage [4]. CRP activates (like antibodies)
the complement system via the classical pathway [5] and macrophages via Fc receptors [6,7].
Therefore, CRP, like antibodies, binds to Fc receptors.

2. The CRP Increase of the First 48 h

Most recently, a significant correlation of the CRP increase after myocardial infarction
with the size of the damage was also shown in humans, as well as the reduction of the
damage by CRP removal [2,8]. The relevance of the initial increase in CRP levels in the first
approximately 48h for prognosis is described by three articles in this Special Issue [9–11].
This is confirmed by several recent articles [8,12]. This is an additional clear indication that
attention should be paid to CRP in terms of pathological properties.

3. CRP Triggers the Disposal of Hypoxic and Ischaemic Cells

The findings from the removal of CRP after STEMI or in severe COVID-19 by CRP
apheresis are summarised in the article by Torzewski et al. [13]. The influence of CRP in
other cardiovascular disease patterns (atherosclerosis, myocarditis and dilated cardiomy-
opathy, stroke) and autoimmune diseases (e.g., rheumatoid arthritis, ulcerative colitis,
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Crohn’s disease, psoriasis, giant cell arteritis) is also discussed. It is also reported here
which other drugs are/were already tried to block CRP or reduce its amount.

Very impressively, it was shown by Esposito et al. [14] how beneficial the removal of
CRP is in severe COVID-19. The treatments were performed within the CACOV registry
to allow for scientific evaluation. The impressive before/after CT and X-ray images of
the patients’ lungs speak volumes. This is a very exciting report on a poorly known
treatment option for severe COVID-19. Even though it is not a clinical trial, the results are
remarkable. Not only was the mortality rate very low in a patient group where >40% would
have been expected, but the normally progressive damage to the lungs was also reversed.
Additionally, the 50% mortality rate within 12 months of hospitalisation was not seen in
this severe cohort. A case series from the same registry (CACOV) with almost the same
outcome was recently reported from another hospital [15]. The report by Esposito et al.
spectacularly confirms that oxygen-deprived cells get the problem of being disposed of
because of CRP, and this actually does not happen when a sufficient amount of CRP is
removed from the blood plasma.

The inflammation in the lungs and other tissues caused by the severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was and is a disease with a high mortality rate, for
which there were still no comprehensive, effective and approved treatment guidelines in
spring 2021, but only recommendations.

Even the first publications from Wuhan and later from Italy and the USA showed that
this is not an infectious disease in the classical sense, but a strongly immunologically con-
trolled disease [16–18]. Accordingly, a deeper understanding of the specific inflammatory
process is essential.

Systemic inflammation, measurable for example by C-reactive protein, is correlated
with thromboembolic events, acute renal failure, severe courses, ventilation requirement
and intensive care requirement, as well as high mortality and high post-discharge mortality
in COVID-19 [19–21].

This increased plasma CRP level correlates inversely with prognosis in all publications
published since then. This is scientific consensus. The odds ratio for mortality increases
with the amount of CRP and rises dramatically to over 23 at CRP > 250 mg/L [22].

4. CRP and Heart Failure

Zaczkiewicz et al. [23] present an interesting article reporting data from a prospective
observational study at a single centre—60 patients with decompensated heart failure. The
aim of this study was to investigate whether CRP plasma levels could be reduced by
digoxin in addition to optimal medical treatment in patients with heart failure and reduced
left ventricular ejection fraction who were hospitalised with decompensated heart failure
(NYHA class III and IV). The authors investigated an important issue in the heart failure
population. Due to standard heart failure treatment, CRP levels were significantly lower in
each group at day 21–day 1 and day 21–day 3. Comparison of the extent of CRP plasma
level reduction at day 21–day 3 between the two groups showed borderline significance
(p = 0.051). Despite the fact that statistical significance was not reached between the groups
studied and the number of study participants is small, the study will add to the current
knowledge in this field. This study can serve as a basis for further research.

5. CRP and Arterial Stiffness Are Associated with the Development
of Cardiovascular Disease

Using data from a retrospective single-centre study, Kim and colleagues showed that
elevated levels of brachial-ankle pulse wave velocity (baPWV) and C-reactive protein (CRP)
were associated with serious adverse cardiovascular events (MACE), even after adjustment
for covariates. Furthermore, they showed that the combination of baPWV and CRP further
stratified subjects’ risk. They concluded that the combination of CRP and baPWV was
better at predicting future cardiovascular death than either value alone. The concepts of
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the study are easy to understand, and the combination of baPWV and CRP in this study
has some innovations [24].

6. CRP in Systemic Lupus Erythematosus

Two articles address systemic lupus erythematosus (SLE). Both describe the cardio-
vascular risk as a function of the CRP concentration. This sounds a bit paradoxical, as SLE
patients are characterised by their inability to synthesise high enough amounts of CRP.
Allow the authors to illustrate this point for you. The review by Enocsson et al. [25] sum-
marizes the biological effect of CRP in autoimmune conditions and additionally highlights
the role of CRP for cardiovascular diseases. It also takes into account the influence of other
inflammatory and/or clearance related proteins such as IL6, interferon, complement or
CRP autoantigens. Pesqueda-Cendejas and colleagues [26] report that high CRP levels
were connected with high cardiometabolic risk and high clinical disease activity in SLE
patients. This implication is not a surprise; however, the cohorts are very well selected and
consist of a large number of female patients with the same ethnicity.

7. CRP’s Influence on G-Protein Coupled Receptors

In another article [27], a new, previously undescribed property of CRP is reported.
CRP interferes with the desensitization of G-protein coupled receptors (GPCRs) and has to
be considered as a novel regulator of adrenergic, angiotensin-1 and endothelin receptors.
This is a surprise because CRP’s molecular action has so far only been investigated on,
e.g., Fc receptor γRII (FcγRII) and in the context of macrophage activation and its role
as an archaic antibody-like molecule. In addition, CRP induces the classical complement
pathway after binding to its ligand, which produces immune complexes. However, the
direct influence of CRP on the cardiovascular system of rabbits has also been reported
recently [28], which has nothing to do with a lack of oxygen supply. Surprisingly, the effect
takes place on well energised cells. What might this mean with regard to tachycardia in
high inflammation?

8. Epilogue

The articles presented in this Special Issue reveal a broad spectrum of indications with
CRP involvement. The reports unanimously support the view that CRP has a dark side.
In addition to this new perspective about pathological properties of CRP, two other new
aspects are crystallising. One is that the initial rate of CRP synthesis in an acute illness
such as sepsis or myocardial infarction allows an excellent prognosis in terms of mortality
or cardiac function/scar area. The other is the surprising finding that CRP impairs the
desensitisation of GPCRs without the need for any further damaging process. I am curious
to learn what other features CRP has kept from us so far.

Funding: This research received no external funding.
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Abstract: C-reactive protein velocity (CRPv) has been proposed as a very early and sensitive risk
predictor in patients with ST-elevation myocardial infarction (STEMI). However, the association of
CRPv with early left ventricular (LV) dysfunction after STEMI is unknown. The aim of this study was
to investigate the relationship between CRPv and early LV dysfunction, either before or at hospital
discharge, in patients with first STEMI. This analysis evaluated 432 STEMI patients that were included
in the prospective MARINA-STEMI (Magnetic Resonance Imaging In Acute ST-elevation Myocardial
Infarction. ClinicalTrials.gov Identifier: NCT04113356) cohort study. The difference of CRP 24 ± 8 h
and CRP at hospital admission divided by the time (in h) that elapsed during the two examinations
was defined as CRPv. Cardiac magnetic resonance (CMR) imaging was conducted at a median of 3
(IQR 2–4) days after primary percutaneous coronary intervention (PCI) for the determination of LV
function and myocardial infarct characteristics. The association of CRPv with the CMR-derived LV
ejection fraction (LVEF) was investigated. The median CRPv was 0.42 (IQR 0.21–0.76) mg/l/h and
was correlated with LVEF (rS = −0.397, p < 0.001). In multivariable linear as well as binary logistic
regression analysis (adjustment for biomarkers and clinical and angiographical parameters), CRPv
was independently associated with LVEF (β: 0.161, p = 0.004) and LVEF ≤ 40% (OR: 1.71, 95% CI:
1.19–2.45; p = 0.004), respectively. The combined predictive value of peak cardiac troponin T (cTnT)
and CRPv for LVEF ≤ 40% (AUC: 0.81, 95% CI 0.77–0.85, p < 0.001) was higher than it was for peak
cTnT alone (AUC difference: 0.04, p = 0.009). CRPv was independently associated with early LV
dysfunction, as measured by the CMR-determined LVEF, revealing an additive predictive value over
cTnT after acute STEMI treated with primary PCI.
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1. Introduction

Despite significant progress in the management of ST-elevation myocardial infarction
(STEMI), left ventricular (LV) systolic dysfunction is the most common consequence after
STEMI and has significant implications on short- and long-term prognosis [1–3]. Early
knowledge of the individual risk of reduced ejection fraction post-STEMI is therefore
desirable [4].
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Elevated peak C-reactive protein (CRP) levels are associated with reduced LV ejection
fraction (LVEF) [5], more severe myocardial tissue injury [6–8], and worse outcome in
the setting of acute myocardial infarction [9–11]. However, peak CRP values are reached
2–3 days after acute STEMI, decelerating early risk stratification [6,12]. An association
between CRP level dynamics and adverse cardiovascular events and death after acute
coronary syndromes has been suggested [13]. According to Świątkiewicz et al., changes
in CRP concentrations during STEMI might serve as a risk marker for post-infarct LV
systolic dysfunction and heart failure [14–16], even years after the index event, as well as
LV remodeling [17], underlining the clinical usefulness of CRP dynamics in this patient
setting. In the CAMI-1 study, the CRP gradient was suggested to correlate with a greater
extent of myocardial infarct size (IS) and reduced LVEF [18].

CRP velocity (CRPv), which displays CRP level changes over time, has been sug-
gested as a very early and more sensitive parameter for more serious outcomes following
STEMI [19–22]. However, the association of CRPv with LV systolic dysfunction has not
been specifically investigated so far. The aim of this study was, therefore, to investigate
the relationship between CRPv and LVEF, assessed by cardiac magnetic resonance (CMR)
imaging, in patients with acute STEMI treated with primary percutaneous coronary inter-
vention (PCI). We hypothesized that CRPv could predict LV dysfunction with a comparable
accuracy to peak CRP and peak cardiac troponin T (cTnT) as reference standard biomarkers
in this setting.

2. Methods

2.1. Study Design, Patient Population and Endpoint Definition

This study is based on the “Magnetic Resonance Imaging In Acute ST-Elevation My-
ocardial Infarction (MARINA-STEMI)” trial (ClinicalTrials.gov Identifier: NCT04113356), a
prospective observational study recruiting acute STEMI patients, that were treated with
primary PCI, at the coronary care unit of the Medical University of Innsbruck. The fol-
lowing inclusion criteria were applied for the present analysis: first STEMI according to
the European Society of Cardiology/American College of Cardiology committee crite-
ria [23], revascularization by primary PCI within 12 h after the onset of ischemic signs or
symptoms, and Killip class <3 at time of CMR imaging. The exclusion criteria were as
follows: inability or unwillingness to sign written informed consent, age < 18 years, any
history of a previous myocardial infarction or coronary intervention, high-sensitivity (hs)
CRP > 15 mg/L at the time of hospital admission, fever (temperature > 38 ◦C) or having
experienced an acute infection with fever within 14 days prior to study inclusion, chronic
inflammatory disease, an estimated glomerular filtration rate < 30 mL/min per 1.73 m2,
and any other contraindication to CMR examination (pacemaker, severe claustrophobia,
orbital foreign body, cerebral aneurysm clip, or known or suggested contrast agent allergy
to gadolinium) [19].

For the determination of hs-cTnT and hs-CRP, peripheral venous blood samples were
performed and analyzed as described previously [24]. In brief, concentrations of CRP
were measured on the cobas® 8000 modular analyzer (Roche Diagnostics®), and cTnT
measurements were conducted by applying a validated enzyme immunoassay (hs-cTnT;
E170, Roche Diagnostics®). CRP and cTnT levels were assessed at hospital admission,
6 ± 2 h, 12 ± 4 h, 24 ± 8 h, and then daily until day 4 after PCI or discharge [25]. The
difference between CRP 24 ± 8 h and CRP at hospital admission, divided by the time (in h)
that elapsed during the two examinations, was defined as CRPv [19,21].

The primary objective of the current study was the association between CRPv and
LVEF as determined by CMR imaging. The secondary objective was to assess the potential
additive value of CRPv over cTnT for the prediction of LV dysfunction. The value of LVEF
categorization ≤40% to define LV dysfunction is derived from the latest guidelines [26]
and is based on previous analyses investigating the prognostic impact of reduced LVEF at
any time after STEMI [27].
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Prior to study inclusion, all participants gave written informed consent. The study
was designed and conducted in accordance with the Declaration of Helsinki and received
approval by the research ethics committee of the Medical University of Innsbruck.

2.2. Cardiac Magnetic Resonance Imaging

CMR examinations were performed in the supine position on a 1.5 Tesla clinical MR
scanner (MAGNETOM Avanto fit; Siemens Healthineers AG, Erlangen, Germany) within
the first week after treatment with primary PCI. The detailed standardized imaging protocol
of our research group has been published previously [28]. High-resolution cine images
on the long- and short axis covering the LV (10–12 slices) were acquired using a balanced
steady state free precession (bSSFP) sequence with retrospective electrocardiographic (ECG)
gating [29].

Standard software (Circle Cardiovascular Imaging, Calgary, AB, Canada) was used
for post-processing analyses with the semi-automatic detection of LV endo- and epicardial
borders [30]. Papillary muscles were excluded from the LV myocardial mass (LVMM) and
were included in the LV volume.

An ECG-triggered, phase-sensitive inversion recovery sequence was used to obtain
late gadolinium enhancement (LGE) images 15–20 min after the application of 0.2 mmol/kg
of Gd-DO3A-butriol (Gadovist®, Bayer Vital GmbH, Leverkusen, Germany), with short-
axis slices covering the entire LV [29]. A picture archiving and communication system
(PACS) workstation (IMPAX®, Agfa HealthCare, Bonn, Germany) was used for IS quan-
tification, whereas “hyperenhancement” was defined as +5 standard deviations above the
signal intensity of remote LV myocardium [31,32]. IS was depicted as the percentage of
total LVMM. Microvascular obstruction (MVO) was defined as a persisting area of “hy-
poenhancement” within the hyperenhanced territory and was also reported as a percentage
of LVMM [31]. MVO regions were included in the aggregate IS.

Experienced observers who were blinded to clinical and angiographic data analyzed
all of the CMR images.

2.3. Statistical Analyses

SPSS Statistics 27.0.1 (IBM, Armonk, NY, USA) and MedCalc v19.0.7 (Ostend, Bel-
gium) were used for the statistical analyses. Continuous data are depicted as median with
interquartile range (IQR), and categorical variables are expressed as numbers with corre-
sponding percentages. The differences in the continuous and categorical variables between
two groups were assessed by the Mann–Whitney U-test and Chi-square test, respectively.
Correlations between continuous variables were tested with Spearman’s rank test. For
multivariable testing, linear and binary logistic regression analyses were used to reveal
the independent associated markers of LVEF and LVEF ≤ 40%, respectively. Parameters
indicating significant association (p < 0.05) with LVEF and LVEF ≤ 40%, respectively, in
univariable analysis were inserted into the multivariable model. There were no missing
values. Z-scores were calculated to present odds ratios (OR) per 1 standard deviation
increase. Receiver operating characteristic (ROC) curve analysis was performed to depict
the area under the curve (AUC) for the prediction of LVEF ≤ 40%. Comparisons of the
ROC curves were conducted according to DeLong et al. [33]. AUC values were classified
as negligible (≤0.55), small (0.56–0.63), moderate (0.64–0.70), and strong (≥0.71), following
Rice and Harris [34]. For all of the statistical calculations, a two-tailed p-value of <0.05 was
defined as significant.

3. Results

3.1. Baseline Patient Characteristics

A total of 432 STEMI patients were included in this analysis. Baseline characteris-
tics of the overall cohort (n = 432) as well as separately for patients with LVEF > 40%
(n = 335, 78%) and LVEF ≤ 40% (n = 97, 22%) at CMR are depicted in Table 1. The median
age of the overall cohort was 57 (IQR 51–65) years. LVEF ≤ 40% (22% of patients) was
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associated with advanced age (p = 0.010) and smoking (p = 0.002). Total ischemia time
was 178 (IQR 120–262) min and did not differ between patients with LVEF ≤ 40% and
>40% (p = 0.407). Patients with LVEF ≤ 40% had anterior infarcts more often (p < 0.001)
as well as lower TIMI flows pre (p = 0.018) and post-PCI (p = 0.006). No patient had
symptomatic heart failure before STEMI. Patients with LVEF ≤ 40% had Killip class II more
often (p < 0.001).

Table 1. Baseline patient characteristics.

Total Population
(n = 432)

LVEF > 40%
(n = 335, 78%)

LVEF ≤ 40%
(n = 97, 22%)

p-Value

Age, years 57 [51–65] 56 [50–64] 58 [53–69] 0.010
Female, n (%) 81(19) 68 (20) 13 (13) 0.125

Body mass index, kg/m2 26.1 [24.4–28.7] 26.0 [24.4–28.7] 26.2 [24.7–28.7] 0.622
Current smoker, n (%) 247 (57) 205 (61) 42 (43) 0.002
Hyperlipidemia, n (%) 230 (53) 176 (53) 54 (56) 0.586

Diabetes mellitus, n (%) 35 (8) 25 (8) 10 (10) 0.366
Family history, n (%) 135 (31) 112 (33) 23 (24) 0.160
Hypertension, n (%) 191 (44) 148 (44) 43 (44) 0.979

Systolic blood pressure, mmHg 137 [117–154] 136 [117–154] 137 [118–152] 0.827
Diastolic blood pressure, mmHg 82 [72–95] 80 [72–94] 85 [76–100] 0.039
Symptomatic heart failure before

STEMI, n (%) 0 (0) 0 (0) 0 (0) -

Killip class, n (%) <0.001
I 296 (69) 247 (74) 49 (50)
II 136 (32) 88 (26) 48 (50)

Total ischemia time, min 178 [120–262] 171 [120–260] 188 [129–267] 0.407
Culprit lesion, n (%) <0.001

RCA 183 (42) 165 (49) 18 (19)
LAD 189 (44) 124 (37) 65 (67)
LCX 57 (13) 45 (13) 12 (12)
RI 3 (1) 1 (1) 2 (2)

Anterior infarction, n (%) 190 (44) 126 (38) 64 (66) <0.001
Number of affected vessels, n (%) 0.656

1 260 (60) 201 (60) 59 (61)
2 119 (28) 95 (28) 24 (25)
3 53 (12) 39 (12) 14 (14)

TIMI flow pre-PCI, n (%) 0.018
0 273 (63) 200 (60) 73 (75)
1 55 (13) 43 (13) 12 (13)
2 75 (17) 67 (20) 8 (8)
3 29 (7) 25 (7) 4 (4)

TIMI flow post-PCI, n (%) 0.006
0 4 (1) 2 (1) 2 (2)
1 6 (1) 3 (1) 3 (3)
2 34 (8) 20 (6) 14 (14)
3 388 (90) 310 (92) 78 (81)

CRP, mg/L
Admission 2.1 [1.0–4.2] 2.0 [1.0–4.2] 2.3 [1.0–4.7] 0.383

24 h 12.4 [6.9–20.1] 11.0 [6.0–17.1] 20.9 [10.9–45.7] <0.001
Peak 22.5 [11.7–45.5] 19.0 [10.3–34.4] 54.6 [25.9–94.7] <0.001

Admission to 24 h CRP, h 21 [19–25] 21 [19–25] 21 [19–25] 0.640
Admission to peak CRP, h 46 [35–56] 45 [31–55] 47 [42–58] 0.028
CRPv (admission to 24 h),

mg/L/h 0.42 [0.21–0.76] 0.34 [0.16–0.61] 0.81 [0.47–1.78] <0.001

cTnT, ng/L
Peak 4646 [2187–8430] 3902 [1718–6676] 9065 [5014–14877] <0.001

Admission to peak cTnT, h 11 [7–16] 11 [7–16] 9 [6–13] 0.014

CRP = C-reactive protein, CRPv = C-reactive protein velocity, cTnT = cardiac troponin T, LAD = left anterior descending artery,
LCX = left circumflex artery, LVEF = left ventricular ejection fraction, PCI = percutaneous coronary intervention, RCA = right coronary artery,
RI = ramus intermedius, TIMI = thrombolysis in myocardial infarction.
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The values for the median admission CRP, 24 h, and peak CRP were as follows: 2.1
(IQR 1.0–4.2), 12.4 (IQR 6.9–20.1), and 22.5 (IQR 11.7–45.5) mg/L, respectively. The median
CRPv was 0.42 (IQR 0.21–0.76) mg/L/h and was significantly higher in patients with
LVEF ≤ 40% (p < 0.001) (Figure 1).

Figure 1. Boxplot showing the relation between CRPv and LVEF. CRPv = C-reactive protein velocity, LVEF = left ventricular
ejection fraction.

The median time from PCI to CMR was 3 (IQR 2–4) days. Table 2 provides the CMR
parameters of the overall cohort and according to the dichotomized LVEF at 40%.

Table 2. CMR imaging results.

Total Population
(n = 432)

LVEF > 40%
(n = 335, 78%)

LVEF ≤ 40%
(n = 97, 22%) p-Value

LVEDV, mL 167 [137–189] 162 [134–187] 182 [154–204] <0.001
LVESV, mL 83 [64–94] 75 [60–92] 118 [99–131] <0.001

LVEF, % 49 [42–55] - - -
LVSV, mL 79 [65–94] 84 [70–97] 60 [50–75] <0.001

CO, L/min 5.3 [4.4–6.2] 5.5 [4.7–6.3] 4.6 [3.8–5.7] <0.001
IS, % of LVMM 14.5 [7.5–24.3] 13.0 [6.2–20.6] 26.1 [16.0–34.2] <0.001

MVO, n (%) 241 (56) 160 (48) 81 (84) <0.001
MVO, % of LVMM 0.4 [0.0–2.5] 0.0 [0.0–1.5] 2.5 [0.6–6.4] <0.001

CMR = cardiac magnetic resonance, CO = cardiac output, IS = infarct size, LVEDV = left ventricular end-diastolic
volume, LVESV = left ventricular end-systolic volume, LVEF = left ventricular ejection fraction, LVMM = left
ventricular myocardial mass, LVSV = left ventricular stroke volume, MVO = microvascular obstruction.

3.2. CRPv as a Marker of LV Dysfunction

CRPv was correlated with LVEF (rS = −0.397, p < 0.001). In multiple linear regression
analysis, CRPv (β: −0.161, p = 0.004), peak cTnT (β: −0.343, p < 0.001), TIMI flow pre-
PCI (β: 0.085, p = 0.045), TIMI flow post-PCI (β: 0.105, p = 0.010), and current smoking
(β: 0.104, p = 0.015) were significantly related to LVEF (Table 3). After binary logistic
regression analysis, CRPv (OR 1.71, 95% confidence interval (CI) 1.19–2.45; p = 0.004) and
peak cTnT (OR 2.09, 95% CI 1.54–2.85; p < 0.001) remained independently associated with
LVEF ≤ 40% (Table 4). In ROC analysis, 24 h CRP (AUC 0.73, 95% CI 0.69–0.77; p < 0.001),
CRPv (AUC 0.77, 95% CI 0.72–0.81; p < 0.001), peak CRP (AUC 0.77, 95% CI 0.73–0.81;
p < 0.001), and peak cTnT (AUC 0.77, 95% CI 0.73–0.81; p < 0.001) emerged as strong
predictors of LVEF ≤ 40%. The best cut-off value of CRPv in predicting LVEF ≤ 40% was
>0.59 mg/l/h, with a sensitivity of 70% and a specificity of 75%. According to C-statistics,

9



J. Clin. Med. 2021, 10, 5494

the AUCs of CRPv and peak CRP (AUC difference: <0.01, p = 0.807) and CRPv and peak
cTnT (AUC difference: <0.01, p = 0.784) did not differ. The combination of peak cTnT and
CRPv (AUC: 0.81, 95% CI 0.77–0.85, p < 0.001) resulted in a higher AUC than peak cTnT
alone for the prediction of LVEF ≤ 40% (AUC difference: 0.04, p = 0.009) (Table 5). The
statistical significance of the calibration performance according to the Hosmer–Lemeshow
test of the combination of CRPv and TnT was p = 0.063. Internal validity was assessed
in 1000 bootstrap samples to estimate the optimism-corrected confidence intervals of the
AUC of the combination of CRPv and TnT (BCa 95% CI 0.76–0.86, p < 0.001).

Table 3. Linear regression analysis for the prediction of LVEF.

Univariable Multivariable

β p-Value β p-Value
CRPv −0.397 <0.001 −0.161 0.004

Peak CRP −0.378 <0.001 −0.098 0.082
Peak cTnT −0.498 <0.001 −0.343 <0.001

Anterior infarction −0.222 <0.001 −0.047 0.253
TIMI flow pre-PCI 0.264 <0.001 0.085 0.045
TIMI flow post-PCI 0.204 <0.001 0.105 0.010

Current smoker 0.173 <0.001 0.104 0.015
Age −0.133 0.006 0.011 0.806

Diastolic blood pressure 0.000 0.999 - -
Killip class −0.210 <0.001 −0.053 0.197

CRP = C-reactive protein, CRPv = C-reactive protein velocity, cTnT = cardiac troponin T, LVEF = left ventricular
ejection fraction, PCI = percutaneous coronary intervention. TIMI = thrombolysis in myocardial infarction.

Table 4. Binary logistic regression analysis for the prediction of LVEF ≤ 40%.

Univariable Multivariable

OR (95% CI) p-Value OR (95% CI) p-Value
CRPv 2.69 (2.01–3.60) <0.001 1.71(1.19–2.45) 0.004

Peak CRP 2.55 (1.92–3.39) <0.001 1.28 (0.92–1.79) 0.146
Peak cTnT 2.82 (2.15–3.71) <0.001 2.09 (1.54–2.85) <0.001

Anterior infarction 1.78 (1.41–2.26) <0.001 1.28 (0.97–1.71) 0.079
TIMI flow pre-PCI 0.67 (0.51–0.88) 0.003 1.04 (0.75–1.44) 0.828
TIMI flow post-PCI 0.73 (0.60–0.89) 0.002 0.83 (0.65–1.05) 0.112

Current smoker 0.70 (0.56–0.88) 0.002 0.76 (0.56–1.03) 0.079
Age 1.38 (1.09–1.72) 0.006 1.03 (0.75–1.37) 0.914

Diastolic blood pressure 1.27 (1.02–1.59) 0.037 1.18 (0.89–1.55) 0.258
Killip class 2.75 (1.72–4.38) <0.001 1.54 (0.87–2.76) 0.142

CI = confidence interval, CRP = C-reactive protein, CRPv = C-reactive protein velocity, cTnT = cardiac tro-
ponin T, LVEF = left ventricular ejection fraction, OR = odds ratio, PCI = percutaneous coronary intervention.
TIMI = thrombolysis in myocardial infarction. OR are presented per 1 standard deviation increase.

Table 5. C-statistics for the prediction of LVEF ≤ 40%.

Variables AUC 95% CI p-Value
AUC

Increment
ROC

Comparison

Admission CRP 0.53 0.48–0.58 0.383 - -
24 h CRP 0.73 0.69–0.77 <0.001 0.20 <0.001

CRPv 0.77 0.72–0.81 <0.001 0.04 <0.001
Peak CRP 0.77 0.73–0.81 <0.001 <0.01 0.807
Peak cTnT 0.77 0.73–0.81 <0.001 <0.01 0.905

CRPv and peak cTnT 0.81 0.77–0.85 <0.001 0.04 0.009
AUC = area under the curve, CI = confidence interval, CRP = C-reactive protein, cTnT = cardiac troponin T,
LVEF = left ventricular ejection fraction, ROC = receiver operating characteristic.

4. Discussion

The present study investigated the association of CRPv with LV dysfunction as as-
sessed by CMR in patients with acute STEMI treated with primary PCI for the first time.
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The major findings can be summarized as follows: (a) Patients with elevated CRPv levels
had significantly lower LVEF. (b) In the first week following acute STEMI, the association
of CRPv and LV dysfunction remained significant after adjustment for clinical (peak CRP,
peak cTnT, smoking, age, Killip class) and angiographical parameters (anterior infarct lo-
calization, TIMI flow pre- and post-PCI). (c) The predictive value of CRPv for LVEF ≤ 40%
was strong and additive to peak cTnT. Taken together, these data indicate that CRPv repre-
sents a sensitive risk stratification tool in daily clinical practice, that is available in the very
early phase after STEMI. Moreover, further studies could explore whether patients with
increased CRP levels could benefit from individualized therapeutic strategies targeting the
post-STEMI inflammatory response.

Among several inflammatory markers in the setting of myocardial infarction, CRP
represents the most intensively explored marker. As an acute phase protein, CRP is released
by hepatocytes after the stimulation of cytokines, primarily interleukin-6, about 6 h after
the beginning of ischemic injury and peaks at day 2–3 thereafter [6,12]. Interleukin-6 is
considered to increase the risk of adverse events after an acute coronary syndrome [35].
Furthermore, existing evidence shows that ischemic cell damage by CRP is complement
dependent [36]. Increased CRP levels are associated with a greater extent of myocardial
tissue damage [6–8,18], more severe LV dysfunction [18,37], and the occurrence of adverse
events [9–11] after myocardial infarction. Furthermore, persisting inflammatory response
in the chronic phase after STEMI can contribute to adverse LV remodeling [38]. CRP might
therefore serve as an early biomarker for risk stratification after infarction.

Changes in CRP concentrations during myocardial infarction are considered to play a
crucial role regarding adverse cardiovascular events, including death [13] and LV dysfunc-
tion, even years later [14]. In a study by Świątkiewicz et al. investigating 204 patients with
first STEMI, elevated serial CRP during STEMI was associated with an increased risk of
LV systolic dysfunction and heart failure [16]. Furthermore, elevated CRP values are also
suggested to predict LV remodeling in this patient population [17].

Dynamics in inflammatory processes during myocardial infarction, as measured by
CRPv, have recently been shown to predict microvascular pathology [19], which is a major
prognostic determinant after STEMI [39]. In line with this, another study indicated that
CRPv might be associated with short-term mortality after STEMI [21]. Moreover, CRPv is
not only associated with a risk for adverse outcomes after STEMI, but is also related to the
onset of new atrial fibrillation [20]. Atrial fibrillation is known to predict adverse outcomes
after STEMI [40]. Furthermore, Zahler et al. revealed an association between CRPv and
acute kidney injury after STEMI [22]. In the present study, we could corroborate and
expand previous findings by showing that CRPv is strongly and independently associated
with LV dysfunction after acute STEMI. In particular, this study may have clinical and
research implications: firstly, CRPv emerged as an early and sensitive parameter for the
prediction of LV dysfunction, as measured by CMR-assessed LVEF, improving individual
risk assessment in this patient population at a very early stage. Secondly, as elevated
CRPv levels are indicative for reduced LVEF in this study, CRPv may help to identify
patients who might benefit from an anti-inflammatory and more extensive cardio protective
treatment [41]. This hypothesis needs to be addressed in further studies.

Another important research question is whether CRP is only an associate or a mech-
anistic (causal) driver of LV dysfunction after STEMI. Indeed, the modulation of inflam-
matory processes have recently moved more and more into focus in the treatment of
STEMI. The recently published CAMI-1 study [18] revealed that the CRP gradient was
correlated with a greater extent of myocardial IS and reduced LVEF. By lowering CRP
concentrations with CRP apheresis, the authors concluded that the correlation between
CRP and myocardial IS and LV dysfunction was no longer detectable. The promising role
of selective CRP apheresis in this setting needs further evaluation. The currently ongoing,
prospective, randomized controlled “CRP Apheresis in STEMI” trial (ClinicalTrials.gov
Identifier: NCT04939805) is investigating the effect of selective CRP apheresis on IS after
acute STEMI and will provide important insights [42]. Moreover, the ASSAIL-MI trial [43]
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revealed that the intraprocedural administration of the interleukin-6 inhibitor Tocilizumab
led to significant CRP reduction and consequently to an increased myocardial salvage,
as assessed by CMR. Nevertheless, there was no difference in LVEF and IS between the
experimental and control group. In experimental models, NLRP3 (NOD-like receptor
family, pyrin domain-containing 3) inflammasome-targeted strategies might be beneficial
in acute myocardial infarction [44]. In a mouse model of ischemia-reperfusion injury,
the inhibition of NLRP3 inflammasomes has been shown to preserve myocardial func-
tion [45]. Another anti-inflammatory therapeutic strategy might be interleukin-1 blockade
with anakinra, which has been suggested to potentially prevent heart failure after acute
myocardial infarction [46]. Canakinumab, an interleukin-1b inhibitor, has been considered
to have a dose-dependent reduction in the occurrence of heart failure in patients with prior
myocardial infarction and elevated CRP [47]. However, research in this field is warranted
to point out possible future directives in anti-inflammatory therapies after myocardial
infarction.

To summarize, CRPv could help in the characterization of the dynamic inflammatory
mechanism in the setting of acute STEMI as a time-dependent parameter and has important
implications on myocardial infarct characteristics and outcome [19], as well as on remnant
LV function before or at hospital discharge upon STEMI.

Limitations

In this study, only stable STEMI patients with Killip class < 3 and a delay < 12 h were
included [19]. The majority of STEMI patients present with Killip class < 3 [48]. However,
the association of CRPv and LVEF might thus not be applicable to unstable patients,
to late presenters, and to NSTEMI. Moreover, the results of this analysis might not be
applicable to patients with symptomatic heart failure before STEMI. The TIMI myocardial
perfusion grade was not systematically assessed in this cohort, although it might be a better
discriminator than TIMI flow post PCI for poor prognosis after STEMI [49,50]. Furthermore,
our scientific explanations are not transmissive to patients with an increased admission CRP
value (above 15 mg/L), which are, however, a very small minority of patients (<4%) [19].
Finally, this study investigated the impact of CRPv on early LV dysfunction; thus, the
results might not be transmissive to patients with LV dysfunction occurring in the chronic
phase after STEMI. Further validation and research is needed to describe the exact role and
significance of CRPv in this setting.

5. Conclusions

CRPv is independently associated with LV dysfunction, as determined by CMR, before
or at hospital discharge in patients with acute STEMI treated with primary PCI. CRPv
might help to identify patients who are at an increased risk for LV dysfunction at a very
early stage after STEMI.
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Abstract: Elevated concentrations of C-reactive protein (CRP) early during an acute coronary syn-
drome (ACS) may reflect the magnitude of the inflammatory response to myocardial damage and are
associated with worse outcome. However, the routine measurement of both CRP and cardiac tro-
ponin simultaneously in the setting of ST-segment myocardial infarction (STEMI) is not used broadly.
Here, we sought to identify and characterize individuals who are prone to an elevated inflammatory
response following STEMI by using a combined CRP and troponin test (CTT) and determine their
short- and long-term outcome. We retrospectively examined 1186 patients with the diagnosis of acute
STEMI, who had at least two successive measurements of combined CRP and cardiac troponin (up to
6 h apart), all within the first 48 h of admission. We used Chi-Square Automatic Interaction Detector
(CHAID) tree analysis to determine which parameters, timing (baseline vs. serial measurements),
and cut-offs should be used to predict mortality. Patients with high CRP concentrations (above 90th
percentile, >33 mg/L) had higher 30 day and all-cause mortality rates compared to the rest of the
cohort, regardless of their troponin test status (above or below 118,000 ng/L); 14.4% vs. 2.7%, p < 0.01.
Furthermore, patients with both high CRP and high troponin levels on their second measurement had
the highest 30-day mortality rates compared to the rest of the cohort; 21.4% vs. 3.7%, p < 0.01. These
patients also had the highest all-cause mortality rates after a median follow-up of 4.5 years compared
to the rest of the cohort; 42.9% vs. 12.7%, p < 0.01. In conclusion, serial measurements of both
CRP and cardiac troponin might detect patients at increased risk for short-and long-term mortality
following STEMI. We suggest the future use of the combined CTT as a potential early marker for
inflammatory-prone patients with worse outcomes following ACS. This sub-type of patients might
benefit from early anti-inflammatory therapy such as colchicine and anti-interleukin-1ß agents.

Keywords: CRP; troponin; STEMI; acute coronary syndrome; inflammation

1. Introduction

Cardiac troponin is a sensitive and specific marker for myocardial injury, and its
prognostic value in acute coronary syndrome (ACS) is well established [1]. Elevated
concentrations of C-reactive protein (CRP) in patients with coronary artery disease (CAD)
are associated with atherosclerotic disease activity and worse clinical outcomes [2–5].
Moreover, the rate of increase in CRP levels early after ACS onset is correlated with
increased mortality rates and myocardial damage [6–8]. Finally, multivariable risk models
have identified cardiac troponin and CRP as significant and independent predictors of risk
in patients with ACS, with additive predictive value [5]. Yet, the routine measurement of
both CRP and cardiac troponin simultaneously in the setting of ST-segment myocardial
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infarction (STEMI) is not used broadly and is still not recommended by recent clinical
guidelines [9].

Systemic vascular inflammation plays a pivotal role in the progression of CAD, and sev-
eral anti-inflammatory therapies have been examined in recent trials, including methotrex-
ate [10], anti-interleukin (IL)-1ß [11], and colchicine [12], for the secondary prevention
of atherosclerotic cardiovascular disease. However, it seems increased patient variability
exists in the extent of the inflammatory response to cardiomyocyte necrosis and the progres-
sion of ACS [5]. Thus, more individualized approaches based on circulating inflammatory
biomarkers are needed to identify patients who will benefit from these therapies.

Here, we sought to identify individuals who are prone to an elevated inflammatory
response following STEMI using serial simultaneous measurements of both CRP and
cardiac troponin-I during the first 48 h of admission. We characterized patients based on
their CRP-Troponin-Test (CTT) results and determined their short- and long-term outcome.

2. Materials and Methods

2.1. Study Design and Clinical Data

We performed a retrospective, single-center observational study at the Tel-Aviv
Sourasky Medical Center. We included consecutive patients admitted between January
2008 and January 2020 to the Cardiac Intensive Care Unit (CICU) with the diagnosis of
acute STEMI, who had at least two successive measurements of both CRP and cardiac
troponin levels within the first 48 h of admission [6,8]. The CTT result was derived from
test findings of a CRP and a troponin measurement carried out up to 6 h apart.

The diagnosis of STEMI was based on a typical history of chest pain, diagnostic
electrocardiographic changes, and serial elevation of serum cardiac biomarkers [1]. Primary
percutaneous coronary intervention (PCI) was performed in patients with symptoms ≤ 12 h
in duration as well as in patients with symptoms lasting 12–24 h if the symptoms continued
to persist during hospitalization.

CAD was defined if a ≥50% narrowing in an epicardial coronary artery was present,
or a history of coronary intervention (stent or angioplasty) to an epicardial coronary artery,
or bypass surgery. CAD severity was divided into 4 categories according to the number of
diseased vessels (i.e., 0, 1, 2, or 3) as previously described [13,14]. Following primary PCI left
ventricular (LV) ejection fraction was measured in all patients by bedside echocardiography,
within the first 48 h of admission.

The MDClone platform was used to automatically extract multiple demographic and
clinical variables from Electronic Health Records as well as determine 30-day and all-cause
mortality rates [15]. Missing data on cardiovascular history, clinical risk factors, treatment
characteristics, and laboratory results were manually retrieved from the patients’ medical
files. The median follow-up time for all-cause mortality was 4.5 years (interquartile range
[IQR] 3.1–6.3).

2.2. Laboratory Tests

Complete blood count parameters were measured with a Coulter STKS electronic
counter. Blood samples for CRP and cardiac troponin assessments were drawn in all
patients upon admission to the emergency department or at the catheterization laboratory
prior to primary PCI. A second sample was drawn following primary PCI, and within 48 h
from CICU admission.

The white blood count (WBC) was determined by the Coulter STKS (Beckman Coulter,
Nyon, Switzerland) electronic cell analyzer. Wide range C-reactive protein (CRP) levels
were determined by the Bayer wr-CRP assay (Bayer, Leverkusen, Germany) [16]. High-
sensitivity cardiac troponin I was measured by an ADVIA Centaur® TnI-Ultra® assay
(Siemens, Munich, Germany).
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2.3. Statistical Analysis

All continuous variables are displayed as means (±standard deviation (SD)) for nor-
mally distributed variables or median (interquartile range (IQR)) for variables with abnor-
mal distribution. Categorical variables are displayed as numbers (%) of subjects within each
group. Continuous variables were compared by a student’s t-test for normally distributed
variables and by the Mann–Whitney U test for non-normally distributed ones. To assess
associations among categorical variables, we used a Chi-square test. We assessed normal
distributions using Kolmogorov–Smirnov’s test and Q-Q plots. The correlations between
continuous variables were assessed by Pearson’s r for normally distributed variables and
Spearmen’s r for variables with abnormal distribution.

To determine which CRP and troponin measurements (baseline vs. serial measure-
ments), and corresponding cut-offs should be used to predict 30-day mortality, we used
Chi-square automatic interaction detection (CHAID) [17]. CHAID analysis builds a pre-
dictive model to determine the best cutoffs for the input variables to predict an outcome.
In CHAID, continuous predictors are split into categories with an approximately equal
number of observations. CHAID creates all possible cross-tabulations for each categorical
predictor until the best outcome is achieved and no further splitting can be performed.
Patients were divided into groups according to the output cutoffs.

To adjust for possible confounding variables, we used a binary logistic regression
to predict 30-day mortality status. We adjusted our model for the combined second CTT
test status, age, sex, and conventional risk factors including history of heart failure, prior
myocardial infarction (MI), diabetes, hypertension, and hyperlipidemia. Adjusted odds
ratios (OR) with 95% confidence intervals (CI) were reported.

A two-tailed p < 0.05 was considered statistically significant. All analyses were
performed with the SPSS (IBM SPSS Statistics, version 28, IBM Corp., Armonk, NY, USA,
2016) and GraphPad Prism version 9.00 (GraphPad Software, La Jolla, CA, USA).

3. Results

3.1. Patient Characteristics

Patient characteristics are displayed in Table 1. The final study cohort included
1186 STEMI patients. The mean age was 63.2 ± 13 years, and 207 patients (17.5%) were
women. The distribution of the second CTT test results is presented in Figure 1.

The median first and second CRP levels were 4.3 [IQR 1.5–11.1] and 5 [IQR 1.6–11.8] mg/L,
respectively. The corresponding median first and second troponin levels were 430.5
[64.7–4967.5] and 9995.5 [1778.7–43,631.7] ng/L. The correlation between CRP and cardiac
troponin was r = 0.28 for the first measurement, and r = 0.22 for the second measurement,
p < 0.01 for both. Notably, the correlation between the first troponin and the second CRP
was stronger (r = 0.37, p < 0.01) and might reflect the slower rate of CRP increase compared
to cardiac troponin following myocardial infarction [18].

A total of 46 patients (3.9%) died within 30 days of admission (mean age = 80.3 ± 10 years).
We used CHAID tree analysis to determine which CTT measurement and cutoffs should be
used to predict 30-day mortality. A second CRP level > 33 mg/ L (90th percentile of the
cohort) was associated with the highest 30-day mortality rate. Accordingly, patients were
divided into four groups based on their combined CTT results, i.e., CRP/troponin levels
above or below the 90th percentile (Figure 1 and Table 1).

Patients with both high CRP (>33 mg/L) and high troponin (>118,000 ng/L) levels
were older and had a higher prevalence of diabetes mellitus and prior heart failure com-
pared to the rest of the cohort (Table 1). Individuals with high CRP levels had a higher
prevalence of hypertension, regardless of their troponin test result (Table 1). Of note, the
severity of CAD was similar across all groups.

19



J. Clin. Med. 2022, 11, 2453

Figure 1. Combined CRP and Troponin Test (CTT) results. A scatterplot of the study population
according to their second CRP and cardiac troponin test results. The dotted lines represent the 90th
percentile thresholds (CRP > 33 mg/L and cardiac troponin > 118,000 ng/L) according to our CHIAD
analysis as described in the Methods section.

Table 1. Baseline clinical characteristics by CTT * results (total n = 1186).

CRP < 90th Percentile
(<33 mg/L)

CRP > 90th Percentile
(>33 mg/L)

p-Value

Trop < 90th %ile
(<118,000 ng/L)

Trop > 90th %ile
(>118,000 ng/L)

Trop < 90th %ile
(<118,000 ng/L)

Trop > 90th %ile
(>118,000 ng/L)

n 964 104 104 14
Age, years (±SD) 62.6 (12.9) 62.9 (13.9) 67.9 (14.5) 68.0 (15.4) <0.01

Women, n (%) 176 (18) 8 (8) 22 (21) 1 (7) 0.03
Ejection fraction, % (±SD) 38.3 (19.6) 32.9 (16.6) 33.8 (19.6) 27.9 (16.5) <0.01

Diabetes, n (%) 243 (25) 18 (17) 43 (41) 7 (50) <0.01
History of HF, n (%) 95 (10) 22 (21) 25 (24) 8 (57) <0.01

Past MI, n (%) 174 18.1) 19 (18.3) 28 (27) 1 (7.1) 0.11
Hyperlipidemia, n (%) 499 (52) 46 (44) 59 (57) 10 (71) 0.13
Current smoker, n (%) 466 (49) 55 (54) 44 (44) 3 (23) 0.13
Hypertension, n (%) 449 (47) 39 (38) 61 (59) 7 (50) 0.02

CAD severity 0.11

0 diseased vessels, n (%) 6 (1) 0 (0) 1 (1) 0 (0)
1 diseased vessel, n (%) 378 (40) 46 (44) 32 (33) 2 (15)
2 diseased vessels, n (%) 313 (33) 31 (30) 24 (25) 7 (54)
3 diseased vessels, n (%) 255 (27) 27 (26) 39 (41) 4 (31)
Glucose, mg/dL (±SD) 150.3 (60.8) 154.5 (67.0) 170.7 (89.5) 220.7 (109.3) <0.01

HbA1C, % (±SD) 5.9 [5.6, 6.5] 5.8 [5.5, 6.3] 6.0 [5.7, 7.1] 5.8 [5.7, 6.5] 0.15
WBC, 109/L

(±SD)
11.8 (4.2) 13.4 (3.8) 12.6 (4.3) 14.9 (5.2) <0.01

1st CRP, mg/L [IQR] 3.5 [1.3, 8.2] 4.2 [1.4, 7.8] 58.0 [43.1, 109.8] 66.6 [25.5, 119.9] <0.01
2nd CRP, mg/L [IQR] 3.9 [1.4, 8.8] 5.8 [2.9, 12.6] 72.7 [45.3, 108.7] 68.8 [44.3, 112.3] <0.01

1st Troponin, ng/L [IQR]) 299.5 [48.0, 2618.8] 6021.5
[137.0, 54,233.2]

8127.5
[1770.0, 23,908.5]

33,484.0
[7278.2, 125,331.0] <0.01

2nd Troponin, ng/L [IQR]) 6689.0
[1192.0, 23,949.8]

222,112.0
[174,063.8, 307,510.2]

18,453.5
[6795.0, 42,399.5]

202,177.0
[154,482.0, 236,586.5] <0.01

* CTT—CRP Troponin Test (second measurement); CRP—C-Reactive Protein; HbA1c—Hemoglobin A1c;
HF—Heart Failure; MI—Myocardial Infarction; PLT—Platelets; Trop—Cardiac Troponin I; WBC—White
Blood Count.
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3.2. CTT Results and 30-Day/All-Cause Mortality

Patients with high CRP concentrations (above the 90th percentile, >33mg/L) had
higher 30-day and all-cause mortality rates regardless of their troponin test status (above
or below 118,000 ng/L); 14.4% vs. 2.7%, p < 0.01 (Figure 2). However, patients with both
high CRP and high troponin levels had the highest mortality rates compared to the rest of
the cohort; 21.4% vs. 3.7%, p < 0.01 (Figure 2). We also assessed all-cause mortality after a
median follow-up of 4.5 years [IQR 3.1–6.3] and observed a similar trend across all CTT test
result categories (Figure 2). Patients with both high CRP and high troponin levels on their
second measurement had the highest mortality rates compared to the rest of the cohort;
42.9% vs. 12.7%, p < 0.01 (Figure 2).

Figure 2. Combined CRP and Troponin Test (CTT) results and mortality rates. Bar graphs repre-
senting the proportion of patients who died during follow-up according to their CRP Troponin Test
(CTT) results. The median follow-up time for all-cause mortality was 4.5 years [IQR 3.1–6.3]. The bar
colors correspond to the 4 groups presented in Figure 1. p-values were calculated by the Chi-Square test.

Finally, a binary logistic regression analysis showed that the combined result of the
second CTT significantly predicted 30-day mortality after adjusting for age, sex, and
conventional risk factors; OR = 6.98 95% CI 1.4, 35.5, p = 0.02 for patients with both high
CRP and high troponin on their second measurement (above 90th percentile). Age and a
history of heart failure were also significant predictors in the model (Table 2).

Table 2. Binary logistic regression to predict 30-day mortality.

Odds Ratio
95.0% CI

p Value
Lower Upper

Age (years) 1.092 1.053 1.132 <0.01
Sex (women) 1.825 0.787 4.233 0.16

Diabetes mellitus 1.993 0.935 4.246 0.07
History of HF 10.914 5.201 22.903 <0.01

Past MI 0.896 0.387 2.078 0.79
Hyperlipidemia 1.320 0.584 2.984 0.5

Hypertension 1.451 0.578 3.642 0.43
2nd CTT result (normal CRP and

troponin as indicator)
High troponin-normal CRP 6.896 2.531 18.788 <0.01
Normal troponin-high CRP 4.756 1.960 11.543 <0.01

High troponin-high CRP 6.974 1.372 35.457 0.02
Method = Enter. CTT—CRP Troponin Test (second measurement); CRP—C-Reactive Protein; HF—Heart Failure.

4. Discussion

The main findings of our study are that serial simultaneous measurements of cardiac
troponin and CRP within the first 48 h of admission might identify patients at increased
risk for short- and long-term mortality following STEMI. Patients with both high CRP and
high troponin levels (above 90th percentile) were at increased risk for 30-day and all-cause
mortality during a median follow-up of 4.5 years. We propose here the use of the combined
CTT as an early and simple marker for inflammatory-prone patients with worse outcomes
following ACS.
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Our results portray the wide spectrum of the human inflammatory response to MI by
considering cardiac troponin as the “antigen” in this relatively sterile inflammatory process.
We show that some individuals demonstrate low systemic inflammation (evidenced by
low CRP levels) even in the presence of extremely high myocardial necrosis (cardiac
troponin > 118,000 ng/L) (Figure 1). On the other hand, some individuals with very low
levels of troponin had extremely high CRP levels (>33 mg/L) and appear to be more
“inflammatory prone” to myocardial necrosis. These inflammatory-prone patients had
increased 30-day and long-term mortality rates. Moreover, our findings show that patients
with elevated levels of CRP during STEMI have higher mortality rates regardless of their
troponin levels on presentation (Figure 2). These results are in line with several past
reports on the prognostic value of CRP in ACS [2,19–24]. Our findings are also in line with
existing reports on the association between CRP levels and infarct size in STEMI patients,
as well as the development of cardiac remodeling and microvascular disease during follow-
up [25–29]. The cutoffs for “high” CRP in these reports ranged from 20–40 mg/L and are
relatively similar to the ones used in our analysis. The higher mortality rates of patients
with both high CRP and high troponin could be explained by the higher prevalence of heart
failure and diabetes among these individuals. Nonetheless, it is reasonable to speculate that
their inflammatory-prone nature played a major part in the development of these existing
comorbidities in the first place, and thereby underline the importance of our findings.

Recent studies have suggested that serial CRP measurements can help reclassify
stable and unstable CAD patients undergoing coronary interventions by assessing their
“residual inflammatory risk” in terms of long-term outcomes [5,21,30,31]. The time interval
between CRP measurements in these reports was around 4 weeks. Others have suggested
a combined approach of multiple inflammatory biomarkers for improved risk stratification
during STEMI [23,24,27,32]. Moreover, we and others have demonstrated that CRP velocity
between two serial measurements within the first days of hospitalization is associated
with increased mortality, left ventricular dysfunction, microvascular damage, and acute
kidney injury [6,7,33,34]. We suggest here the addition of high sensitivity cardiac troponin
to CRP across all time points to further improve risk stratification of CAD patients that
underwent a coronary intervention. Most importantly, the CTT could be used to identify
the precise subtype of patients that might benefit from early anti-inflammatory therapy,
such as colchicine [12] and anti-IL-1ß agents [30]. We hypothesize that our “inflammatory-
prone” patients who had high CRP levels—even in the presence of relatively low or normal
troponin levels—are the ones who are most likely to benefit from these treatments.

Our study has several limitations. First, the retrospective nature of this study and
the non-standardized timing of both CRP and troponin measurements poses a risk of
residual confounding. Furthermore, the maximum time interval between the first and
second CTTs was arbitrarily set at 48 h from admission. Future standardized, large-scale
efforts are needed to determine the optimal time intervals between serial measurements.
Finally, the cutoffs for both CRP and troponin levels used here were optimized for this
specific study sample and may not present the same diagnostic yield in other populations.
Moreover, the relatively small group of patients with both high CRP and troponin (n = 14)
limits the statistical power of additional analyses aimed to detect residual confounding.
Future studies should evaluate these cutoffs in other non-Caucasian populations and also
explore the possibility of sex-specific thresholds [35]. Furthermore, large-scale studies
should stratify patients according to pre-existing comorbidities, especially heart failure, in
their analysis to possibly define specific thresholds for these patients.

In summary, we suggest further investigation of the novel CTT as an early clinical
assessment tool for identifying patients at increased risk for worse outcome following
STEMI. Future clinical trials should investigate the usefulness of the CTT in improving
optimal patient selection to receive novel anti-inflammatory agents in the setting of ACS.
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Abstract: Background: Patients who are admitted to the Department of Internal Medicine with
apparently normal C-reactive protein (CRP) concentration impose a special challenge due the as-
sumption that they might not harbor a severe and potentially lethal medical condition. Methods: A
retrospective cohort of all patients who were admitted to the Department of Internal Medicine with a
CRP concentration of ≤31.9 mg/L and had a second CRP test obtained within the next 24 h. Seven
day mortality data were analyzed. Results: Overall, 3504 patients were analyzed with a mean first
and second CRP of 8.8 (8.5) and 14.6 (21.6) mg/L, respectively. The seven day mortality increased
from 1.8% in the first quartile of the first CRP to 7.5% in the fourth quartile of the first CRP (p < 0.0001)
and from 0.6% in the first quartile of the second CRP to 9.5% in the fourth quartile of the second
CRP test (p < 0.0001), suggesting a clear relation between the admission CRP and in hospital seven
day mortality. Conclusions: An association exists between the quartiles of CRP and 7-day mortality
as well as sepsis related cause of death. Furthermore, the CRP values 24 h after hospital admission
improved the discrimination.

Keywords: C-reactive protein; inflammation; mortality causes

1. Introduction

The admission of patients to the Department of Internal Medicine with apparently
normal C-reactive protein (CRP) concentration is a clinical challenge due to the possibility
that clinicians might assume that these patients do not harbor a significant inflammatory
response. However, the inflammatory response could burst-in later. “Inflammatory burst”
is the rapid release of pro-inflammatory cytokines/mediators. Previous studies have shown
that any inflammatory process could put the patient at great risk due to tissue damage
or necrosis mechanisms [1,2]. Therefore, repeated measures of inflammatory biomarkers
are more informative than looking at a single snapshot. We have recently shown that
patients who are admitted with very low CRP concentrations do not necessarily present a
benign course of their disease [3]. In addition, we could show that a follow-up CRP test
could add significant prognostic information to the medical team [4–8]. In fact, a second
CRP test could single out those individuals who are at an increased risk of death during
hospitalization [9].
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We conducted a retrospective study in a cohort of patients who were admitted to the
Departments of Internal Medicine with apparently normal C-reactive protein concentration,
in whom, a short-term follow-up CRP test was performed. The specific aim of this study
was to determine the relation of 7-day mortality to the CRP values in the first 24 h after
admission. This information is relevant for the usefulness of doing a follow-up CRP in
individuals in whom the treating physician might have an impression of a non-alarming
medical condition.

2. Patients, Controls and Methods

2.1. The Patients

We used the MDClone system to retrieve information regarding the patients who were
admitted to one of our nine Departments of Internal Medicine at the Tel-Aviv Sourasky
Medical Center, a tertiary 1050-bed university affiliated medical center serving a population
of about 500,000 residents of the city of Tel-Aviv, Israel. Included were patients who
presented with a CRP concentration of ≤31.9 mg/L and had a second CRP test obtained
within 24 h thereafter. Since no postmortem sections were performed in those individuals
who did not survive the first week of hospitalization, the medical records of those patients
were manually reviewed on an individual basis in order to determine the presumed cause
of death in an as accurate a way as possible.

2.2. The Method to Determine the CRP Cutoff

The method of determining the cutoff CRP concentration was based on data that were
available in the Tel-Aviv Medical Center Inflammation Survey (TAMCIS) as previously
described [10]. In brief, a CRP concentration of 31.9 mg/L was actually the upper limit
of a mean CRP + three S.D. obtained from 17,214 apparently healthy individuals who
participated in our health-screening program [11–14]. Therefore, only hospitalized patients
with the first CRP measured to be lower or equal to 31.9 mg/L were presently included.

2.3. The MDClone System

Data were retrieved using MDClone (mdclone.com), a query tool that provides the
comprehensive patient-level data of wide-ranging variables in a defined period around an
index event. Data were collected for all patients over 18 years old hospitalized between
June 2007 and September 2020.

2.4. Laboratory Methods

Wide-range CRP (wrCRP) was measured by ADVIA 2400 Siemens Healthcare Diag-
nostics Inc., Tarrytown, NY 10591-5097 USA using a Latex enhanced immunoturbidimetric
method [15].

2.5. Review of Death Causes

Cause of death was determined by reviewing individual record files. After a patient’s
death, the treating medical team had thoroughly recorded their diagnosis by relying
on different findings and the patient’s clinical picture during hospitalization. Sepsis, in
particularly, was determined as the cause of death when the patients presented with
multiorgan failure including shock and cause of death in a picture implying sepsis.

2.6. Statistical Methods

Categorical variables were reported as numbers and percentages. Continuous vari-
ables were evaluated for normal distribution and reported as the mean and standard
deviation (SD) or as the median and interquartile range (IQR). Subgroup analysis of the
first and second CRP levels was conducted using the Mann–Whitney test. The chi squared
test or Fishers’ exact test were used to compare the categorical variables among patients
who survived the first 7 days of admission and those who did not. The receiver operating
characteristic (ROC) curve analysis was used to evaluate the serial CRP measurements as
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the predictor of 7 day mortality. A time-dependent COX regression was used to evaluate
the association between each of the CRP measurements and in-hospital mortality. Age,
sex, and either the first or second CRP measurements were included in the analysis. A
two-tailed p-value < 0.05 was considered as statistically significant. IBM SPSS (IBM Corp.
Released 2013. IBM SPSS Statistics for Windows, Version 25.0. Armonk, NY: IBM Corp.)
was used for all statistical analyses.

2.7. Ethics Committee Approval

The Tel-Aviv Sourasky Medical Center Institutional Review Board (0491-17-TLV)
approved the study.

3. Results

Overall, 3504 inpatients met the inclusion criteria. The mean age was 64.3 (18.5) years.
The mean first and second measurements of CRP were 8.8 (8.5) and 14.6 (21.6) mg/L,
respectively. The characteristics of the patients are described in Table 1.

Table 1. The characteristics of the patients.

Total Population N = 3504

Gender (% of males) 1.7
Age (Years: mean ± SD) 64.3 ± 18.5

Hypertension, % 26.7
Diabetes, % 14.4

Ischemic heart disease, % 13.1
Dyslipidemia, % 11.3

CVA % 2.9

CRP is known to be affected by a various factors, therefore, subgroup analysis of the
first and second CRP levels was conducted (Table 2). Female gender, diabetes mellitus,
hypertension, and ischemic heart disease were associated with higher levels of both the
first and second CRP measurements in our cohort.

Table 2. The subgroup analysis of the first and second CRP measurements.

Factor
First CRP (Median, IQR) Second CRP (Median, IQR)

With Without p Value With Without p Value

Gender, (Female) 6.24
(1.6–14.0)

5.37
(1.4–13.8) <0.001 8.45

(2.3–19.5)
7.74

(2.0–19.3) <0.001

Diabetes Mellitus 7.54
(2.4–15.7)

5.50
(1.3–13.8) <0.001 9.48

(3.2–20.2) 7.8 (2.0–19.3) <0.001

Hypertension 6.91 (2.-15.0) 5.38
(1.3–13.8) <0.001 9.09

(2.9–19.9) 7.7 (1.9–7.7) <0.001

Dyslipidemia 5.57
(1.7–13.2)

5.81
(1.4–14.3) 0.684 7.47

(2.3–17.6)
8.15

(2.1–19.7) <0.001

Ischemic heart
disease

6.65
(1.9–14.9)

5.66
(1.4–14.0) <0.001 8.42

(2.4–19.3)
8.02

(2.1–19.4) 0.008

In Table 3, we present the results of the first CRP divided into quartiles. It can be seen
that the seven day mortality rates increased from 1.7% in the first CRP quartile to 7.8% in
the fourth one (chi-square statistics was 37.6, p < 0.0001).
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Table 3. The number of patients who died within 7 days according to the quartiles of the first and
second CRP measurements.

First CRP Measurement Second CRP Measurement

Quartile n CRP, mg/L
Deaths within
7 Days n, (%)

Sepsis Related
Deaths, n, (%)

Quartile n CRP, mg/L
Deaths within
7 Days n, (%)

Sepsis Related
Deaths, n, (%)

1 878 0.6 (0.5) 15, (1.7%) 1, (6.7%) 1 879 0.85 (0.6) 4, (0.5%) 0, (0%)
2 874 3.4 (1.2) 33, (3.8%) 6, (18.2%) 2 873 4.4 (1.6) 27, (3.1%) 6, (22.2%)
3 876 9.5 (2.4) 47, (5.4%) 19, (40.4%) 3 876 12.2 (3.1) 49, (5.6%) 18, (36.7%)
4 876 21.5 (5.1) 68, (7.8%) 37, (54.4%) 4 876 40.9 (29.3) 83, (9.5%) 39, (47.0%)

Sum 3504 8.8 (8.5) 163, (4.65%) 63, (38.7%) Sum 3504 14.6 (21.6) 163, (4.65%) 63, (38.7%)

In the same table, we show the percentage of mortality in the different quartiles of the
second CRP test that was taken within 24 h from admission. Again, the seven day mortality
rates increased according to the CRP increment being 0.5% in the first quartile as opposed
to 9.5% in the fourth one (chi-square statistics was 85.0, p < 0.0001).

Therefore, while the death percentage was 4.6 times higher in the fourth as opposed
to the first quartile of the first CRP test, this difference was 19 times higher in the fourth as
opposed to the first quartile of the follow-up CRP test (second CRP measurement, right
side of Table 1).

The lowest mortality rate was found in patients with the second measurement of CRP
in the first quartile. These patients who arrived with a CRP below 31.9 mg/L and whose
CRP concentrations remained minimal on the second day had a 3.4 times less mortality rate.
Patients in the first CRP quartile of the first measurement presented a 0.5% mortality rate.
Distinctly different, patients in the first CRP quartile of the first measurement demonstrated
a 1.7% mortality percentage.

The negative predictive value of patients admitting to the Department of Internal
Medicine with the first CRP <31.9 and second measurement of CRP in the lowest quartile
(CRP <2 mg/L) was 0.0046.

The area under the ROC curve (AUC) when using the first CRP measurement as the
predictor of 7 day mortality was 0.639 (0.599–0.680) p < 0.001. This AUC increased to 0.731
(0.696–0.766) p < 0.001 when using the second measurement of CRP.

Furthermore, the Cox regression using age, gender, and the first and second CRP
quartiles together confirmed that the age and quartile of the second CRP measurements
had a significant effect on mortality (hazard ratios (exp(b) being 1.08 for age, and 5.8, 10.0,
and 14.1 for quartiles 2, 3, and 4, respectively, of the follow-up CRP test (p ≤ 0.001 for all)))
(Figure 1).
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Figure 1. The survival plots for the first (a) and second (b) CRP quartiles (one is the lowest quartile,
four is the highest). Log-rank mantel-Cox) < 0.001 for both.

Of special interest is our finding that the sepsis cause of deaths increased in a dose
dependent manner with the quartiles of the first and second CRP. Patients with an extreme
low level of CRP (first quartile) not only had aa better survival rate, but also had a lower
risk of mortality from sepsis compared to patients at the highest quartile of either the first
or second measurement of CRP (6.7% and 0% of mortality from sepsis for patients at the
first quartile compared to 54.4% and 47.0% at the fourth quartile of the first and second
CRP measurements, Table 3).
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4. Discussion

To the best of our knowledge, this is the first study to explore the causes of death
in patients who were admitted to the Department of Internal Medicine with apparently
normal CRP concentration and in whom a follow-up CRP test was obtained within 24 h
from admission. It was found, indeed, that despite presenting with a relatively low-
grade inflammatory response that could potentially be observed in an apparently healthy
population, these individuals might harbor severe and potentially lethal medical conditions.
This concept was recently described by our group in patients who were admitted to the
hospital with CRP concentrations that were below the detection level of the wr-CRP test [3].

We focused on the reasons of death in patients who were admitted to the Department
of Internal Medicine with apparently normal CRP concentration and presented various
degrees of inflammatory bursts by performing a follow-up CRP test within the first 24 h
of their hospitalization. This study is especially relevant since it is known that the inflam-
matory response is not only a marker for the severity of the disease, but is involved in
pathophysiological changes that could have deleterious effects, especially if exaggerated.
This has clearly been shown in several clinical models such as in patients with ST-elevation
myocardial infarction (STEMI) [16–18] as well as in the recent COVID-19 pandemic [19–21].
What we found is a gradual correlation between the intensity of the inflammatory response
and the probability of death from different medical conditions within a relatively short
period. These findings highly suggest not relying on a single apparently normal C-reactive
protein CRP concentration upon admission to a medical facility, but insisting on at least
one, if not more than one, additional test to follow.

The notion that the inflammatory response is a dynamic one and that the acute phase
response has a well-established course is well-known [22]. However, due to economical
availability as well as organizational difficulties, clinicians often do not perform repeated
tests, and this is especially true in conditions where the results of the CRP test are not high.
In fact, facing an individual with high CRP concentrations presents no special dilemmas
to the clinician with regard to the question oof whether the patient has a significant
inflammatory response or not. The main problem concentrates around those who seek
medical care and do not present a heightened inflammatory response.

Although this article focused on CRP, it is important to mention that other markers
could be used by clinicians to evaluate an inflammatory process such as hemoglobin,
white blood cell count, fibrinogen, cytokines, chemokines, complement factors, adhe-
sion molecules, and the blood sedimentation rate [23–28].With the advanced data-driven
machine learning methods, we assumed that in the near future, it would be possible
to handle multiple biomarkers simultaneously to gain a much more accurate mortality
prediction [29–31].

There is no agreement in the medical literature or between researchers of what an
apparently normal CRP concentration means. In an apparently healthy population, low
risk for cardiovascular disease is defined as CRP <1 mg/L and high risk as >3 mg/L [32].
In order to cover the vast majority of apparently healthy individuals, we chose the cutoff of
mean CRP plus three standard deviations, which was equal to 31.9 mg/L in our cohort of
apparently healthy individuals who attended a routine annual health-screening program
and had no signs or symptoms of an active inflammatory disease including specific ques-
tions that were asked regarding such an eventual active inflammatory disease/disorder.
The details of this cohort have been extensively described in the past [11–14]. We then
decided arbitrarily to define the apparently normal C-reactive protein CRP concentration
as values that were below this upper + three standard deviations, although one could argue
that this is too a high level. Nevertheless, we made this decision to cover almost all CRP
concentrations that can be detected in a population that does not seek medical assistance
for an acute illness.

Of special interest was the finding that the correlation between the intensity of the
inflammatory burst and the seven day mortality was not limited to infectious conditions but
included different acute medical conditions including stroke, respiratory failure, sudden
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cardiac arrest, and others (see Supplementary Table S1). In fact, inflammation-related
clinical deterioration has been described in diseases and disorders that are not caused
by infective organisms [33–36]. In addition, we showed that the lack of a follow-up
inflammatory burst is associated with significantly less mortality. Although one may
assume that the lack or minimal inflammatory burst is only a reflection of a less severe
disease/disorder, looking at the evolution of the anti-inflammatory treatments given in
the COVID-19 pandemic, we could also raise the possibility that the limited inflammatory
burst contributed to a better prognosis. In fact, the inflammatory burst is not necessarily an
innocent bystander, and early anti-inflammatory interventions could have a beneficial role
in the evolution of the disease.

Finally, we draw attention to the fact that sepsis was the leading reason for seven day
mortality in this cohort. This is especially relevant for daily practice, since we included
a cohort of all comers and not necessarily those with infectious diseases. Although this
observation should be further investigated, the appearance of a significant inflammatory
burst in the Department of Internal Medicine should raise the possibility of an ongoing
acute infection.

Some limitations of this study should be taken into consideration. The main limitation
was that this was a retrospective observational study. In addition, sorting out a certain
group of patients that have doubtful criteria for sepsis diagnosis and CRP below a certain
threshold might impose a selection bias. However, all patients who met the inclusion
criteria were admitted to the hospital in the context of suspicious clinical images, regardless
of their CRP values, and all CRP measurements were conducted in a single lab using the
same laboratory method. In addition, some possible confounders of CRP levels were not
recorded in our database such as race. In our subsequent studies, we wish to evaluate
these prospectively. Another limitation was the possibility of losing the significance of the
association between the CRP values and the mortality rates due to other confounders in
the regression model.

We can conclude that the appearance of a significant inflammatory burst in patients
who are admitted to the Department of Internal Medicine is associated with a worse
prognosis, and the possible existence of an ongoing acute infection should be taken into
consideration. A first apparently normal CRP concentration should be followed by addi-
tional tests to exclude serious medical conditions with poor prognosis. Clinicians should
not make any firm prognostic conclusions before additional tests are performed in these
special populations.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/jcm11113151/s1, Table S1: Cause of death by quartiles of 1st and
2nd CRP measurements.
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Abstract: C-reactive protein (CRP), the prototype human acute phase protein, may be causally
involved in various human diseases. As CRP has appeared much earlier in evolution than antibodies
and nonetheless partly utilizes the same biological structures, it is likely that CRP has been the first
antibody-like molecule in the evolution of the immune system. Like antibodies, CRP may cause
autoimmune reactions in a variety of human pathologies. Consequently, therapeutic targeting of CRP
may be of utmost interest in human medicine. Over the past two decades, however, pharmacological
targeting of CRP has turned out to be extremely difficult. Currently, the easiest, most effective and
clinically safest method to target CRP in humans may be the specific extracorporeal removal of CRP
by selective apheresis. The latter has recently shown promising therapeutic effects, especially in
acute myocardial infarction and COVID-19 pneumonia. This review summarizes the pros and cons
of applying this novel technology to patients suffering from various diseases, with a focus on its use
in cardiovascular medicine.

Keywords: inflammation; cardiovascular; COVID-19; arteriosclerosis; ischemic stroke;
therapeutic apheresis

1. Introduction

In humans, C-reactive protein (CRP) activates the classical complement pathway via
C1q [1] and stimulates macrophages via Fcγ-receptors [2,3]. Obviously, CRP utilizes the
same biological structures as antibodies [4]. In further analogy, CRP may be causally
involved in various human diseases by triggering (severe) ancient autoimmune reac-
tions [5–7]. Although the latter hypothesis has been discussed in medical science since
decades the issue has never been clarified. This is due to the fact that no drug or medical
product targeting CRP has been on the market so far.

CRP synthesis and structure have extensively been reviewed elsewhere [8,9]. Here,
we briefly review the role of CRP in physiology and pathophysiology with a focus on
complement and macrophages. We then deal with the recent breakthrough in CRP targeting
achieved by selective CRP apheresis. Pros and cons are listed in Table 1. Finally, we give
an overview on current clinical trials and hypothesize on future developments. Thus, this
review article may also be considered as an opinion paper.
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Table 1. Pros and cons for CRP apheresis.

Pros Cons

efficient and fast removal of large amounts of
CRP within hours

blood plasma needs to be supplied to the
adsorber instead of whole blood

regenerable immune adsorber→nearly
unlimited capacity

the treatment takes approximately 5 h and
needs to be repeated on successive days
depending on the indication

approved by CE certification for removal of
CRP

additional anticoagulation maybe critical in
some patients

specific for CRP (minimally) invasive procedure requiring
peripheral venous access or Shaldon catheter

no removal of other molecules or medication immunosuppression (?)

reusable adsorber

apheresis is an established technique

2. CRP in Physiology

CRP is expressed in the ancient Limulus for more than 250 million years ago [10].
Although evolutionarily highly conserved, there are significant species differences in CRP
function [11]. In humans, CRP activates the classical complement pathway and opsonizes
biological particles for macrophages via Fcγ-receptors [1–3,12]. The latter seems remarkable
as these functions are also antibody functions: Thus, like CRP, antibodies activate the
classical complement cascade and bind to Fcγ-receptors via their Fc-region [4]. CRP has
appeared earlier in evolution than antibodies and may, consequently, be the first antibody
analogue in the evolution of the immune system [13]. In ancient Limulus, which survives
without the benefits of adaptive immunity, CRP is vital for host defense against bacterial
infection [10]. In humans, however, having developed highly sophisticated adaptive
immunity, CRP may rather be a relic of evolution and emerged to have a role in tissue
regeneration [6]. When apoptotic or dying cells display lysophosphatidylcholine (oxidized
phosphatidylcholine) in their membranes, CRP recognizes these cells and opsonizes them
for Fcγ-receptor mediated removal by macrophages [14]. Thus, in human physiology, CRP
may, above all, play a major role in the process of wound healing and removal of apoptotic
and necrotic cells.

CRP is probably the most commonly measured inflammatory molecule in clinical
medicine. Again, as CRP activates complement via C1q and stimulates macrophages via
Fcγ-receptors (in analogy to antibodies) CRP may be considered as an early primitive
antibody and a pathogenic factor rather than an inflammation marker only.

3. CRP in Pathophysiology

In pathophysiology, an active contribution of CRP to initiation and progression of
disease has been discussed for decades [13,15,16]. This discussion has never come to an end
because a definitive proof of CRP’s causal involvement in disease in humans was lacking.
Whereas the molecule’s role as a marker of activity of infectious, autoimmune, ischemic or
even cardiovascular disease [17] is well established and generally accepted, it is important
to note that there is no international consensus on causal contribution of CRP to the
pathogenesis of any human disease. In cardiovascular disease, mendelian randomization
trials strongly contradict causality and active contribution of CRP to pathogenesis [18–20].
This is crucial. It is, however, also crucial to realize that Mendelian randomization has
to be interpreted with care and is, by far, less reliable than randomization in clinical
trials. The latter has been reviewed in detail in a number of noteworthy articles [21–24].
Regulation of CRP synthesis includes not only one but a number of genes [25–27] and thus,
a one gene/one protein genetic approach might be problematic. In addition, the issue
of canalization could be relevant in a protein that is as highly conserved as CRP. Finally,
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cardiovascular disease is complex and each disease entity deserves detailed analysis [13].
In particular, the pathophysiological role of CRP in acute events must be considered
separately from that in chronic events. The evidence in the acute setting is overwhelming
(please see Section 3.3.2), whereas the evidence in the chronic inflammatory setting is still
being collected. Ultimately, randomized trials might clarify these issues much better than
Mendelian randomization [28]. Randomized controlled trials, however, are only possible
with an available specific and efficient therapy comparing treatment group to control group.
Such therapy has only very recently become reality.

3.1. CRP in Viral and Bacterial Infection

CRP is one of the most frequently determined molecules in clinical medicine. In daily
practice, it is used for the non-specific initial diagnosis of viral or bacterial infection and
also for monitoring the course of such infection under medical therapy [29]. Especially,
the success of antibiotic therapy in bacterial infection and sepsis is usually determined by
measuring CRP levels in addition to clinical evaluation. Importantly, CRP plasma levels
in viral infection are usually significantly lower than CRP levels in bacterial infection [30].
This is of particular importance when looking at COVID-19 disease (please see Section 3.5).
Although COVID-19 patients suffer from a viral disease, CRP levels in COVID-19 patients
with a bad prognosis are surprisingly high. Plasma levels up to 400 mg/L, usually seen
in severe bacterial infection or sepsis only, are common in deleterious COVID pneumonia
without superinfection [31].

3.2. CRP in Autoimmune Disease

Although the association between CRP and the activity of autoimmune disease is well
known and highly suggestive for a causal involvement in this heterogeneous group of
diseases (like rheumatoid arthritis, ulcerative colitis, Crohn’s disease, psoriasis, giant cell
arteritis etc.) [30], there are no studies on specific CRP inhibition in autoimmune disease. No-
tably, upstream interleukin-6 (IL-6) targeting with tocilizumab seems partly effective [32].

3.3. CRP in Cardiovascular Disease
3.3.1. Atherosclerosis

CRP plasma levels correlate with cardiovascular risk [17]. CRP accumulates in human
atherosclerotic lesions [33] and exerts pro-atherogenic effects in vitro [13]. Some of the
effects reported in the literature, especially on endothelial cells and vascular smooth muscle
cells, however, have been shown to be caused by contamination of the used CRP prepa-
rations by either azide or lipopolysaccharide [34,35]. The latter seems reasonable as CRP
interaction with ancient immune cells, i.e., macrophages, is visible in tissue specimen and
seems more relevant than interaction with cells not contributing to the immune response.
Mendelian trials, in awareness of their limitations, contradict the significant causal contri-
bution of CRP to atherogenesis and its sequelae [18–20]. In contrast, recent large clinical
trials suggest that the IL-1β/IL-6/CRP pathway is intimately involved in cardiovascular
disease [36–38]. Specific and direct targeting of the CRP molecule, however, has never been
tried yet. The only reason for this is the fact that, in spite of huge pharmacological effort,
no CRP specific chemical inhibitor or antagonist has been available.

3.3.2. CRP in Myocardial Infarction

Acute myocardial infarction (AMI) implies a huge burden for the health system, since
patients who recover still suffer from reduced quality of life and a high risk of severe com-
plications later on. The risk correlates significantly with the extent of myocardial injury [39].
Especially innate immunity aggravates and extends myocardial injury [40,41]. Serum CRP
concentrations during and after AMI correlate with clinical outcome and with larger infarct
size [42–45]. This has been described for more than two decades now and is in line with the
known pathological function of CRP: eliminating cells in the area at risk [6,46,47]. This area
contains cells, which could recover after revascularization and reperfusion, but are sequen-
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tially destroyed by immune-mediated mechanisms. Numerous experimental approaches
focusing specifically on AMI have shown this in detail [48–53]. Recently, it has been shown
in the C-reactive protein apheresis in Acute Myocardial Infarction-1 (CAMI-1) study that
the magnitude of infarct damage or reduction in cardiac output is significantly related to
the amount of CRP synthesized by the patient immediately after the onset of his AMI. In
the same study, significant evidence was also found that reduction in CRP levels conferred
a better outcome in terms of infarct size and cardiac output. Some patients in the verum
group (CRP apheresis group) even showed no scar at all (as assessed by cardiovascular
magnetic resonance). These were not aborted infarctions, because aborted infarctions were
treated as dropouts [5].

3.3.3. CRP in Myocarditis and Dilated Cardiomyopathy

In myocarditis, most frequently caused by viral infection [54], elevated CRP levels
are common. Autoimmune myocarditis is also associated with high CRP plasma levels.
Chronic myocarditis is known to trigger the development of dilated cardiomyopathy [54],
a disease leading to ongoing heart failure not only in elder but also in younger patients.
It is noteworthy that CRP and complement deposits have been shown to be frequently
present in myocardial biopsy specimen obtained from patients suffering from dilated
cardiomyopathy [55].

3.4. CRP in Neurological Disorders and Stroke

Ischemic stroke exhibits similar pathological mechanisms to AMI. To date, restoring
rapid reperfusion of the brain constitutes the only established therapeutic strategy to reduce
the size of the infarct and the consequences of the disease [56]. However, inflammation
plays an important role in various stages of ischemic stroke. Several humoral and cellular
mechanisms are set in motion by the occlusion and subsequent therapeutic reperfusion [57].
Several findings substantiate the hypothesis that CRP plays an identical pathological role
as shown in AMI, facilitating the elimination of energetically challenged and compromised
cells in the penumbra.

The early inflammatory response after stroke has been identified as a key prognostic
factor [58,59]. Patients with favorable clinical outcome feature significantly lower levels of
inflammatory parameters, especially CRP, compared to patients with poor outcome [60–62].
Muir et al. have shown that CRP levels measured within 72 h after stroke predict mortality
over an observation period of up to 4 years [63]. Further, studies in a rat animal model have
shown that infusion of human CRP enlarges cerebral infarct areas after acute occlusion via
a complement-dependent mechanism [64].

3.5. CRP in COVID-19

COVID-19 is a virus-induced disease, but it also includes an important immune and
autoimmune component. CRP was used early on during the pandemic as a marker for the
severity and progression of the disease in patients, as it increases dramatically together
with IL-6 during the clinical manifestation of COVID-19 [65–68]. The validity of CRP as
a significant predictor of the outcome in COVID-19 was confirmed many times. A rapid
increase in CRP allows the prognosis of ventilatory requirement of patients as well as
their clinical outcome [31]. CRP levels further correlate with computed tomography (CT)
findings in COVID-19 patients [69].

Corresponding to these findings, abundant amounts of CRP and complement deposits
and were found in the lungs of deceased COVID-19 patients, including mainly C1q [70,71].

Severe progression occurs in roughly 14% of patients suffering from COVID-19 and
in 5% this can lead to ventilator dependency with a serious prognosis [68,72–74]. An
important therapeutic approach focuses on the treatment of acute respiratory failure—a
major cause of mortality, followed by cardiac and septic complications. In the severe course
of the disease, there is an initial cytokine storm, accompanied by a massive increase in the
CRP concentration, followed by pulmonary fibrosis [75,76].
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Intra-alveolar edema and hemorrhage are common observations in the lungs of
COVID-19 patients, resulting in ischemic alveolar tissue. In COVID-19 pneumonia, there
is massive damage to the alveoli as well as thrombus formation in the microcirculation.
Complement binding to CRP leads to immigration of macrophages and, via increased
expression of tissue factor, to thrombus formation. Both are exacerbated by high CRP levels
and parallel to the underlying pathomechanism in other diseases, CRP causally enlarges
destroyed tissue and contributes to irreversible tissue destruction [77].

These findings support the hypothesis stated early on that targeting CRP therapeuti-
cally can inhibit the lung deterioration and disease progression [6,7,78,79]. This innovative
therapeutic approach for the early phase of severe COVID-19 is currently being used
in three German hospitals. Three of the treated cases and one case series have already
been published [7,80–82] and another publication on a case series has been submitted and
can be viewed as a preprint (https://www.preprints.org/manuscript/202203.0029/v1;
16 March 2022). In the case series by Esposito et al., there is a marked improvement in
COVID-19 pneumonia on imaging performed before and after CRP apheresis.

4. Why May CRP Apheresis Be a Breakthrough in CRP Targeting?

Over more than two decades, several approaches to target CRP have been discussed
and tried by various researchers and pharmaceutical companies. These approaches include:

• CRP inhibition by antisense technologies [83];
• CRP inhibition by small molecular weight inhibitors [84];
• Inhibition of hepatic CRP synthesis [85];
• Inhibition of CRP mediated complement activation;
• Inhibition of CRP binding to its receptors.

Each of these approaches was well justified and was also partly promising. Inter-
estingly, however, none of them resulted in a specific substance or medication that was
applicable in human clinical practice. The latter seems remarkable because all the people
and companies involved were well experienced in drug development. Several reasons were
causal for the problems in generating specific CRP inhibitors: Antisense technology was,
up to present day, not sufficiently effective. Small molecular weight inhibitors have not yet
been transferred to human application. For inhibition of hepatic CRP synthesis, no specific
novel substance was identified. Blockage of CRP-mediated complement activation and its
C1q binding site turned out to be difficult for steric reasons. Inhibition of CRP binding to
its receptors was also impossible because CRP receptors are also antibody receptors and
thus, this approach may result in severe immunosuppression. Generally spoken, CRP—in
its pentameric structure—is a molecule with structural redundancies difficult to interfere
with. Its synthesis is complexly regulated involving different gene loci and furthermore,
its highly dynamic regulation involving an up to 10,000-fold increase in plasma levels
within few hours during acute phase response counteract an efficient synthesis inhibition
or targeting.

The most important clinical concern about CRP targeting is the danger of immunosup-
pression with consecutive bacterial or viral infection and sepsis. Interestingly, in spite of
significant reduction of CRP plasma levels via CRP apheresis in both disease entities, we
have not observed such effects in our patients suffering from acute myocardial infarction or
COVID-19 disease [5,7,80–82]. Thus, either CRP is not crucial in immune defense against
microbial pathogens or the remaining CRP plasma levels after CRP apheresis are still suffi-
cient. CRP apheresis is highly specific and does not relevantly influence other inflammatory
markers or medication [86]. In the clinical setting, the most relevant apheresis procedure is
lipid apheresis which mainly targets lipids and is far less specific [87,88].

Very often in clinical medicine simple approaches have turned out to be the best ones.
Consequently, the idea to selectively remove CRP from the human plasma by specific and
highly efficient extracorporeal apheresis [52] lacking severe side effects may finally turn
out to be superior to other approaches. CRP apheresis may become beneficial in clinical
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medicine. This potential benefit, however, needs to be proven and fostered by an additional
clinical trial program. The latter is currently ongoing.

5. Clinical Trials

“First in man”-application of CRP apheresis has been published in 2018 for a ST
elevation myocardial infarction (STEMI) patient [89]. In this patient, post STEMI CRP
plasma levels were lowered effectively and the patient experienced no side effects from
CRP apheresis. The same was published for a small cohort of STEMI patients in 2019 [90].
The first and also the only clinical study on CRP apheresis in STEMI patients published
up to the present day is the C-reactive protein apheresis in Acute Myocardial Infarction-1
(CAMI-1) study [5]. CAMI-1 was a non-randomized multi-center pilot study which has
investigated feasibility and safety of CRP apheresis. Although the clinical observations
were promising and the significant correlation between post-infarction CRP amount and
myocardial infarct size was significantly lost in the treatment group, CAMI-1 cannot be
regarded as being conclusive because it was not randomized.

Clinical trials including apheresis present the issue of an adequate sham control and
a double-blind design. Although a sham control is biostatistically speaking crucial in
order to get valid results that are not biased by the placebo effect, including this in the
apheresis procedure is ethically challenging. Few apheresis trials included adequate sham
controls, one of the best examples being granulocyte/monocyte apheresis in chronic gut
diseases [91,92]. Here, control patients were subjected to the same extracorporeal circuit, but
blood was bypassed and did not pass the column. As patients and clinicians were blinded
and only the conducting apheresis team knew which patients received the sham procedure
these trials were considered double-blind. This could be a feasible design for future CRP
apheresis trials. However, the underlying disease has to be taken into consideration. After
STEMI, ischemic stroke and during COVID-19, patients are hospitalized and already in
critical state. Submitting them to a 4–6 h extracorporeal circuit and sham procedure is
ethically not justifiable. Hence, most apheresis trials do not include a sham control and have
either historical controls or patients that receive standard therapy without apheresis [93].

Current clinical trials investigating the effect of CRP apheresis on the course of
various human diseases are summarized on the Website of U.S. National Library of
Medicine/ClinicalTrials.gov (https://www.clinicaltrials.gov/ct2/results?term=C-reactive+
protein+apheresis, accessed on 16 March 2022).

Two of the studies attract special attention because, for their randomized, controlled,
multi-center design, they can be considered as proof of principle trials. One of them is
the “CRP Apheresis in STEMI”-trial (NCT04939805), initiated by University of Innsbruck,
Austria, a randomized, multi-center interventional trial including 170 patients and compar-
ing standard therapy of STEMI plus CRP apheresis to standard therapy alone. The study
largely follows the CAMI-1 protocol, it is well-planned and well-organized. Whether it is
adequately powered to finally detect statistically significant differences in a disease with
heterogeneous underlying anatomy and pathology is a matter of concern. In this context,
the CAMI-1 registry, a multi-center all-comer CRP apheresis in AMI registry may help to
identify patient subgroups that profit best and may also help to plan another randomized
trial with modified inclusion criteria.

The second study attracting special attention is the “CRP Apheresis for Attenuation
of Pulmonary, Myocardial and/or Kidney Injury in COVID-19”-trial (NCT04898062), a
randomized, controlled, multi-center interventional trial initiated by the University of
Essen, Germany, including 50 patients and comparing standard therapy of COVID-19 plus
CRP apheresis to standard therapy alone. This study is of considerable importance. It is
based on the pathophysiological hypothesis that CRP, in COVID-19, triggers a fulminant
innate immunity autoimmune reaction in the human body which may be the real cause
for the deleterious course in subjects with severe COVID-19 (Please see Section 3.5). Like
CAMI-1, it is based on published case reports and case series strongly suggesting that
only few participants may power such a randomized study adequately in order to prove a
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therapeutic benefit of CRP apheresis in severe COVID-19 disease [7,80,82]. If so, this small
trial might become a benchmark trial in demonstrating conclusively that CRP is a trigger of
ischemia induced autoimmune responses in the human body.

Whether CRP apheresis is useful in atherosclerosis, myocarditis and dilated cardiomy-
opathy, neurological disorders and stroke, or even in autoimmune disease, requires further
systematic investigation. As CRP apheresis is not yet a broadly established therapy, we
propose to treat patients within a reputable scientific framework only, i.e., within a scientific
registry or randomized, controlled trial.

6. Discussion and Future Developments

CRP has been the first antibody-like molecule in the evolution of the immune system.
Surprisingly, although it appeared earlier in evolution than nowadays antibodies, CRP uti-
lizes the same biological structures (C1q, FcγRs) and, by doing this, has similar functions as
modern antibodies (activation of classical complement cascade, opsonization of biological
particles for macrophages). Notably, like antibodies, CRP may cause autoimmune reactions
in the human body. First, clinical evidence for this comes from a clinical pilot study on using
C-reactive protein apheresis as an add on-treatment of myocardial infarction (CAMI-1) and
from case reports on successful use of C-reactive protein apheresis in COVID-19 disease.

A definitive proof of principle, however, is still lacking, With the initiation of “CRP
Apheresis in STEMI” and “CRP Apheresis for Attenuation of Pulmonary, Myocardial
and/or Kidney Injury in COVID-19”, two randomized multicenter trials on C-reactive
protein apheresis in STEMI on the one hand and COVID-19 on the other hand, a big step
forward is to be expected soon after completion. These randomized trials are flanked by
a number of clinical registries that may help to identify patient subgroups that strongly
benefit from CRP apheresis. Finally, patients suffering from other acute and chronic
diseases, in which CRP levels inversely correlate with prognosis (f. e. stroke, ulcerative
colitis, Crohn’s disease, pancreatitis, chronic polyarthritis, atherosclerosis etc.) might benefit
from CRP apheresis in the future.
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Abstract: Background: The fulminant course of COVID-19, triggered by severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2), presents with a high mortality rate and still lacks a causative
treatment. C-reactive protein (CRP) has been shown to increase dramatically during the disease
progression and correlates with deleterious outcomes. Selective CRP apheresis can reduce circulating
CRP levels fast and effective. Methods: Seven hospitalized patients with documented severe COVID-
19 progression, elevated CRP plasma levels (>100 mg/L) and signs of respiratory failure were treated
with CRP apheresis. Two to twelve CRP apheresis sessions were performed generally in 24 h time
intervals and depending on CRP plasma levels. Results: All patients had comorbidities. CRP
apheresis reduced CRP plasma levels by up to 84% within a few hours, without exhibiting side effects
in any patient. Despite signs of severe lung infiltration in all patients, only one patient died. The other
patients showed improvements within the chest X-ray after CRP apheresis and were able to recover
regardless of intubation and/or ECMO (4 patients). All remaining six patients were discharged
from the hospital in good clinical condition. Conclusions: This case series presents a mortality rate
of only 14%, which is dramatically lower than expected from the presented CRP levels as well as
comorbidities and ventilation requirements. Our clinical observations regarding the here presented
seven patients support the hypothesis that CRP is a candidate to be therapeutically targeted in the
early stage of severe COVID-19.

Keywords: blood component removal; C-reactive protein; CRP apheresis; COVID-19; multiple organ
failure; pulmonary fibrosis; SARS virus

1. Introduction

C-reactive protein (CRP) is an established biomarker of infection since it was first
described in 1930 by Tillet and Francis [1] and can be used as a reliable and fast indicator
of the extent of inflammation in the human body. As a classical acute phase protein, CRP
rises dramatically within hours of infection or incident and has been shown to activate the
complement system via the classical pathway [2] and macrophages via Fcγ-receptors [3,4].
Recently, CRP is not assumed to be only a marker anymore but hypothesized to be an
active player in inflammation-induced deleterious tissue processes. This is mainly based
on its cytotoxic activity within ischemic and inflamed tissue [5]. After binding to the cell
surface, the CRP pentamer may dissociate into monomers suspected to be the pathological
agent [6–10]. The question of guilt regarding monomeric or pentameric CRP cannot be
clarified by this registry study. Based on the description of the function of the CRP adsorber,
we can at least conclude that this medical device adsorbs pentameric CRP [11]. We lack
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the means to investigate whether it breaks down into the monomer after binding to its
target structure.

It has been shown by pathologists [12] that in pulmonary fibrosis, the innate immune
system is massively represented, but the adaptive immune system is not. Furthermore,
SARS-CoV-2 is hardly detectable. In fact, one would have expected the innate immune
system to intervene first and thereafter the adaptive immune system would be activated.
With COVID-19, it seems to be the other way around than usual. First, a lot of adaptive
immune system can be detected and thereafter the innate immune system causes damage
in the lungs.

In the context of the SARS-CoV-2-induced disease COVID-19 it is remarkable that
CRP plasma levels rise to an extent similar to bacterial infections [13]. Further, CRP levels
correlate with worse prognosis in COVID-19 with an odds ratio of 18.9 [14] and were
proven to be a reliable marker for numerous deleterious processes, as, e.g., the need for
mechanical ventilation [13,15]. Hence, therapeutically targeting CRP was suggested early
on during the pandemic [16,17].

CRP apheresis is an extracorporeal procedure, which decreases CRP plasma levels
selectively and with no side effects. Thereby, CRP can finally be targeted therapeutically
and specifically [18–21]. It was recently introduced as a potential treatment of severe SARS-
CoV-2-induced pneumonia [16,22]. After three case reports describing individual healing
attempts [22–24] the “C-reactive protein Apheresis in COVID” (CACOV; DRKS00024376)
registry was initiated, which already led to the publication of a case series by another
participating center [25]. The seven severe COVID-19 patients treated there survived in
good health. Further and based on the results of the CACOV registry, the randomized
“C-reactive protein Apheresis for Attenuation of Pulmonary, Myocardial and/or Kidney
Injury in COVID-19” (CAPMYKCO; NCT04898062) trial was designed.

From the experience with CRP apheresis in myocardial infarction, we concluded that
the earliest possible time for the use of CRP apheresis should be aimed for, which we
assume to be in the first 72 h after the onset of severe COVID-19. A publication by Mueller
et al. reported that a CRP increase after hospitalization of 13 mg/L within 48 h indicates a
poor prognosis including invasive ventilation [13]. The same was shown for CRP levels on
admission to the hospital. Here, the threshold value is approximately 146 mg/L. Another
publication puts the CRP cutoff value at around 97 mg/L [26]. This report summarizes
the treatment of seven COVID-19 patients suffering from severe SARS-CoV-2-induced
pneumonia treated by CRP apheresis.

2. Materials and Methods

2.1. CACOV Registry

The CACOV registry is a post market clinical follow up to investigate the reduction of
C-reactive protein (CRP) by selective C-reactive protein apheresis in patients with COVID-
19 and highly elevated CRP plasma levels. This analysis includes the first seven patients
with severe SARS-CoV-2-induced pneumonia and signs of respiratory failure who exceeded
CRP plasma levels of 100 mg/L and who could be subjected to CRP apheresis in the early
phase (first 72 h) of severe COVID-19. Patients were treated between March and May 2021.
All patients provided written informed consent. In this registry, the only inclusion criterion
is, that the patient with positive PCR-test for SARS-CoV-2 should have elevated CRP and
be treated with CRP apheresis. All patients required intensive care.

2.2. CRP Apheresis

A regenerative single adsorbent system was used for CRP apheresis (PentraSorb® CRP;
Pentracor GmbH, Hennigsdorf, Germany). Apheresis is performed in cycles, alternating
between loading the adsorber with patient plasma and regeneration, which follows a
fixed sequence of wash solutions (≥100 mL NaCl, ≥60 mL glycine/HCl, ≥80 mL PBS and
≥80 mL NaCl). The flow of plasma and wash solutions during apheresis was controlled by
an automated plasma flow management software module (ADAsorb, medicap clinic GmbH,

50



J. Clin. Med. 2022, 11, 1956

Ulrichstein, Germany). Blood collection was performed via central venous access because
of the high clotting tendency of COVID-19 patients. Plasma separation was performed
with a centrifuge (SpectraOptia, TerumoBCT, Denver, CO, USA). For plasma separation,
blood was anticoagulated with 1:15 citrate buffer (Anticoagulant Citrate Dextrose Solution
A = ACD-A). Plasma flow through the adsorber was 25 to 40 mL/min. Blood flow ranged
from 47 to 90 mL/min. Up to 8000 mL of plasma was processed during the treatments,
preferably in cycles (change of loading and regeneration of the adsorber) of 1000 and 500 mL,
respectively. For routine monitoring of apheresis, blood was drawn from the extracorporeal
circulation before and after each treatment to determine the CRP concentration.

2.3. Ventilation Scheme

In hypoxic patients or SpO2 < 90%, we started oxygen therapy by goggle or mask, high-
flow oxygen therapy and later noninvasive ventilation if necessary, taking into account that
delay of intubation in the absence of response to non-invasive ventilation (NIV) worsens the
prognosis. In parallel, we performed restrictive fluid therapy in circulatory stable patients.

In invasively ventilated patients, we aimed for a protective ventilation strategy with
Vt ≤ 6 mL/kg, driving pressure < 15 cm H2O, end-inspiratory airway pressure (pInsp)
< 28 cm H2O and the PEEP setting was based on the so-called high-PEEP table. We
performed early abdominal positioning with at least 16 h abdominal positioning intervals.
In case of refractory hypoxemia, inhalative application of nitric oxide (NO) was performed
and recruitment maneuvers were considered, if necessary, after sonography/CT/EIT. In
case of persistent hypoxia, after exhaustion of further therapeutic measures, exclusion of
contraindications and consultation with relatives regarding the patient’s wishes, the use of
venovenous extracorporeal membrane oxygenation (ECMO) was performed.

2.4. Contraindications

Liver failure, hepatic insufficiency, as citrate is used as an anticoagulant in the cen-
trifuge for plasma separation. If citrate is not metabolized quickly by the liver, the blood
becomes acidic. Therefore, the liver function should be sound.

3. Results

3.1. Patient Characteristics

We used defined criteria for the selection of patients for this case series. Patients had
to be diagnosed with the severe course of COVID-19 and the first CRP apheresis had to
be performed a maximum 72 h after the onset of this severe course. The severe disease
course was defined by the requirement for oxygen supply, a CRP plasma concentration >
100 mg/L, a poor overall condition and visible COVID-19 infiltrates in the chest X-ray/CT.

Patient characteristics are summarized in Table 1. Age, sex, preexisting and concurrent
diseases, length of hospital stay (7–75 days), ventilation therapy (exact type indicated)
as well as treatment and apheresis data are shown. All seven patients required either
non-invasive oxygen supply or invasive ventilation therapy and suffered from concomitant
diseases. Six of seven patients suffered from bacterial superinfection during the hospital
stay and therefore received antibiotic therapy.

Patients received 2–12 apheresis sessions depending on their CRP concentration and
overall condition. CRP depletion rates ranged from 18–84% per session, strongly depend-
ing on the processed plasma volume, stage of CRP synthesis (acute phase) and initial
concentration (see Figure 1 for detailed kinetics).
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Figure 1. CRP kinetics, Horovitz Quotient and SOFA scores of all patients of the case series. CRP
was measured at least every 24 h in all patients during in-hospital stay. Red lines indicate 10 mg/L
and 100 mg/L as reference for normal levels and cut-off for severe COVID-19 progression respectively.
Blue line indicates 300 mmHg as cut-off for an acute lung injury measured by the Horovitz Quotient.
Grey bars indicate apheresis treatments. Ventilation by High Flow or Non-Invasive Ventilation (NIV)
is marked in yellow. Mechanical ventilation is marked in orange and extracorporeal membrane
oxygenation (ECMO) is marked with purple stripes. No ventilation and nasal cannula are not
indicated (for details see Table 1). SOFA scores are displayed at corresponding timepoints. For patient
6 the SOFA score was only determined once.

Only one patient (6) died, all others could be discharged in good clinical condition
without the requirement of further ventilation.

3.2. CRP Kinetics

Figure 1 depicts the CRP plasma kinetics of each patient. CRP levels were elevated
(>100 mg/L) on admission in all patients except patients 2 and 6, who then showed rising
levels within the first 20–50 h after admission. CRP apheresis sessions (grey bars) always led
to a pronounced decrease in CRP levels. Patients 1, 4, 5 and 7 were treated with apheresis
until CRP declined below 100 mg/L and stayed low. Patients 2 and 3 showed a marked
increase in CRP levels after their last apheresis session (~300–350 h after admission), which
can be correlated with the diagnosed bacterial superinfection (Procalcitonin levels of other
patients in Supplementary Figures S1–S6) and was not treated with CRP apheresis but with
antibiotics. CRP levels declined before release. CRP levels re-bound steadily after each
CRP apheresis session in patient 6 and could not be maintained below 100 mg/L until the
patient unfortunately died.
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3.3. X-ray/CT Chest Scans

All patients received an initial chest X-ray/CT upon hospital admission and subse-
quent follow-up scans during or after their stay as follow up, depending on ventilation
interventions and overall condition. The time between scans varied from 5 to 115 days.

All surviving patients showed improvements within the follow-up X-ray scans after
apheresis sessions (Figure 2). Even patient 6 initially showed lung infiltration improvement
after the 5th apheresis session, before deteriorating to multi-organ failure and death.

Figure 2. X-ray/CT chest scans. Chest scans were performed before and after treatment/as follow
up. The time (days) between the different scans is indicated at the second chest scan.
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3.4. Respiratory and Laboratory Parameters

Figure 3 summarizes respiratory parameters in one representative patient (patient 4),
Figure 4 summarizes other laboratory results of the same patient.

All patients except patient 6 markedly improved their respiratory parameters during
hospitalization (Figure 3). Patient 4 specifically showed metabolic alkalosis (elevated pH
and elevated HCO3

−). He was mechanically ventilated for 24 days (~150–570 h after
admission) and showed elevated lactate levels, which normalized over time.

 

Figure 3. Respiratory parameters of one patient (patient 4). pH, standard HCO3
−, lactate, arterial

pCO2 and pO2 were measured regularly for each patient and are depicted here representatively for
patient 4. Blue lines indicate minimum baseline and red lines maximum baseline for each normal
range. Grey bars indicate apheresis treatments.
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Figure 4. Other laboratory parameters of one patient (patient 4). Procalcitonin, CK-MB, CK, LDH,
Ferritin, INR ratio, Bilirubin, Creatinine, Fibrinogen and D-Dimers were measured regularly for each
patient and are depicted here representatively for patient 4. Blue lines indicate minimum baseline
and red lines maximum baseline for each normal range. Grey bars indicate apheresis treatments.

The other laboratory values (Figure 4) included Procalcitonin, which was elevated
in all patients except patient 5, who solely did not receive antibiotic treatment. Four
patients had a laboratory constellation of infections at or shortly after admission. Therefore,
they were not treated by immunomodulation and immunosuppression. Other parameters
(Ferritin, Fibrinogen, D-Dimers, LDH and CK) were also elevated in numerous patients
(including 4), but decreased during the hospital stay and were normal upon discharge.
Only patient 6 developed signs of multiple organ failure showing rising levels of Bilirubin,
Creatinine, LDH and Procalcitonin as well as a severe acidosis. Patient 6 had a SOFA score
of 14 at admission to our ICU.

3.5. Control Cohort

At the start of the CACOV registry, we had treated 30 severe COVID-19 patients
according to the valid guidelines. Of this cohort, three developed CRP < 100 mg/L. All
of them survived. The other 27 developed CRP > 100 mg/L. Thirteen of them died which
is 48%.
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4. Discussion

The severe course of COVID-19, with its high mortality rate, is fundamentally caused
by an excessive immune response, often-called cytokine storm, which mediates the destruc-
tion of mainly pulmonary tissue [27,28]. CRP has been established as one of the key effector
molecules of this process [5,15,29]. A recent review outlines that and how CRP provides for
the disposal of hypoxic cells [5]. This finding is supported by the CRP apheresis after AMI-1
(CAMI-1) clinical trial [18–21]. The CAMI-1 trial clearly and significantly demonstrates,
based on results in the control group, that the more CRP the patient synthesizes, the greater
the damage to the heart (infarct size, ejection fraction, wall motility). It has been described
that this is a dose-dependent effect. Therefore, we suspected that reducing its circulating
levels is the next logical step in order to inhibit the deleterious destruction of lung cells,
which could recover during ventilation and with more time. CRP apheresis presents the
first therapeutic opportunity to target CRP selectively and quickly.

Three COVID-19 patients have been treated with CRP apheresis as individual healing
attempts before [22–24]. Subsequently, the CACOV registry started and is running at
several centers throughout Germany. Here, we publish a case series of seven patients, with
the following characteristics.

All patients reported here were diagnosed with the severe course of COVID-19 and
CRP apheresis was initiated within 72 h of this onset. Further, CRP serum levels exceeded
100 mg/L. CRP apheresis significantly decreased the elevated CRP plasma levels in all
seven patients, which supports the efficacy of this therapy and is in line with all patients
treated with CRP apheresis so far [19–24]. All patients exhibited signs of respiratory or
metabolic alkalosis, which is known to occur in COVID-19 [30].

Apart from one patient (6), who unfortunately died of organ failure 14 days after
hospital admission, all patients recovered from COVID-19 and could be discharged in good
clinical condition after 2–12 CRP apheresis sessions.

All patients besides patient 5 showed elevated Procalcitonin levels and had to be
treated with antibiotics. Further, three patients received Dexamethasone/Colchicine upon
hospital admission (Table 1), which is known to lower CRP plasma levels to a certain
extent for a short period. However, this was not robustly visible within the individual CRP
kinetics (Figure 1) and the performed CRP apheresis, with an up to 84% reduction within
hours, was definitely more efficient in decreasing CRP plasma levels.

Based on the existing literature and our results, we assume that fluid retention in the
lungs and the hypoxia induced by it provide for the induction of CRP [5,23]. The CRP
kinetics then depends on the kinetics of the fluid retention and also on the kinetics of the
disappearance of the fluid.

Focusing on the CRP kinetics, all patients depicted maximum CRP levels over 120 mg/L.
The significant correlation of the increase in CRP as well as the maximum CRP amount
with mortality has been widely established so far [14,31–33]. In detail, in one study a
108 mg/L CRP cut-off led to a higher mortality of 32% vs. 18% [15]. In another report,
a maximum CRP serum concentration of >100 mg/L was associated with either pro-
gressive or severe COVID-19 with a mortality of up to 59% vs. 4% in the mild group
(<100 mg/L) [13]. In our in-house control cohort, 48% of severe COVID-19 patients which
developed CRP > 100 mg/L died. However, in our case series, the mortality rate was only
14% and thereby dramatically lower than expected from the presented CRP levels as well
as co-morbidities and ventilation requirements. All of them are in good health in February
2022 and, therefore, at least 9 months after discharge from the hospital. This is remarkable,
as reports from Germany [34] and the US [35] showed that there is a significantly increased
risk for mortality over the next 6 or 12 months, respectively. Our clinical observations
regarding the here presented seven patients support the hypothesis that CRP should be
therapeutically targeted in COVID-19.
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4.1. Limitations

In order to conclusively prove that CRP apheresis is the therapy of choice in severe
COVID-19 courses, randomized controlled trials are urgently needed.

4.2. Conclusions

Our data support the hypothesis that the damage to the lung caused in severe COVID-
19 appears to result primarily from excessive CRP-mediated disposal of oxygen-depleted
lung areas. CRP apheresis starting early after patient admission, may potentially be
an effective treatment COVID-19 and save lung tissue. Additional registry data and
randomized controlled clinical trials are required.
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Abstract: Recent randomized controlled multi-center trials JUPITER, CANTOS and COLCOT im-
pressively demonstrated the effect of anti-inflammatory therapy on secondary prevention of car-
diovascular events. These studies also rapidly re-vitalized the question of whether the C-reactive
protein (CRP), the prototype human acute phase protein, is actively involved in atherosclerosis and
its sequelae. Direct CRP inhibition may indeed improve the specificity and effectiveness of anti-
inflammatory intervention. In the present paper, we report on the final results of our single-center
C-reactive protein-Digoxin Observational Study (C-DOS). Methods and Results: Based on the experi-
mental finding that cardiac glycosides potently inhibit hepatic CRP synthesis on the transcriptional
level in vitro, 60 patients with decompensated heart failure, NYHA III–IV, severely reduced Left
Ventricular Ejection Fraction (LVEF < 40%), and elevated CRP plasma levels were treated by either
digoxin + conventional heart failure therapy (30 patients) or by conventional heart failure therapy
alone (30 patients). Plasma CRP levels in both groups were assessed for 21 d. Plasma CRP levels on
d1, d3 and d21 were compared by regression analysis. CRP levels d21–d1 significantly declined in
both groups. Notably, comparative CRP reduction d21–d3 in digoxin versus the control group also
revealed borderline significance (p = 0.051). Conclusions: This small observational trial provides the
first piece of evidence that cardiac glycosides may inhibit CRP synthesis in humans. In case of further
pharmacological developments, cardiac glycosides may emerge as lead compounds for chemical
modification in order to improve the potency, selectivity and pharmacokinetics of CRP synthesis
inhibition in cardiovascular disease.

Keywords: CRP; CRP synthesis inhibition; cardiovascular disease

1. Introduction

The elevated plasma levels of C-reactive protein (CRP), the typical human acute-phase
protein, predict future cardiovascular events [1]. Whether this is just an epiphenomenon or
whether CRP actively contributes to atherogenesis and its sequelae is still controversial [2,3].
Initial experimental studies were suggestive of this [4–6]. Genetic analyses from Mendelian
randomization trials, however, did not support the concept of CRP being actively involved
in human cardiovascular disease [7]. Nonetheless, pitfalls in Mendelian randomization
have to be taken into account [8]. Furthermore, species differences in CRP biology limit the
value of animal models in this particular area of research [2]. Finally, the experimental data
from various laboratories were not accurately evaluated [9] and, unfortunately, have shed
negative light on the subject in general. There is, however, international consensus that CRP
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activates the complement system [10] and binds to Fcγ receptors [11] in atherosclerosis [5,6],
and thereby may sustain a chronic inflammatory process in the arterial wall.

Recently, the randomized controlled multi-center trials JUPITER [12], CANTOS [13]
and COLCOT [14] impressively demonstrated the effect of anti-inflammatory therapy on
secondary prevention of cardiovascular events. These studies also rapidly re-vitalized
the question of whether CRP is actively involved in atherosclerosis and its sequelae [3,5],
because the effect of anti-inflammatory therapy significantly correlates with CRP reduction
in each of these trials. Direct CRP inhibition may indeed improve the specificity and
effectiveness of anti-inflammatory intervention.

By using a high throughput screening assay in order to analyze the effect of spe-
cific classes of pharmacological agents on CRP transcriptions, in 2010 we showed that
endogenous and plant-derived inhibitors of the Na(+)/K(+)-ATPase, i.e., the cardiac glyco-
sides ouabain, digoxin and digitoxin, inhibit IL-1ß- and IL-6-induced acute phase protein
expression in human hepatoma cells and primary human hepatocytes at nanomolar concen-
trations [15]. Whether this in vitro finding holds true in vivo in humans and is also detected
at the CRP plasma level is now being tested in our single-center C-reactive protein-Digoxin
Observational Study (C-DOS) [16,17]. A recently published study showed a significant
digitoxin-mediated reduction in CRP levels in mice suffering from sepsis, providing a small
piece of evidence that cardiac glycosides are also capable of inhibiting CRP synthesis in
mice [18].

The primary aim of this study is to evaluate whether CRP plasma levels can be
significantly reduced by digoxin, in addition to optimal medical treatment (OMT) in
patients with heart failure and reduced Left Ventricular Ejection Fraction (LVEF) admitted
to the hospital with acute cardiac decompensation (NYHA class III and IV).

2. Methods

2.1. Study Design

Extensive discussions with the Ethical Review Committee of Ulm University, Ulm,
Germany, preceded the C-DOS [16,17]. It was initially designed as a blinded, random-
ized clinical trial comparing two groups (OMT plus digoxin vs. OMT only). The Ethical
Review Committee then advised us to change the design, in order to avoid that final
medication (digoxin or not) depends on randomization. Cardiac glycoside treatment was
recommended to follow clinical needs only, rather than randomization in a study arm.
Obeying the Ethical Review Committee’s advice, we designed a prospective observational
cohort study, and this design, finally, was approved by the Ethical Review Committee. The
patients were recruited in the time span ranging from the end of 2012 until the end of 2019,
with an interruption from mid-2016 until mid-2018. This interruption was caused by the
surprising pre-emptive review of the study by the Federal Institute for Drugs and Medical
Devices of the Federal Republic of Germany (Bundesamt für Arzneimittelsicherheit und
Medizinprodukte, BfArM, Bonn, Germany), which examined whether this study was sub-
ject to authorization according to the German law ensuring drug safety (Arzneimittelgesetz,
AMG; § 4 Abs 23 Satz 1). The review again confirmed that the study was not subject to
authorization by the agency, since it was classified by the agency as an observational study
on 11 July 2018. This assessment was finally shared by the government of upper Bavaria
(Regierung von Oberbayern). Nonetheless, the reglementary process caused an unfortunate
interruption in patient recruitment.

2.2. Controls/Comparators

The CRP plasma levels of 30 patients with decompensated heart failure, NYHA III
and IV, LVEF < 40%, and OMT plus digoxin were compared to the CRP plasma levels
of 30 patients with decompensated heart failure, NYHA III and IV, LVEF < 40%, and
OMT alone.
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2.3. Inclusion and Exclusion Criteria, Patient Characteristics

Inclusion criteria: age > 18 years; NYHA III and NYHA IV; acute cardiac failure (acute
worsening of dyspnoe, and radiological signs of cardiac congestion); and LVEF < 40% in
echocardiography (2 observers, Teichholz/Simpson method). The characteristics of the
included patients are summarized in Table 1. Exclusion criteria: significant concomitant
disease (acute coronary syndrome, infection, antibiotic therapy, acute renal failure, cancer,
and autoimmune disease); CRP > 5 mg/dL, leukocyte count > 12,000/μL, body temperature
> 38 ◦C; and AV-block IIII (for digoxin patients).

Table 1. Baseline data and OMT prescribed d1/d21.

Demographic Data Digoxin Group Control Group p-Value

Age (±SD) 71.8 years (±10.6) 73.7 years (±8.6) n.s.
Sex: male/female 26/4 22/8 n.s.

Clinical data
NYHA III/IV 26/4 24/6 n.s.
LVEF (±SD) 26.1% (±0.08) 24.5% (±0.06) n.s.

Ischemic cardiomyopathy (total) 12 11 n.s.
Dilated cardiomyopathy (total) 18 19 n.s.

Clinical chemistry
Digoxin serum level d1 (±SD) 0.28 μg/L (±0.38)

Digoxin serum level d21 (±SD) 1.46 μg/L (±0.81)
Creatinine (±SD) 1.20 mg/dL (±0.35) 1.16 mg/dL (±0.35) n.s.

Sodium (±SD) 140.53 mmol/L (±3.76) 139.00 mmol/L (±3.38) n.s.
Potassium (±SD) 4.22 mmol/L (±0.43) 4.34 mmol/L (±0.55) n.s.
Calcium (±SD) 2.27 mmol/L (±0.12) 2.29 mmol/L (±0.88) n.s.

proBNP (d1) 8484 pg/mL 8528 pg/mL n.s.
Red blood cell count (d1) 498 million/μL 464 million/μL n.s.
ECG rhythm at baseline Number of patients

Sinus rhythm 17 26 0.010
Atrial fibrillation 11 4 0.037

Slow VT 1 0 n.s.
Atrial flutter 1 0 n.s.

Class IA medication Number of patients
b-blocker (d1/d21) 27/27 26/30 n.s./n.s.

ACE inhibitor (d1/d21) 20/22 24/23 n.s./n.s.
AT1 blocker (d1/d21) 5/5 4/5 n.s./n.s.

Aldosterone antagonist (d1/d21) 19/18 17/28 n.s./0.002

Baseline patient characteristics and heart failure medication on d1 and d21 for the digoxin and control groups
(comparison by means of independent t-test and chi-squared test, respectively). n.s. = not significant.

Explanation for the exclusion criteria: an exclusion of CRP > 5 mg/dL, leukocyte
count > 12,000/μL, body temperature > 38 ◦C avoids confounding influence of infec-
tion. Due to the expected significant proportion of patients that needed to be excluded,
approximately 800 patients were assessed for eligibility. Due to the expected [17] final
high drop-out rate of 44%, 107 patients were assigned to the trial. A total of 47 patients
were disqualified due to various reasons (see Section 3.1), and only 60 patients were finally
included in the trial.

2.4. Outcome Measures

CRP (and digoxin) plasma levels were assessed at d1, d3, d5, d7 and d21 after inclusion.
The primary efficacy endpoint was the comparison of CRP plasma level change between
the digoxin and control groups during follow-up (d21–d3). D3 was elected under the
assumption that an effect of transcriptional CRP synthesis inhibition by cardiac glycosides
on CRP plasma levels may be detectable after 3d of digoxin treatment at the earliest. CRP
levels were determined via highly sensitive, particle-enhanced immunological turbidity
test assays produced by Roche.
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The explanation for the follow-up period: CRP plasma half-life in humans is ~19 h.
Therapeutic blood concentration of digoxin, with routine saturation, is reached after d3.
We assumed that a potential effect of digoxin on CRP synthesis should be visible on d21.

2.5. Methods against Bias

LVEF was echocardiographically analyzed by two investigators via the Teichholz/Simpson
method. Multiple regression analysis was used to adjust for potential confounding due
to gender, age and cardiac rhythm. CRP plasma levels were assessed by the indepen-
dent clinical laboratory (Clinic Association Allgäu, Kempten, Germany) via routine CRP
measurements. Per protocol analysis of n = 60 (30 digoxin vs. 30 control) patients was
performed. Blinding was not possible because intervention and control followed clinical
needs. Digoxin plasma levels were monitored for safety reasons because of the drug’s small
therapeutic window.

2.6. Sample Size/Power Calculations

Power calculation was discussed with the Institute of Epidemiology and Medical
Biometry of Ulm University. Because no studies exist that investigate the effect of cardiac
glycosides on CRP plasma levels, the biometrical classification of the study was “pilot study
for subsequent phase III trials”. The sample size of 60 patients in total was evaluated as be-
ing adequate to apply the aforementioned multiple regression analysis with 3 confounders.
The expected drop-out rate was high due to, for example, the acquirement of lung infection
following cardiac decompensation, other infectious diseases or bradycardia due to digoxin
treatment. There was no database to conduct a formal sample size calculation due to the
lack of retrospective trials in the field.

2.7. Feasibility of Treatment

Decompensated heart failure is one of the most common diagnoses on admission
in cardiovascular units [19,20]. All admitted patients were screened for inclusion and
exclusion criteria. The feasibility and safety of study medication was definitely provided,
because cardiac glycosides have been used in cardiac insufficiency for 230 years [21] and,
according to the heart failure guidelines, still provide an additive treatment option in
NYHA classes III and IV [20,22]. All study participants provided written informed consent.

2.8. Statistical Analysis

After the final data acquisition, all variables were descriptively analyzed. The Wilcoxon
singed rank test was used to compare the dx-dy differences per group. The Shapiro–Wilk
test was used to check the normal assumption. To assess the efficacy of the investigated
treatment scheme, multiple regression analysis was performed. The dependent variable
was the difference of CRP plasma level at d21 and d3, the independent variables were
the group status (digoxin vs. placebo) and the 3 confounding variables gender, age and
cardiac rhythm, i.e., sinus rhythm vs. atrial fibrillation. The level of significance was set
to 5% (2-sided). The analysis of all secondary endpoints was conducted in an explorative
manner. Analyses concerning safety issues were performed by evaluating the adverse
events frequencies in both groups. The expected drop-out rate (50%) was high, due to, for
example, the potential acquirement of infection during follow-up. Per protocol analysis of
n = 60 (30 digoxin vs. 30 control) patients was performed.

3. Results

3.1. Baseline Patient Characteristics, Medication Follow-Up and Drop-Outs

Baseline patient characteristics are summarized in Table 1. The average age was
72.8 years overall with patients in the digoxin group being slightly younger than in the
control group (71.8 vs. 73.7 years). A total of 48 men (26 in digoxin group) and 12 women
(4 in digoxin group) were enrolled. On admission, 50 patients (26 in digoxin group) were
classified as NYHA III and 10 patients (4 in digoxin group) as NYHA IV. LVEF averaged
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26.1% in the digoxin group and 24.5% in the control group (25.3% overall). A total of
23 patients suffered from ischemic cardiomyopathy (12 in digoxin vs. 11 in control group),
whereas dilated cardiomyopathy (DCM) was diagnosed in 37 patients (18 in digoxin vs.
19 in control group). On admission, ECG showed sinus rhythm in 43 patients (17 in digoxin
group) and atrial fibrillation in 15 patients (11 in digoxin group). Atrial flutter and a slow
VT were documented in one patient each, both belonging to the digoxin group. Baseline
CRP levels on d1 were 1.16 mg/dL in the digoxin group and 0.92 mg/dL in the control
group. Further baseline data, including class IA heart failure medication on admission, are
shown in Table 1. Class IA heart failure medication is optimized as clinically indicated
until d21 in both groups (Table 1) with no statistically significant differences.

Initially, 107 patients were enrolled, of whom 47 patients were not analyzed in this
study. This equals a drop-out rate of 43.9%. Patients had to be excluded because of the
following reasons: 10 patients (21.7%) withdrew their consent; 9 patients (17.4%) needed
antibiotic therapy, which modulates CRP levels itself; 4 (9%) patients needed an ICD
implantation, which requests single-shot antibiotic therapy and leads to a rise in CRP
levels itself; 3 patients (6.4%) needed other surgical intervention; 2 patients (4.2%) died due
to heart failure within the follow-up; and 2 patients (4.3%) were diagnosed with cancer
within the follow-up period. Another 2 patients (4.3%) showed complete normalization
of LVEF after 21d (main diagnosis: tachycardia-induced cardiomyopathy) and therefore
were excluded in line with the study design. The cross over rate was 10.6%, since 5 patients
received digoxin due to atrial fibrillation induced tachycardia after they were enrolled in
the control group. A total of 5 patients (10.6%) from the digoxin group dropped out due to
adverse side effects from digoxin. Another 5 patients (10.6%) were lost in the follow-up; no
CRP level could be obtained on d21 after they had been discharged from our hospital.

3.2. CRP Levels in the Digoxin Versus Control Group

In the digoxin group, average CRP levels rose from 1.16 mg/dL on d1 to 1.63 mg/dL
on d3 and then dropped steadily to 0.54 mg/dL on d21 (see Figure 1A,B). In the control
group, a different course of CRP levels was observed, with the corresponding levels being
0.94 mg/dL on d1, 0.98 mg/dL on d3 and 0.72 mg/dL on d21. Detailed CRP levels are
shown in Table 2.

Table 2. CRP levels, normal assumption testing and CRP drop-off comparisons.

CRP d1 (mg/dL) CRP d3 (mg/dL) CRP d5 (mg/dL) CRP d7 (mg/dL) CRP d21 (mg/dL)

Digoxin group (±SD) 1.16 (±1.07) 1.62 (±1.80) 1.37 (±1.22) 1.36 (±1.36) 0.54 (±0.67)

Control group (±SD) 0.94 (±0.77) 0.98 (±0.98) 1.23 (±2.19) 1.63 (±2.45) 0.72 (±0.90)

Non-standard
distribution Shapiro–Wilk test Shapiro–Wilk test Shapiro–Wilk test

Digoxin group <0.001 <0.001 <0.001

Control group <0.001 <0.001 <0.001

Wilcoxon test Wilcoxon test Wilcoxon test

Digoxin group Control group Group
comparison

d1/d21 (control group) <0.001 <0.001 0.268

d3/d21 (control group) <0.001 0.029 0.051

Average CRP levels and standard deviations on d1, d3, d5, d7 and d21 in both groups, normal assumption testing
p-values according to Shapiro–Wilk test for both groups; p-values (Wilcoxon test) for d1/d21 and d3/d21 CRP
level comparison within each group; p-values (Wilcoxon test) for group comparison of CRP drop-off from d1/d21
and d3/d21 (p = 0.051, borderline significance).
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Figure 1. (A). Course of mean CRP levels ±SD in the digoxin group and control group (d1 to d21).
(B) Difference in CRP levels on d21 vs. d3 in the digoxin and control group (box plot: CRP difference
d21 vs. d3 digoxin/control group. Triangle = average value, black line = median, upper thin black
line = 75. Quantile, lower thin black line = 25. quantile, p = 0.051).

As the normal assumption seemed not to be valid, according to the Shapiro–Wilk test,
the Wilcoxon signed rank test was performed to compare the within-group differences in the
CRP levels. The Wilcoxon ranked sum test was applied in order to compare the difference
in the CRP level change (d21–d2) between the digoxin and control group (Table 2). Testing
showed a significant decrease in CRP levels within the control as well as within the digoxin
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group from d1 to d21. The group comparison from d21-d1 between the digoxin and control
group revealed no statistically significant differences (Table 2). Notably, a comparison of
the CRP plasma level decline d21–d3 between both groups revealed borderline statistical
significance (p = 0.051; Figure 1; Table 2).

4. Discussion

Cardiac glycosides inhibit hepatocellular CRP synthesis in vitro [15]. The aim of
C-DOS was to evaluate the effect of cardiac glycosides on human CRP plasma levels
in vivo [17]. Digoxin was chosen as an easy-to-handle and easy-to-monitor standard
cardiac glycoside for human application [22]. Since therapeutic digoxin plasma levels are
commonly reached after 3d of routine saturation and since transcriptional CRP synthesis
inhibition likely does not immediately take place following intake, the crucial time points
to compare CRP plasma levels were considered to be d21–d3. Digoxin plasma levels in
digoxin-treated patients, during this time span, were within the therapeutic range. Due to
the standard treatment of heart failure, CRP levels within each group were significantly
lower on d21–d1 and d21–d3. Comparing the degree of CRP plasma level reduction for
d21–d3 between both groups revealed borderline significance (p = 0.051).

4.1. Limitiations

C-DOS is a single-center explorative pilot study—no more, no less. It is not a ran-
domized trial. It is not multi-centric. The number of study participants (30 vs. 30 patients)
was low. Additionally, due to a 2-year legal re-evaluation (see above), it took a relatively
long time (2012–2019) to recruit these patients. The primary endpoint, i.e., CRP plasma
level reduction d21–d3, is of borderline significance (p = 0.051) only. The drop-out rate
of 46% is (as originally expected) high. In addition, a bystander effect of the OMT and
recompensation measures on CRP levels cannot be completely excluded with this study
design and the relatively low number of patients enrolled.

4.2. Possible Implications

C-DOS was designed as a single-center explorative pilot study. Randomization was not
permitted by the Ethical Review Committee because medical therapy in this high mortality
disease was intended to follow medical necessity rather than admission to a study arm. The
number of study participants followed statistical advice (see Section 2.6). Notably, although
the number of study participants is low, the primary endpoint, i.e., comparative CRP
plasma level reduction from d21–d3 between the groups, revealed borderline significance
(p = 0.051). This indeed suggests that the significance level may be attained in a larger trial.
A high drop-out rate was expected from the start of the trial [16,17]. It was caused mostly
by circumstances coinciding with the underlying disease, since a lot of the initially enrolled
patients needed either antibiotic therapy (due to relevant infectious disease) or surgery
(for example ICD implantation) that could not be postponed during the follow-up period.
Compliance after discharge played a role, too, since our hospitals, being inserted into the
German healthcare system, have no means of follow-up in the ambulatory setting.

Digoxin was only prescribed when indicated and no contraindications existed [23].
This resulted in a higher number of patients with atrial fibrillation and atrial flutter in
the digoxin group. Since it has been shown that atrial flutter and atrial fibrillation both
coincide with higher CRP levels [24], this may be a reason for higher baseline CRP levels in
the digoxin group on d1. Atrial fibrillation/flutter as a confounding factor also proved to
be of borderline significance (p-value 0.052) in our statistical analysis.

Statins and ACE inhibitors also lower CRP plasma levels, as has been shown in the
JUPITER trial [12] and others [25]. In our observational study, however, there was no
statistically significant difference between both groups in terms of ACE-inhibitor and statin
therapy. Thus, in our study population, an effect of these two drugs on CRP levels may
have been ruled out.
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4.3. Context of C-DOS

CANTOS [13] showed a 15% relative risk reduction for cardiovascular events by ap-
plication of the IL-1b specific antibody canakinumab, which subsequently lowered IL-6
and CRP levels. LDL-levels were not influenced. In patients with a high CRP reduction,
a subsequent mortality reduction was shown. The LoDoCo trial showed a significantly
(5.3% vs. 16%) lower rate of cardiovascular events over the time span of 3 years when
patients received low-dose colchicine (0.5 mg/d) in addition to standard therapy [26]. The
COLCOT trial [14] showed an analogous effect of colchicine on the secondary cardiovascu-
lar event rate in patients post-myocardial infarction. Colchicine inhibits IL-6 synthesis and,
consecutively, lowers CRP plasma levels.

Of course, our short-term single-center observational study, in terms of quality, cannot
be compared to these controlled randomized multi-center trials, but CRP is the common
final stretch in all these trials and may, pathophysiologically, connect them.

Comparing cardiac glycosides to canakinumab, colchicine and recently described CRP
apheresis [27–30], the following issues are crucial: 1. CRP apheresis is highly effective in
acute disease, whereas it is likely that CRP synthesis inhibition is not; 2. Canakinumab and
CRP apheresis are expensive therapies; 3. Canakinumab in CANTOS has shown immuno-
suppressive side effects, whereas CRP apheresis in CAMI-1 has not; and 4. Colchicine also
is known to cause adverse events.

Thus, drugs with different mechanisms of action at lower costs would certainly reveal
new horizons in the primary and secondary prevention of cardiovascular disease. Cardiac
glycosides, however, do have a small therapeutic window with significant side effects
outside the therapeutic range. Additionally, being Na(+)/K(+)-ATPase inhibitors, it may
be a very long way to develop specific CRP synthesis inhibitors on the structural basis
of cardiac glycosides. Consequently, these drugs can only theoretically be used as a
pharmacological platform to develop agents that inhibit transcriptional CRP synthesis with
less adverse event rates and, ideally, a wider therapeutic range in the distant future. The
latter remains challenging.

4.4. Conclusions

The aim of C-DOS was to investigate whether digoxin is capable of lowering CRP
levels in patients with heart failure and a left ventricular ejection fraction below 40%. A
group comparison revealed borderline significance with a p-value of 0.051 (d21–d3), likely
due to transcriptional CRP synthesis inhibition in vivo. C-DOS, although being a small and
observational trial only, provides the first piece of evidence for CRP synthesis inhibition
by cardiac glycosides in vivo in humans, and may be a “pilot study for subsequent phase
III trials”. A randomized controlled trial investigating the effect of cardiac glycosides on
human CRP levels should be the next step, especially to exclude bystander effects. Cardiac
glycosides may as well emerge as lead compounds for chemical modification in order
to improve the potency, selectivity, and pharmacokinetics of CRP synthesis inhibition in
cardiovascular disease.
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Abstract: Background: Both C-reactive protein (CRP) and arterial stiffness are associated with the
development of cardiovascular disease (CVD). This study was performed to investigate whether a
combination of these two measurements could improve cardiovascular risk stratification. Methods:
A total of 6572 consecutive subjects (mean age, 60.8 ± 11.8 years; female, 44.2%) who underwent both
high-sensitivity CRP (hs-CRP) and brachial–ankle pulse wave velocity (baPWV) measurement within
1 week were retrospectively analyzed. Major adverse cardiovascular events (MACE), including
cardiovascular death, acute myocardial infarction, coronary revascularization, and stroke were
assessed during the clinical follow-up. Results: During a mean follow-up period of 3.75 years
(interquartile range, 1.78–5.31 years), there were 182 cases of MACE (2.8%). The elevated baPWV
(≥1505 cm/s) (hazard ratio (HR), 4.21; 95% confidence interval (CI), 2.73–6.48; p < 0.001) and hs-CRP
(≥3 mg/L) (HR, 1.57; 95% CI, 1.12–2.21; p < 0.001) levels were associated with MACE even after
controlling for potential confounders. The combination of baPWV and hs-CRP further stratified the
subjects’ risk (subjects with low baPWV and hs-CRP vs. subjects with high baPWV and hs-CRP; HR,
7.08; 95% CI, 3.76−13.30; p < 0.001). Adding baPWV information to clinical factors and hs-CRP had
an incremental prognostic value (global Chi-square score, from 126 to 167, p < 0.001). Conclusions:
The combination of hs-CRP and baPWV provided a better prediction of future CVD than either one
by itself. Taking these two simple measurements simultaneously is clinically useful in cardiovascular
risk stratification.

Keywords: arterial stiffness; C-reactive protein; major adverse cardiovascular event; pulse wave
velocity; risk stratification

1. Introduction

Cardiovascular disease (CVD) is a leading cause of death and places a huge burden
on our society worldwide [1]. Although various diagnostic and treatment methods have
continuously been developed and applied to clinical practice, the prevalence of CVD is
still high and the prognosis is poor. Identifying high-risk subjects who are more likely to
develop CVD in the future and early implementation of active preventive strategies are
critical to improving CVD prognosis [2]. While traditional risk factors represent cardio-
vascular risk well, they do not make all CVD incidences predictable [3]. In this respect,
high-sensitivity C-reactive protein (hs-CRP), a sensitive marker for inflammation, has been
recognized as a blood biomarker for predicting the occurrence of CVD. Inflammation plays
a major role in the development and progression of atherosclerosis and the triggering of
clinical CVD events [4]. Recent extensive evidence has suggested that high CRP levels
are associated with higher risk of myocardial infarction, ischemic stroke, and sudden
death [5–9].
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Arteries stiffen with age and other risk factors, such as high blood pressure, hy-
perglycemia and smoking [10,11]. Of note, information on arterial stiffness is clinically
valuable because it is associated with the occurrence of CVD, independent of traditional
risk factors [12–19]. Of various methods of measuring arterial stiffness, pulse wave velocity
(PWV) is most widely used in clinical and research fields [10].

Sometimes two test results are combined to improve the predictability of the prog-
nosis [20,21]. Our group have also reported that PWV, along with noninvasive imaging
studies, provides additional value in predicting the occurrence of CVD [22,23]. Although
both hs-CRP and PWV have been used to predict CVD, there have been few studies on
prognostic value by combining these two parameters. We hypothesized that the combina-
tion of hs-CRP and PWV would better predict the development of CVD. This study was
performed to test this hypothesis.

2. Methods

2.1. Study Population

This single-center study was performed in a general hospital in a big city (Seoul,
Korea). Between October 2008 and June 2018, a total of 8349 consecutive subjects who
visited the cardiovascular center and underwent both brachial–ankle PWV (baPWV) and
hs-CRP measurement within 1 week were retrospectively reviewed. The reasons for visit-
ing the cardiovascular center vary widely, but it was not considered for study participation.
The baPWV was measured by the attending physician as a routine part of a cardiovascu-
lar examination. Subjects with the following conditions were excluded from the study:
(1) hs-CRP ≥ 10 mg/L (n = 1498) to rule out underlying active inflammatory conditions,
(2) ankle-brachial index <0.9 or >1.4 (n = 85), (3) significant valvular dysfunction greater
than mild degree (n = 43), (4) congenital heart disease (n = 6), (5) the presence of pericardial
effusion (n = 12), and (6) atrial fibrillation and other uncontrolled arrhythmias (n = 133).
Finally, 6572 subjects were analyzed in this study. This study was conducted in accordance
with the declaration of Helsinki, revised in 2013. The study protocol was approved by
the Institutional Review Board (IRB) of Boramae Medical Center (Seoul, Korea) and in-
formed consent was waived due to the retrospective study design and the routine nature
of information collected.

2.2. Data Collection

Body mass index was calculated as body weight in kilograms divided by the square
of height in meters (kg/m2). Obesity was defined as body mass index ≥25 kg/m2. Hy-
pertension was defined as previous diagnosis, current anti-hypertensive medications,
or systolic and/or diastolic blood pressure ≥140/90 mmHg. Diabetes mellitus was de-
fined as previous diagnosis, current anti-diabetic medications, or fasting blood glucose
level ≥126 mg/dL. A person who smoked regularly in the last year was defined as a
current smoker. Atherosclerotic cardiovascular disease (ASCVD) was defined as coronary
artery disease including myocardial infarction and coronary revascularization, stroke,
transient ischemic attack, and peripheral arterial disease [24]. After overnight fasting,
blood samples were obtained in the antecubital vein and the blood levels of the follow-
ing parameters were assessed: hemoglobin, creatinine, glucose, glycated hemoglobin,
total cholesterol, low-density lipoprotein cholesterol, high-density lipoprotein cholesterol,
triglyceride, and hs-CRP. Glomerular filtration rate was calculated by the Modification
of Diet in Renal Disease (MDRD) study equation. Left ventricular ejection fraction was
obtained by biplane Simpson’s method on transthoracic echocardiography. Information
on cardiovascular medications was obtained, which included calcium channel blocker,
beta-blocker, renin-angiotensin system blocker, diuretic, and statin.

2.3. baPWV Measurement

On the day of baPWV measurement, subjects were banned from smoking, alcohol,
and caffeine-containing beverages such as coffee or green tea. Usual medications were
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not stopped and continued to be taken. The subjects rested in bed for about 5 min before
the examination. The measurements were taken in a quiet closed room with constant
temperature and humidity. The baPWV measured using a VP-100 analyzer (Colins, Ko-
maki, Japan) [23,25]. After wrapping blood pressure cuffs around both upper arms and
ankles, pressure waveforms of the brachial and tibial arteries were recorded with plethys-
mographic and oscillometric pressure sensors using occlusion/sensing cuffs. The time
intervals between pressure waveforms of the brachial and tibial arteries (pulse transit time)
were measured, and baPWV was automatically calculated at the estimated distance from
the patient’s height [25]. The average of right and left baPWV measurements was used
for analysis in this study. The baPWV was measured by an experienced operator. The
coefficient of variation in baPWV measurement for intraobserver variability was 5.1% in
our laboratory [26].

2.4. Clinical Events

The primary study endpoint, major adverse cardiovascular event (MACE), was com-
posite clinical events consisting of cardiovascular death, non-fatal myocardial infarction,
coronary revascularization, and stroke. Cardiovascular death included sudden cardiac
death and death resulting from acute myocardial infarction, heart failure, stroke, cardiovas-
cular procedures, cardiovascular hemorrhage, or other cardiovascular causes. Unexplained
sudden death was considered cardiac death. Myocardial infarction was defined based
on symptoms, electrocardiographic changes, elevation in cardiac troponin, and imaging
results showing occlusive coronary artery lesions. Coronary revascularization included
percutaneous coronary intervention and coronary bypass surgery. Stroke was diagnosed by
neurologists using brain imaging study findings along with sudden neurological deficits.

2.5. Statistical Analysis

Continuous variables are expressed as mean ± standard deviation, and categorical
variables are expressed as n (%). The means of continuous variables were compared using
Student’s t test, and the prevalences of categorical variables were compared using Chi-
square test between the 2 groups. Multivariable cox regression analyses were performed
to find independent associations of hs-CRP, baPWV, and their combination with MACE.
Variables with statistical significance in univariable analyses were used as independent
variables in multivariable analysis. Receiver operating characteristic (ROC) curve analysis
was used to obtain the cut-off value of baPWV predicting MACE. For the analysis of
hs-CRP-related MACE, subjects were stratified into 2 groups by CRP levels: <3 mg/L
vs. ≥3 mg/L [27,28]. Kaplan–Meier survival curve analysis was used to show event-free
survival rates according to hs-CRP, baPWV, and their combination values. The log-rank
test was used to test statistical significance. Additional prognostic value of hs-CRP and
baPWV was assessed using global Chi-square scores. A p value of <0.05 was considered
statistically significant. All statistical analyses were performed using SPSS 22.0 (IBM Corp.,
Armonk, NY, USA).

3. Results

3.1. Baseline Clinical Characteristics of the Study Subjects

During a mean follow-up period of 3.75 years (interquartile range, 1.78–5.31 years),
there were 182 cases of MACE (2.8%), which included 14 cardiac deaths, 19 myocardial
infarction cases, 118 coronary revascularization cases, and 49 stroke cases. The baseline
clinical characteristics of the study subjects are shown in Table 1. Subjects with MACE were
older and it was more common in males. Subjects with MACE had more cardiovascular
risk factors, including hypertension, diabetes mellitus, cigarette smoking, and history of
ASCVD compared to those without MACE. In laboratory findings, subjects with MACE had
lower levels of hemoglobin, glomerular filtration rate, total cholesterol, and left ventricular
ejection fraction, as well as higher levels of glucose and glycated hemoglobin than those
without. Cardiovascular medications including beta-blocker, renin-angiotensin system
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blocker, and statin were more frequently prescribed in subjects with MACE than those
without. Both baPWV (1833 ± 378 cm/s vs. 1588 ± 340 cm, p < 0.001) and hs-CRP
(3.26 ± 2.75 mg/L vs. 1.97 ± 2.31 mg/L, p < 0.001) were significantly higher in subjects
with MACE than those without (Figure 1).

Table 1. Baseline clinical characteristics of study subjects.

Characteristic Subjects with MACE (n = 182) Subjects without MACE (n = 6390) p

Age, years 64.7 ± 10.4 60.7 ± 11.8 <0.001
Male sex 123 (67.6) 3544 (55.5) 0.001
BMI, kg/m2 24.8 ± 2.9 24.9 ± 3.3 0.626
Cardiovascular risk factors

Hypertension 105 (57.7) 3102 (48.5) 0.015
Diabetes mellitus 56 (30.8) 1471 (23.0) 0.015
Obesity (BMI ≥ 25 kg/m2) 79 (44.1) 2959 (46.4) 0.546
Cigarette smoking 49 (26.9) 1080 (16.9) <0.001
Previous ASCVD 86 (43.7) 1470 (23.0) <0.001

Laboratory findings
Hemoglobin, g/dL 13.1 ± 2.0 13.6 ± 1.7 <0.001
GFR, mL/min/1.73m2 82.7 ± 26.1 87.0 ± 23.7 0.016
Fasting glucose, mg/dL 129 ± 52 119 ± 39 0.012
Glycated hemoglobin, % 6.61 ± 1.21 6.27 ± 1.07 0.018
Total cholesterol, mg/dL 159 ± 44 165 ± 38 0.039
LDL cholesterol, mg/dL 93.9 ± 41.6 96.4 ± 35.4 0.428
HDL cholesterol, mg/dL 47.7 ± 15.4 49.2 ± 12.8 0.212
Triglyceride, mg/dL 131 ± 82 131 ± 84 0.964
LV ejection fraction, % 60.4 ± 10.1 63.6 ± 9.1 <0.001

Cardiovascular medications
Calcium channel blocker 22 (12.1) 1094 (17.1) 0.075
Beta-blocker 69 (37.9) 1438 (22.5) <0.001
RAS blocker 82 (45.1) 1990 (31.1) <0.001
Statin 121 (66.5) 2915 (45.6) <0.001

MACE, major adverse cardiovascular event; BMI, body mass index; ASCVD, atherosclerotic cardiovascular disease; GFR, glomerular
filtration rate; LDL, low-density lipoprotein; HDL, high-density lipoprotein; LV, left ventricular; RAS, renin-angiotensin system.

Figure 1. baPWV (A) and hs-CRP (B) values according to MACE. baPWV, brachial–ankle pulse wave velocity; hs-CRP,
high-sensitivity C-reactive protein; MACE, major adverse cardiovascular events.

3.2. Associations of baPWV, hs-CRP, and Their Combinations with MACE

ROC curve analysis showed that a baPWV of 1505 cm/s was the cut-off value predict-
ing MACE, with a sensitivity of 83.5% and a specificity of 46.0% (Figure 2). Multivariable
analyses showing associations of hs-CRP, baPWV, and their combinations with MACE
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are shown in Table 2. The elevated hs-CRP (≥3 mg/L) (hazard ratio (HR), 1.57; 95%
confidence interval (CI), 1.12−2.21; p < 0.001) and baPWV (≥1505 cm/s) (HR, 4.21; 95% CI,
2.73−6.48; p < 0.001) levels were associated with MACE even after controlling for potential
confounders. The combination of hs-CRP and baPWV further stratified the subjects’ risk
(subjects with low hs-CRP and low baPWV vs. subjects with high hs-CRP and high baPWV;
HR, 7.08; 95% CI, 3.76−13.30; p < 0.001). Kaplan–Meier survival curves demonstrated sig-
nificant MACE differences according to hs-CRP (<3 mg/L vs. ≥3 mg/L, log-rank p < 0.001)
and baPWV (<1505 cm/s vs. ≥1505 cm/s, log-rank p < 0.001) levels (Figure 3). In the
Kaplan–Meier curve, by combining hs-CRP with baPWV, the subjects’ risk was further
subdivided (Figure 4). Another combination of the hs-CRP level (≥3 mg/L) and clinical
variables (age; sex; hypertension; diabetes mellitus; cigarette smoking; previous history
of atherosclerotic cardiovascular disease; hemoglobin; glomerular filtration rate; total
cholesterol; left ventricular ejection fraction; and the use of beta-blocker, renin-angiotensin
system blocker, and statin) significantly increased prognostic value in predicting MACE
(global Chi-square score, from 108 to 126, p < 0.001). Furthermore, the combination of
baPWV (≥1505 cm/s) and hs-CRP + clinical variables had an incremental prognostic value
in predicting MACE (global Chi-square score, from 126 to 167, p < 0.001) (Figure 5).

Figure 2. ROC curve analysis showing the cut-off value of baPWV for the MACE prediction. ROC,
receiver operating characteristic; baPWV, brachial–ankle pulse wave velocity; MACE, major adverse
cardiovascular events.
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Table 2. Multivariable analyses showing the associations of baPWV, hs-CRP, and their combinations
with MACE.

Variable HR (95% CI) p

hs-CRP ≥ 3 mg/L 1.57 (1.12−2.21) <0.001
baPWV ≥ 1505 cm/s 4.21 (2.73−6.48) <0.001
hs-CRP + baPWV

hs-CRP < 3 mg/L and baPWV < 1505 cm/s 1 −
hs-CRP ≥ 3 mg/L and baPWV < 1505 cm/s 1.91 (0.89−4.10) 0.096
hs-CRP < 3 mg/L and baPWV ≥ 1505 cm/s 4.73 (2.57−8.70) <0.001
hs-CRP ≥ 3 mg/L and baPWV ≥ 1505 cm/s 7.08 (3.76−13.30) <0.001

Following clinical covariates were adjusted in each multivariable model: age; sex; hypertension; diabetes mellitus;
cigarette smoking; previous history of atherosclerotic cardiovascular disease; hemoglobin, glomerular filtration
rate; total cholesterol; left ventricular ejection fraction; and the use of beta-blocker, renin-angiotensin system
blocker, and statin. baPWV, brachial–ankle pulse wave velocity; hs-CRP, high-sensitivity C-reactive protein;
MACE, major adverse cardiovascular events; HR, hazard ratio; CI, confidence interval.

Figure 3. Kaplan–Meier survival curve analyses showing event-free survival rate according to hs-CRP (A) and baPWV (B).
hs-CRP, high-sensitivity C-reactive protein; baPWV, brachial–ankle pulse wave velocity.

Figure 4. Kaplan–Meier survival curve analyses showing event free survival rate according to combination of hs-CRP and
baPWV. hs-CRP, high-sensitivity C-reactive protein; baPWV, brachial-ankle pulse wave velocity.
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Figure 5. Incremental prognostic value of baPWV to clinical factors and hs-CRP. hs-CRP, high-sensitivity C-reactive protein;
baPWV, brachial–ankle pulse wave velocity.

4. Discussion

Our results demonstrated that both increased hs-CRP and baPWV were independently
associated with a higher risk for MACE in consecutive subjects visiting a cardiovascular
center of a general hospital. More importantly, prognostic value was further improved by
using a combination of hs-CRP and baPWV. Also, baPWV provided additional prognostic
value in combination with clinical variables and hs-CRP in predicting MACE. To the best of
our knowledge, this is the first study showing the improved prognostic value in predicting
MACE by combining hs-CRP with baPWV.

4.1. Prognostic Value of CRP

CRP is a protein that increases synthesis in the liver against infection, inflammation,
or tissue damage in our body. The level of CRP in the blood is proportional to the degree
of synthesis in the liver [29]; thus, the blood level of CRP has been used for the diagnosis
and treatment monitoring of infection or inflammatory disease. Due to the fact that
the inflammatory response is deeply involved in the development and progression of
atherosclerosis [4], CRP can also be a marker for atherosclerosis. In particular, inflammatory
reactions in coronary plaques play an important role in plaque ruptures and subsequent
acute atherothrombotic events [30]. There is also evidence that CRP is directly involved
in the pathogenesis of atherothrombosis [31]. Many clinical studies have shown the
association between elevated CRP and poor cardiovascular outcomes [5–9]. In line with
these studies, our study also showed that baseline higher hs-CRP level (≥3 mg/L) was
significantly associated with higher MACE incidences than those with lower hs-CRP level
(<3 mg/L).

4.2. Prognostic Value of baPWV

Although carotid–femoral PWV (cfPWV) is the gold standard method for the non-
invasive assessment of arterial stiffness [32], the clinical usefulness of baPWV, which is
simpler to measure, is increasingly emerging [33,34]. The prognostic value of baPWV in
predicting cardiovascular events has also been identified in many studies [13,17–19]. This
study also showed that higher baPWV levels are independently associated with increased
MACE incidences. The cut-off value of baPWV for predicting CVD has not yet been
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completely elucidated, and different cut-off values have been suggested in a different study
population [18,35,36]. Therefore, we obtained the baPWV level that best predicts MACE in
our study population through ROC curve analysis, and used it for survival analysis. It has
been suggested that the cut-off value of baPWV that predicts future cardiovascular events
depends on the subject’s cardiovascular risk. In subjects with relatively low cardiovascular
risk, such as the general public, the cut-off value of baPWV is around 1500 cm/s, and in
high-risk patients, such as those with coronary artery disease or diabetes mellitus, the
cut-off value of baPWV is 1700–1800 cm/s [34]. Since the subjects of this study were
consecutive subjects visiting the cardiovascular center, the overall cardiovascular risk was
not high, and may be similar to or slightly higher than the general population, so the
proposed cut-off in our study of 1505 cm/s is similar to the results of previous studies.

4.3. Combination of hs-CRP and baPWV

The main concern of our study was whether the ability to predict cardiovascular
risk increases when hs-CRP and baPWV information are combined. Several studies per-
formed by our group have shown incremental prognostic value of baPWV when combined
with other non-invasive tests [23,26]. In the present study, we showed that the combi-
nation of hs-CRP and baPWV more accurately predicted MACE occurrence, and adding
baPWV information to hs-CRP and clinical factors significantly increased prognostic power.
CRP measurement is inexpensive and can be easily performed using venous blood. The
measurement of baPWV is also non-invasive and simple, and it is useful especially for
mass screening [33,34]. Given our findings and the simplicity of hs-CRP and baPWV
measurements, the combination of the two measurements seems cost-effective to predict
cardiovascular risks.

4.4. Study Limitations

Besides its retrospective study design, our study has several limitations. First, it is
possible that a selection bias has occurred because we assessed subjects who performed
both baPWV and hs-CRP measurement within 1 week. Second, many clinical variables
that appear to be associated with the subjects’ cardiovascular risk were corrected in the
multivariate analysis; however, we could not rule out the effects of possible uncorrected
confounders. Lastly, our study population was restricted to Korean subjects, and general-
ization of our results to other ethnic groups is difficult.

5. Conclusions

Predicting cardiovascular risk is very important because early personalized treatment
can improve a subject’s prognosis. Both hs-CRP and baPWV are known to be good
predictors of cardiovascular events. In this study, it was shown that the combination of
hs-CRP and baPWV provided better prediction of future CVD than either one by itself.
Given that both hs-CRP and baPWV tests are easy and inexpensive to measure, taking
the two simple measurements simultaneously is clinically useful for better cardiovascular
risk stratification.
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Abstract: C-reactive protein (CRP) is well-known as a sensitive albeit unspecific biomarker of in-
flammation. In most rheumatic conditions, the level of this evolutionarily highly conserved pattern
recognition molecule conveys reliable information regarding the degree of ongoing inflammation,
driven mainly by interleukin-6. However, the underlying causes of increased CRP levels are nu-
merous, including both infections and malignancies. In addition, low to moderate increases in
CRP predict subsequent cardiovascular events, often occurring years later, in patients with angina
and in healthy individuals. However, autoimmune diseases characterized by the Type I interferon
gene signature (e.g., systemic lupus erythematosus, primary Sjögren’s syndrome and inflammatory
myopathies) represent exceptions to the general rule that the concentrations of CRP correlate with the
extent and severity of inflammation. In fact, adequate levels of CRP can be beneficial in autoimmune
conditions, in that they contribute to efficient clearance of cell remnants and immune complexes
through complement activation/modulation, opsonization and phagocytosis. Furthermore, emerg-
ing data indicate that CRP constitutes an autoantigen in systemic lupus erythematosus. At the same
time, the increased risks of cardiovascular and cerebrovascular diseases in patients diagnosed with
systemic lupus erythematosus and rheumatoid arthritis are well-established, with significant impacts
on quality of life, accrual of organ damage, and premature mortality. This review describes CRP-
mediated biological effects and the regulation of CRP release in relation to aspects of cardiovascular
disease and mechanisms of autoimmunity, with particular focus on systemic lupus erythematosus.

Keywords: acute-phase protein; autoimmunity; cardiovascular risk; C-reactive protein; inflammation;
organ damage; systemic lupus erythematosus

1. Introduction

Although more than 90 years have passed since the discovery of C-reactive protein
(CRP) at The Rockefeller University, our current understanding of CRP is essentially based
on the original observations made by William S. Tillett and Thomas Francis Jr. in the
laboratory of Oswald T. Avery. They found that sera obtained from patients during the
acute phase of pneumococcal pneumonia precipitated with the C-polysaccharide derived
from the cell wall of the pneumococcus, and that this reaction diminished as the patients
recovered [1,2]. This previously unknown C-reactive substance was later found to be a
protein, and thus was named “C-reactive protein” [1,2]. The ligand to which CRP bound
associated with teichoic acid and was identified in the 1970s as phosphorylcholine, which
is abundant on the surfaces of microbes and apoptotic cells [3].
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Today, we know that CRP is a highly conserved and ubiquitous protein in vertebrates
and invertebrates [4]. In humans, CRP is a liver-derived acute-phase protein that consists
of five identical 23-kDa globular subunits arranged in a pentameric structure with a discoid
shape. In addition to the short pentraxins, CRP and serum amyloid P component (SAP),
the pentraxin superfamily contains long pentraxins, i.e., neuronal pentraxin 1 (NPTX1),
neuronal pentraxin 2 (NPTX2), neuronal pentraxin receptor (NPTXR), pentraxin 3 (PTX3),
and pentraxin 4 (PTX4) [5].

The integrity of the native pentameric structure of CRP (pCRP) is dependent upon
the presence of calcium ions. This structure is disrupted irreversibly into monomers
under denaturing conditions, e.g., in an acidic microenvironment. Such CRP monomers
(mCRP) appear to have distinct biological properties, which are often different from those
of pCRP [6]. In addition, mCRP has been shown to act as an autoantigen in systemic lupus
erythematosus (SLE), as well as in certain other diseases [7].

CRP is produced in large quantities by hepatocytes, mainly in response to the pro-
inflammatory cytokine interleukin-6 (IL-6) [8]. The profound clinical interest in CRP arises
from its use as a sensitive biomarker of ongoing bacterial infections, trauma, ischemic
cardiovascular disease (CVD) and other inflammatory conditions, as well as its use as a
crude discriminator of bacterial from viral infections, since bacterial infections typically
yield higher levels of circulating CRP. However, in conditions characterized by the Type I
interferon (IFN) gene signature (e.g., SLE, primary Sjögren’s syndrome and inflammatory
myopathies), CRP appears to be an unreliable marker of inflammation, since the circulating
levels of CRP can be modest—despite the presence of extensive inflammation, as evidenced
by an increased level of IL-6 in the circulation [9,10]. Furthermore, several studies of
cardiovascular and autoimmune diseases have highlighted the importance of the genetic
regulation of CRP [11,12].

In parallel with the discovery that a low-level increase in CRP is a useful risk marker for
cardiovascular events, substantial progress has been made over the last decades concerning
the biological properties and physiological importance of CRP in both health and disease.
This review summarizes recent discoveries related to CRP-mediated biological effects, as
well as to the regulation of CRP release with respect to aspects of CVD and mechanisms of
autoimmunity.

2. CRP as a Biomarker in Rheumatologic Diseases

CRP is the main biomarker of inflammation used in modern healthcare. In most
laboratories in Europe, for routine detection of CRP, the cut-off defining an abnormal level
is set at 5 or 10 mg/L. However, for estimation of CVD risk, a ‘high-sensitivity’ CRP assay
is usually applied [13,14]. At Linköping University Hospital (Sweden), the lower limit of
quantification for this high-sensitivity CRP assay is 0.15 mg/L.

Historically, CRP has not always been the most popular biomarker reflecting inflam-
mation. Several other acute-phase proteins show different concentration pattern changes
in the plasma over time; some of these increase (e.g., serum amyloid A) and some decrease
(e.g., albumin) during the acute-phase response [15,16]. In rheumatology, the erythrocyte
sedimentation rate (ESR), which is a reflector of ongoing inflammation, deserves special
attention. However, whereas the kinetics of ESR is slightly different from that of CRP, it con-
veys different information and can be affected by various factors, such as the erythrocyte
count and fibrinogen and immunoglobulin concentrations.

In the newest set of classification criteria for rheumatoid arthritis (RA), ‘abnormal
CRP and/or ESR’ is regarded as a separate item together with joint involvement, presence
of autoantibodies and duration of symptoms [17]. CRP levels >10 mg/L are frequently
seen in untreated patients with recent-onset RA. Other types of arthritis show different
tendencies to display abnormal CRP levels. During an attack of gout, the concentration
of CRP can become impressively high, often arousing a suspicion of septic arthritis. In
spondylo-arthritides, such as psoriatic arthritis (PsoA), high CRP levels are usually less
common, although patients with involvement of large joints may constitute exceptions
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to this. Consequently, abnormal levels of acute-phase proteins were not included in the
classification criteria for PsoA [18].

In giant cell arteritis (GCA), unexplained high levels of CRP and ESR, accompanied
by unspecific symptoms such as weight-loss and headache, may lead to a correct diag-
nosis [19]. GCA may present with or without proximal muscular pain, referred to as
polymyalgia rheumatica (PMR). Besides muscular involvement, the 2012 classification
criteria for PMR require both age ≥50 years and abnormal CRP and/or ESR levels [20].
In cases of anti-neutrophil cytoplasm antibody (ANCA)-associated vasculitis, high levels
of CRP elevation are almost ubiquitous and appear to be associated with a higher risk of
renal involvement [21].

While CRP levels usually parallel disease activity in inflammatory states, it is widely
accepted that CRP is an unreliable biomarker in active SLE. Still, substantial CRP responses
are observed in subsets of patients with SLE with certain manifestations (e.g., serositis
and polyarthritis) [10,22]. In similarity to trivial viral infections, wherein the CRP levels
typically remain low, SLE may manifest as oral ulcers, pleuritis/pericarditis and leukopenia,
all of which commonly affect patients with viral infections. Another feature shared by viral
infections and systemic inflammatory conditions, such as SLE, primary Sjögren’s syndrome
and inflammatory myopathies, is the activation of the Type I interferon system [23,24]. This
will be discussed in depth below (Section 5).

Although CRP is a valuable biomarker in the clinical management of several rheumatic
conditions, it must always be interpreted with caution and in the context of the symptoms
presented by the patient. Several of the immunosuppressive agents used in rheumatology
render the patients more prone to infections; this is particularly true for high doses of
corticosteroids [25]. The risks for malignancies and paraneoplastic syndromes, which
mimic rheumatic diseases, are important to consider, especially as the risks for certain
cancers are increased in patients with rheumatic diseases [26,27]. Finally, some of the
immunosuppressive drugs in use today directly affect the ability of the hepatocytes to
produce adequate levels of CRP. The most obvious examples of this are the IL-6 receptor
inhibitors tocilizumab and sarilumab, which are mainly used in cases of RA, systemic
juvenile idiopathic arthritis and GCA [28]. Moreover, IL-6 signaling (and consequently
CRP) may also be significantly negatively affected in patients who are receiving Janus
kinase inhibitors and high doses of corticosteroids.

3. CRP as a Biomarker Indicating Increased Risks of Cerebrovascular and
Cardiovascular Diseases

Based on the results of several prospective epidemiologic studies, CRP has emerged
as one of the most powerful predictors of CVD in the general population [29]. In the ‘Frag-
min during Instability in Coronary Artery Disease’ (FRISC) trial, which included almost
1000 patients with unstable coronary artery disease, the CRP levels were strongly associated
with long-term risk of death from cardiac causes, independently of other established risk
factors (i.e., hypertension, smoking, diabetes, dyslipidemia) [14]. Furthermore, CRP has
been shown to contribute to several stages of atherogenesis, such as endothelial dysfunc-
tion, atherosclerotic plaque formation, plaque maturation, and plaque destabilization and
eventual rupture [30].

Patients with RA, as well as those with SLE, have increased mortality compared
to the general population [31,32]. Increased mortality from CVD has been reported in
epidemiologic studies that have focused on RA [33]. In similarity to RA, the risk of CVD-
related death is increased in SLE [31,34].

In prospective studies, the incidence rates of myocardial infarction and stroke in
patients with SLE have been found to be high. The relative risk of myocardial infarction
or stroke compared to the normal population is approximately 2–3 [35–37]. The highest
relative risks have been reported for premenopausal women (8–50-fold higher risk), early
in the course of SLE (<1 year after diagnosis, risk increased 4–10-fold), and in patients
with renal involvement (4–18-fold higher risk) [38–40]. Other studies have focused on
examining the incidence of CVD in patients with SLE compared to the expected CVD
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incidence, based on the presence of traditional risk factors. Even here, the incidence of
CVD has been found to be considerably higher than expected [41,42]. In addition, risk
of mortality post-myocardial infarction seems to be higher in patients with SLE than in
the normal population, at least in the short term, while the long-term risk of mortality
post-stroke is also increased [43,44].

Approximately 30% of patients with SLE display antiphospholipid antibodies (at least
one of the following: anticardiolipin or anti-β2-glycoprotein-I antibodies, or a positive
lupus anticoagulant test) and about 15–20% suffer from antiphospholipid syndrome (APS),
which is characterized by an increased risk of thromboembolic disease and/or pregnancy
morbidity. Ischemic stroke is the most common arterial manifestation of APS, while
myocardial infarction is less common [45].

Whereas some studies have focused on CRP levels as a risk factor for future cardio-
vascular events in RA, studies of CRP levels in patients with SLE in relation to risks of
CVD or stroke are scarce [46–49]. Statin therapy is likely to be safe and seems to result in
significant reduction of plasma CRP concentrations in patients with SLE [50]. For patients
with SLE, the Systemic Lupus International Collaborating Clinics/American College of
Rheumatology (SLICC/ACR) Damage Index (SDI) constitutes a validated instrument to
assess irreversible organ damage, including myocardial infarction and stroke [51]. We
identified two studies in which CRP levels were analyzed in relation to accrual of damage.
In the Hopkins Lupus cohort, Lee et al. showed that serum CRP levels (measured with
the high-sensitivity technique) were independently associated with the total SDI score,
although not specifically for myocardial infarction or stroke [52]. Our group has reported a
similar association between CRP and global SDI [53]. Furthermore, in the SLICC cohort, we
evaluated whether CRP could be predictive in terms of future damage accrual but obtained
negative results [54].

4. Immunoregulatory Functions of CRP and other Pentraxins in SLE

The high accumulation of apoptotic cell debris and the formation of antinuclear
antibodies (ANA), together with dysfunctional elimination of immune complexes are
all key features of SLE pathogenesis [55]. In this context, it is of particular interest that
CRP immune function can be viewed as a less specific albeit rapidly produced innate
ancestor version of the phylogenetically more recent antibodies of adaptive immunity [56].
CRP is a pattern-recognition molecule of the innate immune system, and its binding to
ligands such as surface-exposed phosphorylcholine on, for example, cellular debris can
mediate direct prophagocytotic opsonization [57] and interactions with immunoglobulin
receptors (Fc receptors) [56], as well as trigger ‘classical’ complement activation [58]. The
latter promotes additional opsonization through subsequent covalent surface-binding of
activated complement proteins.

Immune complex clearance is generally supported by efficient classical complement
activation, and SLE pathogenesis is indeed intimately related to this activation pathway.
Although homozygous complement deficiencies are extremely rare, they tell us a great
deal about the normal physiological activities of the complement system in humans [59].
Homozygous genetic deficiencies in the initial proteins of the classical complement pathway
(C1 proteins) are linked to a very high risk of developing SLE [60], and single nucleotide
polymorphisms of the CRP gene are associated with ANA formation and SLE, possibly via
the lowering of CRP levels [12].

In vertebrates, surface binding via the recognition face of the CRP molecule activates
the calcium-dependent classical arm of the complement cascade by binding complement
protein 1q (C1q) via its effector face [61,62]. C1q binding to the mCRP isoform has been
demonstrated [63], and mCRP is capable of supporting complement-dependent phagocyto-
sis and the oxidative burst in phagocytes [64]. Unlike immunoglobulin G-triggered classical
activation, CRP-mediated initiation of the classical route typically does not proceed to the
membrane-attack complex-forming ‘terminal’ stage of complement activation [65]. This
is most likely due to direct interactions of CRP with inhibitory complement regulators.
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It is well-established that CRP can bind to the soluble complement inhibitor factor H
without compromising its inhibitory function, thereby limiting the continued activation
of complement via the convertases, by accelerating their decay [66–69] and by serving as
co-factor for Factor I in cleaving surface-bound C3b [70,71]. In addition, surface-bound
mCRP can bind Factor H and, thereby, modulate complement activation [72]. Anti-C1q
autoantibodies are frequently detected in lupus nephritis (LN) [73,74] and it is possible
that autoantibodies targeting other proteins linked to classical complement activation,
e.g., CRP, could affect the complement-mediated clearance of cellular debris [75,76]. CRP
(and/or PTX3), complement, and immunoglobulins may co-localize with electron-dense
deposits in glomerular LN [77,78]. Furthermore, it is possible that pre-immunization with
pentraxins, leading to the triggering of anti-PTX3 antibody development, prevents pro-
gression to LN [77]. Anti-CRP antibodies appear to target mainly the motifs of mCRP
(further described in Section 7) and are typically associated with LN. The mCRP amino
acids 35–47 have been reported to represent an autoantibody target motif that is especially
prone to anti-CRP binding in LN. From the complement-immunomodulatory point-of-view,
it is interesting to note that this epitope also facilitates factor H binding and activity—which
could be reversed by anti-CRP antibodies [79]. In accordance with this, factor H levels
are low in LN and factor H dysregulation and polymorphisms are associated with active
nephritis [80,81]. Other members of the factor H family, i.e., factor H-related Proteins 1 and
5, have recently been shown to be capable of binding DNA and subsequently recruiting
mCRP and enhancing complement activation [82]. In addition, factor H-related Protein
4 has been reported to bind pCRP [83,84].

Ligand-bound CRP on necrotic cells and/or otherwise immobilized CRP can recruit
the classical pathway inhibitor C4-binding protein (C4bp) while retaining the complement-
inhibitory activity of C4bp [85,86]. It is possible that this C4bp–CRP interaction limits
CRP–C1q binding [85,86], and thereby subsequent classical activation. Classical comple-
ment activation triggered by ligand-bound CRP may be downregulated during substantial
increases in the concentrations of CRP, presumably through humoral CRP–C1q consump-
tion [63,87]. This could also be of pathophysiologic relevance in SLE, where the CRP
levels can be low despite active inflammation. Related to the now well-established role
of collectins in the ‘lectin’ activation pathway of complement, a potential role of CRP
in conveying C1q-dependent complement activation by collectin Placenta 1 has been
reported [88]. This is a topic that would be interesting to pursue further in relation to
autoimmune diseases.

In similarity to IgG, surface-bound CRP (and other pentraxins) can bind directly
to all Fcγ-receptors [89], potentially activating phagocytes and facilitating elimination
via phagocytosis, which is highly relevant for waste disposal mechanisms. The low-
affinity FcγRIIa (CD32) has emerged as the primary functional CRP receptor [56,89–91].
However, unlike IgG, the CRP–FcγRIIa interaction depends on the R allele of the receptor
polymorphism at amino acid 131 [92]. Since SLE pathogenesis is linked to immune complex-
induced production of IFN-α by plasmacytoid dendritic cells, it is highly interesting to note
that FcγRIIa also mediates the initial internalization of immune complexes that prompts
intracellular TLR activation and activation of IFN-α [93]. Considering the protective effects
of CRP seen in animal models of lupus, it is tempting to speculate that CRP acts as a
modulator of IFN-α production by altering the immune complex handling by plasma-
cytoid dendritic cells. Accordingly, Mold and Du Clos reported that CRP indeed inhibits
such immune complex-triggered activation of IFN-α, although the mechanism appeared
to involve instead the endosomal processing of immune complexes [94]. Additional
mechanistic studies on the CRP-mediated downregulation of immune complex-triggered
IFN-α in SLE are highly warranted. Another intriguing finding that merits further attention
is the potentially immunomodulatory effect of the CRP interaction with FcαRI, the IgA
receptor [95].
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5. Regulation of CRP Synthesis in SLE

Hepatocytes are considered the major source of CRP, although extrahepatic syntheses
have been reported [96–100]. The CRP gene is located on chromosome 1q23.2 and hepatic
production of CRP is mainly regulated at the transcriptional level, with IL-6 and IL-1β
being the most important inducers [101,102]. IL-6 signaling in hepatocytes mediates the
activation and CRP promoter-binding of signal inducer and activator of transcription
3 (STAT3) [102] and the CCAAT/enhancer binding protein β (C/EBPβ) [101,103]. In
hepatic cell lines, the addition of IL-1β and subsequent NF-κB activation are usually
required for CRP transcription, whereas in primary hepatocytes, IL-6 is sufficient for CRP
production [101,104,105].

Although CRP is generally an excellent biomarker of inflammation and tissue damage
due to its massive increase in level upon IL-6 induction, it is not useful in all inflammatory
conditions. SLE represents an exception, in that the CRP levels rarely mirror the disease
activity [15,106]. Inflammatory myopathies, primary Sjögren’s syndrome and systemic
sclerosis are other diseases for which CRP is considered an unreliable marker for monitoring
disease activity [107]. In addition, viral infections rarely exhibit a substantial rise in CRP
levels [108].

The above-mentioned conditions all have in common the activation of Type I IFNs.
The most widely studied Type I IFN is IFN-α, which comprises 12 subtypes. Apart from
having a physiologic function in defense against viruses, IFN-α induces and maintains
autoimmune pathology through facilitation of autoantibody production and many other
functions, as reviewed elsewhere [109]. Receptors for Type I IFNs (IFN-α /β receptor;
IFNAR) are ubiquitously expressed and mediate the activation of different STAT het-
erodimers and homodimers for the activation of antiviral, inflammatory and regulatory
gene expression [110]. Already in 2008, Type I IFNs were highlighted as potential inhibitors
of CRP production via their activation of STAT1, so as to counteract the STAT3 effects,
and/or the activation of an inhibitory isoform of C/EBPβ [10]. Later, an inhibitory effect of
IFN-α (all subtypes) on CRP transcription and production was indeed shown in a hepatic
cell line and in primary hepatocytes, respectively [104]. Further in vivo studies of CRP
levels and IFN-α levels in patients with SLE have lent support to the notion of a regula-
tory role for IFN-α in CRP production [54,111], although the exact intracellular pathways
remain unknown.

Polymorphisms of the CRP gene have been linked to differences in basal CRP levels
and the risk of SLE and/or cardiovascular events [12,112–114]. One of these polymor-
phisms, rs1205, has been studied together with IL-6 and IFN-α with respect to the impact
of these potential regulators of CRP levels in SLE, revealing lower CRP levels in patients
with IFNα activation and/or the CRP-lowering polymorphism rs1205 (Figure 1). Thus, the
relative lack of CRP response seen in viral infections and Type I IFN-driven autoimmune
diseases can be attributed to an IFN-α-dependent downregulation of CRP transcription,
as well as CRP gene polymorphisms, which are over-represented among patients with
SLE [111,115].
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Figure 1. Differences in C-reactive protein (CRP) levels among patients with systemic lupus erythematosus (SLE) stratified
based on the presence of detectable interleukin 6 (IL-6) levels, Type I interferon (IFN) gene signature, and CRP-lowering
gene polymorphism (rs1205), respectively. All patients had a low disease activity but could be serologically active at
sampling. Bars indicate median values. Dots represent individual values. Data shown in the figure were adopted from
Enocsson et al. [115], with permission from Frontiers Media, 2021 (Creative Commons Attribution licence, version 4.0).

6. Structural Isoforms of CRP with Distinctive Biologic Effects

As mentioned above, pCRP can under certain conditions dissociate irreversibly into
the monomeric form (mCRP), which displays distinctly different conformational character-
istics and antigenic epitopes [116,117]. Emerging data implicate mCRP as the main CRP
isoform that regulates local inflammatory processes [118–120]. Furthermore, mCRP may
bind to IgG-containing immune complexes and facilitate silent Fc receptor-mediated re-
moval via the reticuloendothelial system and complement deficiencies may result immune
complex deposition outside the reticuloendothelial system [121,122].

Cell death occurs during inflammation, and the damaged cell membrane in apop-
tosis or necrosis is the main target of CRP recognition [4]. Using electron microscopy,
the detection of new epitopes of the antigen, and immunofluorescence colocalization, Ji
et al. have shown that the binding of CRP to the damaged cell membrane induces rapid
transformation to mCRP, and that this dissociation process is accompanied by significant
enhancement of complement activation and cellular stimulation capacity [118]. Eisenhardt
et al. obtained similar results with activated platelet membranes [123]. In addition, in-
flammatory conditions such as moderate acidification and oxidative stress also promote
conformational switching from pCRP to mCRP.

During acute inflammatory cardiovascular events, such as thrombosis and myocardial
infarction, the CRP levels increase rapidly, while activated platelets in blood vessels or cell
necrosis caused by hypoxia in the heart provide abundant damaged membrane ligands for
CRP dissociation, which leads to the accumulation of a large amount of ’active’ mCRP in
the lesions within a short period of time [118,124]. This results in the excessive activation
of neutrophils, platelets, monocytes and complement, thereby exacerbating the inflamma-
tion [118,123,125–130]. Furthermore, the conversion of pCRP to mCRP has been observed
on microparticles in the blood obtained from patients who suffered myocardial infarctions,
as well as on beta-amyloid plaques [131,132]. This process indicates a physiologic mecha-
nism of CRP isomerization that is driven by the inflammatory microenvironment and, at
the same time, supports the concept of mCRP occurring as a natural isomer of CRP and
being involved in regulating inflammatory processes [120,133].

Most of the abovementioned dissociation scenarios for generating mCRP are specifi-
cally linked to inflammation. Thus, it is plausible that mCRP is generated predominately
within the inflamed local tissue. Based on the strong proinflammatory activities of mCRP,
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we propose that, in addition to being an activating mechanism, the conversion of pCRP
to mCRP serves as a buffering mechanism that localizes the proinflammatory actions to
the site of the inflammation [118]. This mechanism could protect the body from systemic
challenge in response to increased circulating levels of pCRP. It is worth noting that the
bioactivities of mCRP largely overlap with, and occasionally exceed, those previously
ascribed to pCRP. These bioactivities of mCRP include the activation of complement and
the stimulation of endothelial cells, neutrophils and platelets, as well as its binding to lig-
ands, e.g., LDL, C1q and factor H [63,72,85,126,128,134–143]. This raises the possibility that
some of the reported actions of pCRP originate from mCRP formed during the purification
process and/or storage.

The allosteric switch from pCRP, as a marker of inflammation, to functional mCRP
that actually participates in the inflammatory process, enables this acute-phase protein
to play active roles in a controlled manner under different pathophysiologic conditions.
Thus, CRP can be regarded as a potential fine tuner of inflammation. Although there have
been long-term debates about the biological significance of mCRP, recent studies have
revealed the pathway of mCRP production, the regulatory effects of mCRP on innate and
adaptive humoral immunity and inflammatory processes, and the presence of mCRP in
focal tissues [63,118,123,126,128,134–138,142,144,145].

Interfering with the dissociation of CRP and the way in which mCRP exerts its biologic
functions are candidate pathways towards designing treatment strategies for CVD. Since
the specific contribution of mCRP depends on the inflammatory microenvironment, a
clear understanding of the molecular mechanisms that act in different pathophysiologic
conditions is a prerequisite for the design and selection of appropriate interventions.
Several important issues remain to be resolved: (1) how to establish either direct or indirect
detection methods that use mCRP as a disease marker; (2) how to establish an association
between mCRP and disease processes; (3) how to describe the short-and long-term response
profiles of different cell types to mCRP in a systematic way; and (4) identification of the
receptor (s) that mediate the downstream effects of mCRP in lipid rafts.

7. Autoantibodies Directed against CRP in SLE and Related Conditions

Already in the mid-1980s, the presence of autoantibodies against CRP was described
and linked to the debilitated ability of CRP to solubilize chromatin in a patient with
SLE [146]. Subsequently, Bell et al. reported a high frequency of IgG antibodies to cryptic
epitopes of CRP, first in patients suffering from the ‘autoimmune-like’ toxic oil syndrome
and thereafter in patients with SLE [147,148]. Similarly, we have shown a prevalence of
anti-CRP antibodies of approximately 40% in patients with SLE, with a distinct positive
correlation between antibody occurrence/concentration and disease activity.

In our first study, we demonstrated that some patients with SLE were anti-CRP
antibody positive on one occasion but negative on another occasion [149]. In succeeding
investigations, we analyzed the antibody levels in consecutive samples from 10 well-charac-
terized patients with SLE and showed that the levels of anti-CRP antibodies paralleled
the clinical disease activity, usually with high levels of these antibodies appearing during
disease flares [150]. In total, 70% of the patients were positive for anti-CRP antibodies on at
least one occasion, and the levels correlated with disease activity assessed using the SLE
disease activity index (SLEDAI).

Our findings were essentially confirmed by Rosenau and Schur, who demonstrated
the presence of antibodies against CRP in the sera obtained from patients with different
rheumatologic conditions, including SLE, where they observed an autoantibody frequency
of 23% [151]. However, in our hands, sera from patients with RA or inflammatory bowel
disease have consistently been negative in the anti-CRP assay, whereas a few additional
patients with primary Sjögren’s syndrome and chronic hepatitis C infection tested posi-
tive [149,152]. Others have found anti-CRP antibodies in patients with tubulointerstitial
nephritis and uveitis (TINU) syndrome [153]. Furthermore, Figueredo et al. have demon-
strated the presence of anti-CRP antibodies in patients with SLE with or without APS;
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the anti-CRP-positive cases with SLE had lower C3 levels and were more likely to have
anti-dsDNA and anticardiolipin antibodies as compared to the anti-CRP antibody-negative
individuals. In addition, the frequency of LN was higher among the anti-CRP antibody
positive SLE cases [154]. The biological properties of anti-CRP antibodies have also been
investigated. Janko et al. demonstrated that anti-CRP—as well as anti-dsDNA-antibodies
bind to apoptotic materials and, via clearance by macrophages, induce a pro-inflammatory
cytokine response [75].

More recently, a large longitudinal study from Europe identified the presence of
anti-CRP antibodies at the onset of LN as a strong risk factor for a composite outcome
of non-response, renal flare, and end-stage renal disease after 2 years of standard LN
treatment [155]. Analyses of the antigen specificity of the anti-CRP assay have revealed
that autoantibodies to CRP in SLE are directed towards hidden epitopes, or neo-epitopes,
of CRP (e.g., mCRP), and that immune complexes isolated from SLE sera do not induce
false positive anti-CRP antibody test results [79,156,157]. Thus, in similarity to anti-C1q
antibodies in SLE, reacting exclusively with an epitope that is exposed on structurally
modified C1q [59,158], anti-CRP antibodies bind to mCRP on cells, as well as on tissues
and in solution [76].

8. Conclusions

Even though almost a century has passed since the discovery of CRP, the biological
effects of this highly conserved molecule are still poorly understood. Nonetheless, emerging
data highlight the importance of structural isoforms of CRP and their associations with the
complement system and CVD. As summarized in Figure 2, CRP plays a complex role in
SLE—a disease in which CRP, in contrast to most other rheumatic conditions, constitutes
an unreliable biomarker of inflammation. Recent data indicate that the combined effects
of genetics and the Type I IFN signature are responsible for the dissociated correlation
between CRP and IL-6 levels in patients with SLE. Given the potential activities of CRP in
facilitating the removal of apoptotic debris and immune complexes, this may be of high
relevance in terms of driving LN and the accrual of organ damage in SLE.

Figure 2. Immunoregulatory effects of pentameric C-reactive protein (pCRP) and monomeric CRP (mCRP) in the context
of systemic lupus erythematosus (SLE) and cardiovascular disease. Dissociation of pCRP to mCRP will take place in
inflammatory conditions and at cell surfaces and results in local immunoregulatory effects. The biological properties of
mCRP partly overlaps the pCRP effects but is generally ascribed a more active and proinflammatory profile. CRP binds to
and opsonizes dying cells and cell remnants, which facilitates phagocytosis via Fc-receptor binding. Furthermore, CRP
activates classical complement activation via its binding to C1q, resulting in increased opsonization by C3b. Recruitment of
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Factor H will however limit progression of the complement cascade to membrane attack complex formation. Increased
levels of CRP can therefore contribute to efficient clearance of potential autoantigens and thus, be beneficial in autoimmune
conditions. The ability of CRP to facilitate immune complex elimination further implies a protective role of CRP in
autoimmune diseases. However, increased Type I IFN activity, frequently observed in patients with SLE, inhibits CRP
production, which theoretically could increase the autoantigen burden and disease activity. Proatherogenic and protrombotic
effects of CRP are attributed to its stimulation of endothelial cells, neutrophils and platelets.
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Abstract: Systemic lupus erythematosus (SLE) patients have a higher frequency of cardiovascular risk
factors such as high C-reactive protein (CRP) levels than the general population. CRP is considered
a cardiovascular disease marker that could be related to SLE clinical disease activity. This study
aimed to assess the association between CRP with cardiometabolic risk and clinical disease activity
in SLE patients. A comparative cross-sectional study was conducted in 176 female SLE patients
and 175 control subjects (CS) with median ages of 38 and 33 years, respectively; SLE patients were
classified by the 1997 SLE-ACR criteria, and the clinical disease activity by the Mexican-SLEDAI
(Mex-SLEDAI). CRP and lipid profile (triglycerides, cholesterol, HDL-C, and LDL-C) were quantified
by turbidimetry and colorimetric-enzymatic assays, respectively. SLE patients had higher CRP
levels than CS (SLE: 5 mg/L vs. CS = 1.1 mg/L; p < 0.001). In SLE patients, CRP levels ≥ 3 mg/L
were associated with a higher risk of cardiometabolic risk status assessed by LAP index (OR = 3.01;
IC: 1.04–8.7; p = 0.04), triglycerides/HDL-C index (OR = 5.2; IC: 2.1–12.8; p < 0.001), Kannel index
(OR = 3.1; IC: 1.1–8.1; p = 0.03), Castelli index (OR = 6.6; IC: 2.5–17.8; p < 0.001), and high clinical
disease activity (OR = 2.5: IC: 1.03–6.2; p = 0.04; and β coefficient = 5.8; IC: 2.5–9.4; R2 = 0.15; p = 0.001).
In conclusion, high CRP levels were associated with high cardiometabolic risk and clinical disease
activity in SLE patients.

Keywords: C-reactive protein; cardiovascular risk; systemic lupus erythematosus; clinical activity;
lipid profile; body composition

1. Introduction

Systemic lupus erythematosus (SLE) is a prototypical chronic autoimmune inflam-
matory disease characterized by the production of autoantibodies against self-antigens
such as deoxyribonucleic acid (DNA), proteins, and nucleosomes [1], where genetic, en-
vironmental, and hormonal factors are involved. However, the exact mechanism of its
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pathogenesis remains unknown [2]. The breakdown of self-tolerance and the altered innate
responses against self-antigen induce antibody production, leading to the deposition of
immune complexes in tissues and complement activation. These aberrant mechanisms are
considered to be responsible for the clinical manifestations in SLE patients [2].

In SLE, mortality presents a bimodal pattern, with an initial peak due to clinical disease
activity and a late peak attributable to the development of cardiovascular disorders [3].
Cardiovascular disease (CVD) is one of the major causes of morbidity and mortality in
SLE; it is related to traditional CVD risk factors such as dyslipidemia, obesity, and smoking.
Additionally, non-traditional risk factors derived from the SLE pathophysiology, such as
the glucocorticoid treatment, and inflammatory mediators such as type 1 interferons (IFN),
tumor necrosis factor-alpha (TNF-α), and C-reactive protein (CRP) are involved in CVD
development [4–6].

CRP, a liver-derived acute-phase protein produced by hepatocytes mainly in response
to the inflammatory cytokine interleukin 6 (IL-6), is considered a sensitive biomarker of
bacterial infections, cardiovascular events, and inflammatory conditions [7]. The physio-
logical functions of CRP are to increase phagocytosis and activate the classical pathway of
the complement, which supports complex immune clearance. In healthy individuals, CRP
circulates at low concentrations; its levels increase considerably in response to infection,
tissue injury, and inflammation [8]. CRP has been suggested as a powerful predictor of
CVD independent of other factors in the general population. It has a relevant role in
atherosclerotic plaque formation, maturation, destabilization, and rupture; therefore, CRP
is described as a predictor for arterial thrombotic events and tissue damage [7,8]. Recently,
CRP apheresis has been suggested as an alternative translational therapy to reduce CRP
levels and tissue damage, using a phosphocholine-derivative matrix as a ligand for CRP,
which could be useful to selectively deplete CRP from blood plasma in patients recovering
from acute myocardial infarction [9], and other inflammatory conditions such as SLE.

Concerning the pathogenic role of CRP in autoimmune diseases, it has been reported
that SLE patients could have higher CRP serum levels compared to healthy controls [10],
and the CRP serum levels correlate with traditional cardiovascular risk factors such as
dyslipidemia, obesity, and glucose disturbances, which could be associated with a negative
impact on robust outcomes such as damage, disease activity, and survival in SLE [11].

However, CRP’s role in active SLE is still complex and controversial, some studies
have reported that CRP levels are normal or modestly elevated in active SLE, and that there
is no relationship between CRP levels and clinical disease activity [12,13]. Nevertheless,
it is widely described that in active SLE patients there is an increase in inflammatory
cytokines such as IL-6, which could directly drive the CRP serum levels, suggesting a
potential relationship between the increase in IL-6 in the active SLE and higher CRP serum
levels [7]. Previous studies have described that CRP serum levels correlate with clinical
disease activity when evaluated by the SLEDAI-2K index, where it is proposed that CRP
levels could reflect the clinical disease activity in SLE [11]. Notably, SLE patients have
high cardiometabolic risk, which has been related to a high clinical disease activity [14].
Therefore, based on these previous findings, our study aimed to assess the association of
CRP levels with cardiometabolic risk and clinical disease activity in SLE patients.

2. Materials and Methods

2.1. Subjects

We performed a comparative cross-sectional study on 176 female SLE patients from an
unrelated Mexican Mestizo population, classified according to the 1997 American College
of Rheumatology (ACR) criteria for SLE [15], recruited in 2017–2020 from the Rheumatology
Department of the Hospital Civil Fray Antonio Alcalde, Guadalajara, Jalisco, Mexico.

The Mexican-Systemic Lupus Erythematosus-Disease Activity Index (Mex-SLEDAI)
was used to evaluate clinical disease activity [16]. The SLE participants were without
a previous diagnosis of CVD, no recent infections, trauma, surgery, pregnancy, or other
autoimmune systemic conditions not related to the SLE.
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The control group was 175 women recruited from the same geographical area. These
control subjects (CS) did not have any recent infections, trauma, surgery, pregnancy, or
autoimmune conditions; also, they did not refer family history of autoimmune diseases.

2.2. Ethical Considerations

This study was approved by the Research Ethical Committee of the University of
Guadalajara (CI-05018 CUCS-UdeG), based on the international ethical guidelines. All the
participants gave written informed consent for their participation.

2.3. Anthropometric Evaluation and Their Definitions

The anthropometric evaluation involved measurements of weight, fat mass, and
muscle mass, which were determined in the morning through the bioimpedance analysis
prediction method (TANITA® Ironman™ body composition Monitor BC-549, Arlington
Heights, IL, USA), and height was measured to the nearest 0.1 cm using a stadiometer
(Seca, Hamburg, Germany). Waist and hip circumferences were measured twice using
a flexible metal tape with an accuracy of ±0.1 cm (Lufkin® executive thinline W606ME,
Missouri City, TX, USA), with the subject standing with feet together and arms crossed.
Waist circumference was measured at the midpoint between the costal margin and iliac
crest in the mid-axillary line in standing position at the end of a gentle expiration, and a
hip circumference measurement was taken around the widest portion of the buttocks [17].

From these measurements, body mass index (BMI) was calculated (BMI = weight,
kg/height2, m2) according to the NOM-043-SSA2-2012-MEX based on World Health Orga-
nization (WHO) criteria [18]. The waist to hip ratio (WHR) was calculated (WHR = waist
circumference, cm /hip circumference, cm) and classified to assess the distribution of
abdominal fat in gynecoid (<0.85) or android (≥0.85); waist circumference was classified as
high risk (≥80 cm) or low risk (<80 cm) for metabolic complications; the Waist to height ra-
tio (WHtR) was calculated (WHtR = waist, cm/height, cm) and a score ≥ 0.5 was classified
as a risk for metabolic abnormalities, according to the WHO cutoff values [18–20].

2.4. Hs-CRP Quantification

The quantification of CRP was determined using a high-sensitivity turbidimetric
latex immunoassay with the high sensitivity CRP (hs-CRP) kit (COD 31927, BioSystems®,
Barcelona, Spain); the detection limit of the assay was 0.06 mg/L, and the measurement
interval was 0.06–15 mg/L.

2.5. Biochemical Measurements

Blood serum was taken from the participants after an overnight fast of 12 h; glucose
and lipid profiles (triglycerides, total cholesterol, HDL-C, and LDL-C) were determined
using a piece of semi-automated equipment (Mindray-BS-240 Clinical Chemistry Analyzer,
Shenzhen, China) and colorimetric enzymatic assays (BioSystems® kits, Barcelona, Spain).

2.6. Biochemical and Cardiometabolic Criteria Definitions

To evaluate the CVD risk, we applied cut-points for CRP levels at low risk (<1.0 mg/L),
average risk (≥1.0 to <3.0 mg/L), and high risk (≥3.0 mg/L) based on the criteria of the
Centers for Disease Control and Prevention and the American Heart Association [21].
Cardiometabolic indexes were calculated and interpreted according to formulas described
in detail in a previous study by Campos-López et al. [14]: (a) Castelli index classified as
low (<4.5), moderate (≥4.5 to <7.0) and high (≥7.0) CVD risk; (b) Kannel index classified as
low (<3) and high (≥3) CVD risk; (c) TG/HDL-C ratio classified as elevated a score ≥3 [22];
(d) cardiometabolic index (CMI score) [20] classified by tertiles (T): T1st (minimum value
to <0.6069) of low CVD risk, T2nd (≥0.6069 to <1.188) and T3rd (≥1.188 to maximum
value), these last two considered as medium and high CVD risk, respectively; (e) lipid
accumulation products (LAP score) [23] were classified as: (T): T1st (minimum value to
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<10.74) of low CVD risk, T2nd (≥10.74 to <31.06) and T3rd (≥31.06 to maximum value),
these last two were considered as medium and high CVD risk, respectively.

2.7. Statistical Analysis

The statistical analyses were performed with the software STATA v 9.2 (College
Station, TX, USA) and GraphPad Prism v 5.0 (San Diego, CA, USA). The statistical power
was evaluated according to the calculation of sample size, performed with an estimated
error margin of 2% with a confidence degree of 95%, and expected prevalence of 60%
for dyslipidemia after three years of disease evolution time in SLE patients reported in
previous studies [7,8]. The normal variable distribution was assessed by the Shapiro–Wilk
test. For descriptive analysis, categorical variables are expressed as frequencies; continuous
variables with nonparametric variables are expressed as medians and percentiles 5th–95th.

For inferential analysis, the Fisher χ2 test was used to compare proportions. Mann–
Whitney U test was used for nonparametric quantitative determinations of two groups, and
for nonparametric quantitative determinations of three groups, Kruskal–Wallis test was
applied. The discriminative capacity of CRP to differentiate between SLE patients vs. CS,
and active vs. inactive SLE patients was calculated using a receiver operator characteristic
(ROC) curve, and the area under the curve (AUC) from the receiver operating characteristic
was calculated. To determine the correlations between CRP with cardiometabolic variables
and clinical disease activity, we used Spearman correlation tests. The associations of CRP
with cardiometabolic indexes and the clinical disease activity were determined by logistic
regression models to estimate odds ratios, and by linear regression models to estimate
β coefficients, using adjusted models. The differences were considered significant at a
p value < 0.05.

3. Results

3.1. General Characteristics in SLE Patients and CS

A total of 176 female SLE patients with a median age of 38 years were evaluated. They
presented a median of clinical disease activity of 0 (remission), 44% were active patients,
and 56% were in remission; 33% of the patients had renal activity, and the median of disease
duration was of 7 years. As a reference control group representative of the same population,
a total of 175 CS women with a median age of 33 years were evaluated. SLE patients had
higher weights (SLE = 67 vs. CS = 61.2 kg; p < 0.001) than CS and presented a circumference
waist > 80 cm (SLE = 84 vs. CS = 76.7 cm; p < 0.001) classified as cardiovascular risk;
additionally, SLE patients had a BMI > 25 kg/m2 classified as overweight (SLE = 26.9 vs.
23.6 kg/m2; p < 0.001), while CS had an adequate weight according to BMI. SLE patients, in
addition, had higher WHR scores (SLE = 0.52 vs. CS = 0.47; p < 0.001) than CS. Regarding
biochemical variables, SLE patients had higher levels of triglycerides (SLE = 117.2 vs.
CS = 76 mg/dL); p < 0.001), and lower levels of HDL-C (SLE = 33.7 vs. CS = 50.9 mg/dL;
p < 0.001), regarding the cardiometabolic indexes. SLE patients presented a higher score
with regard to the Castelli atherogenic index (SLE = 4.8 vs. CS = 3.3; p < 0.001), Kannel
index (SLE = 2.4 vs. CS = 1.8; p < 0.001), triglycerides/HDL-C ratio (SLE = 3.6 vs. CS = 1.4;
p < 0.001), CMI score (SLE = 1.19 vs. CS = 0.7; p < 0.001), and LAP score (SLE = 29 vs.
CS = 15; p < 0.001) than CS (Table 1). Concerning the SLE treatment, 52.5% of the patients
received prednisone treatment with a median dose of 10 mg/day, 46% used chloroquine
(CQ) with a median dose of 150 mg/day, and 30.5% hydroxychloroquine (HCQ) with a
median dose of 200 mg/day; additionally, 32% were in treatment with antihypertensives
(Table 1).
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Table 1. General characteristics in SLE patients and CS.

Variable
SLE

(n = 176)
CS

(n = 175)
p Value

SLE clinical features
Mex-SLEDAI (score) a 0 (0–8) - -

Mex-SLEDAI classification % (n)

Clinical disease activity (≥2) b 44 (69/167) - -
Clinical remission (<2) b 56 (86/167) - -

Renal activity % (n) 33 (32/97) - -
Disease duration (years) a 7 (0.6–21) - -

Body composition
Weight (kg) a 67 (49.6–96.9) 61.2 (46.6–86.5) <0.001
Waist (cm) a 84 (67.2–104.2) 76.7 (61.5–105) <0.001

BMI (kg/m2) a 26.9 (19.5–37.5) 23.6 (18.6–34) <0.001

WHR (score) a 0.83 (0.73–0.93) 0.77 (0.68–0.93) <0.001
WHtR (score) a 0.52 (0.41–0.65) 0.47 (0.38–0.65) <0.001

Muscle mass (kg) a 40.7 (35.9–50.5) 39.8 (35.4–45.8) 0.01
Fat mass (%) c 33.4 ± 8.48 32.1 ± 9 0.87

Biochemical data
Glucose (mg/dL) a 87.2 (71.0–133) 87.8 (75.1–118) 0.74

Triglycerides (mg/dL) a 117.2 (49–242) 76 (38–198) <0.001
Total cholesterol (mg/dL) a 168.8 (121–245) 169 (121–245) 0.40

HDL-C (mg/dL) a 33.7 (14–64) 50.9 (32–77) <0.001
LDL-C (mg/dL) a 77.5 (46–142) 95 (59–158) <0.001

Cardiometabolic indexes
Castelli atherogenic index (TC/HDL-C) a 4.8 (2.5–13.9) 3.2 (2.17–13.8) <0.001

Kannel index (LDL-C/HDL-C) a 2.4 (1.1–5.6) 1.84 (1–3.5) <0.001
Triglycerides/HDL-C ratio (score) a 3.6 (1–15) 1.4 (0.6–5.1) <0.001

CMI (score) a 1.19 (0.44–3.39) 0.7 (0.26–4.8) <0.001
LAP (score) a 29 (6.2–76) 15 (2.3–89) <0.001

Treatment

Prednisone % (n) b 52.5 (93/177) - -
Prednisone dose (mg/day) a 10 (5–50) - -

Chloroquine % (n) b 46 (81/177) - -
Chloroquine dose (mg/day) a 150 (100–200) - -
Hydroxychloroquine % (n) b 30.5 (54/177) - -

Hydroxychloroquine dose (mg/day) a 200 (150–200)
Antihypertensives % (n) b 32 (19/60) - -

a Data shown as median (percentile: p5th–p95th), p value: U Mann–Whitney test. b Data shown as percentages (n),
c Data shown as mean and standard deviation, p value: Student’s t-test. The bold numbers indicate variables with sig-
nificant differences. SLE: systemic lupus erythematosus patients; CS: control subjects; BMI: body mass index; WHR:
waist to hip ratio; (WHtR); WHtR: waist to height ratio (cm/cm); HDL-C: high-density lipoprotein cholesterol; LDL-C:
low-density lipoprotein cholesterol; TC: total cholesterol; CMI: cardiometabolic index; CMI = (triglycerides/HDL-C);
LAP: lipid accumulation products; LAP = (waist in cm − 58)*(triglycerides mmol/L).

3.2. CRP Levels and Cardiovascular Risk in Active and Inactive SLE

Concerning the CRP levels, SLE patients showed higher levels than the CS group
(SLE = 5 vs. CS = 1.1 mg/L; p ≤ 0.001) (Figure 1a); then, we determined the CRP capacity
to discriminate between SLE patients and CS using ROC curves. Based on these results,
the CRP levels have a high capacity of discrimination with an AUC of 0.73 (CI: 0.68–0.79;
p < 0.001) (Figure 1b). When comparing CRP levels between active SLE and inactive SLE,
we observed that active SLE patients have higher CRP levels than inactive SLE (active
SLE = 6.2 vs. inactive SLE = 3.6 mg/L; p < 0.001) (Figure 1c). The CRP levels showed a
moderate capacity to discriminate between active and inactive SLE with an AUC of 0.67
(CI: 0.58–0.75; p < 0.001) (Figure 1d).
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Figure 1. Serum CRP levels were stratified by study groups. (a) Serum CRP levels in SLE patients
and CS. Data presented as median; p value U Mann–Whitney test. SLE: systemic lupus erythemato-
sus patients; CS: control subjects; CRP: C-reactive protein. (b) Discriminatory receiver operating
characteristic (ROC) curve between SLE patients vs. CS. AUC = area under the curve. 95% CI = 95%
confidence interval. (c) Serum CRP levels stratified by clinical disease activity in SLE patients. Clinical
inactivity: Mex-SLEDAI < 2; Clinical activity: Mex-SLEDAI ≥ 2. Data provided in median; p value
U Mann–Whitney test. (d) Discriminatory receiver operating characteristic (ROC) curve between
inactive vs. active SLE patients.

3.3. Biochemical and Cardiometabolic Status and CRP in SLE Patients and CS

To compare the biochemical and cardiometabolic statuses according to the CVD risk
by the criteria from the center for disease control and prevention and the American Heart
Association to CRP serum levels, both SLE patients and CS were stratified according to
CRP levels as low CVD risk (<1 mg/dL), average CVD risk (≥1 to <3 mg/dL) and high
CVD risk (≥3 mg/L). SLE patients with high CVD risk showed higher triglycerides levels
(p < 0.001) and lower HDL-C levels (p < 0.001) than patients with low and average CVD
risk; additionally, it was observed that SLE patients with levels of CRP ≥ 3 mg/L (high
CVD risk) presented higher scores with regard to the Castelli index (6.5; p < 0.001), Kannel
index (2.5; p < 0.001), triglycerides/HDL-C ratio (4.4; p < 0.001), CMI (1.4; p = 0.03) and LAP
score (41.7; p = 0.02) (Table 2). SLE patients with levels of CRP ≥ 3 mg/L also presented a
higher frequency for high CVD risk according to the Castelli index (48%; p < 0.001), Kannel
index (40.4%; p = 0.001) and triglycerides/HDL-C ratio (71%; p < 0.001). This pattern was
also observed in the CS group, where CRP levels ≥ 3 mg/L showed a worse lipid profile
and a higher score of the cardiometabolic indexes than subjects with CRP levels < 3 mg/L
(Table 2).
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Additionally, we stratified the complement C3 and C4 serum levels according to
cardiovascular risk by CRP, and we did not observe significant differences in C3 according
to CRP levels, but we found a tendency for lower C4 levels in SLE patients with average
(≥1 mg/L) and high cardiovascular risk (≥3 mg/L) compared to SLE patients with low risk
(<1 mg/L) (CRP low risk: 25.2 mg/dL; average risk: 12.5 mg/dL; high risk: 15.5 mg/dL;
p = 0.06). Regarding the SLE treatment, patients with CQ treatment had higher CRP serum
levels than SLE patients with HCQ treatment (CQ = 5 mg/L vs. HCQ = 1.7 mg/L; p < 0.001).
According to the classification for CVD risk by CRP, a high CVD risk was observed in
SLE patients with CQ treatment vs. HCQ treatment (CQ = 77.2% vs. HCQ = 22.8%;
p < 0.001). A similar pattern was observed in SLE patients who received prednisone
treatment, presenting higher CRP serum levels (with prednisone = 5.7 mg/L vs. without
prednisone = 2.6 mg/L; p < 0.001) and a higher frequency of high CVD risk evaluated by
CRP in comparison to SLE patients without prednisone treatment (with prednisone = 64.6%
vs. without prednisone = 35.4%; p < 0.001).

Based on the previous results, we determined the correlation between body composi-
tion and cardiometabolic status with CRP levels. In all the participants we found a signif-
icant correlation between CRP levels and all the body composition and cardiometabolic
variables evaluated, except total cholesterol. In the SLE group, the CRP levels positively
correlated with body composition variables such as weight (r = 0.22; p < 0.01), BMI (r = 0.28
p < 0.001), WHtR (r = 0.21; p = 0.03) and fat mass (r = 0.21; p = 0.03). In the CS group,
weight (r = 0.56; p < 0.001), waist (r = 0.60; p < 0.001), BMI (r = 0.63; p < 0.001), WHR
score (r = 0.45; p < 0.001), WHtR score (r = 0.59; p < 0.001) and fat mass (r = 65; p < 0.001)
correlated positively, while muscle mass (r = −0.61; p < 0.001), and body water (r = −0.65;
p < 0.001) were negatively correlated with CRP levels (Table 3).

Table 3. Correlations between body composition, cardiometabolic status, and SLE clinical features
with CRP in both study groups.

Variables

All Participants SLE Patients CS

CRP (mg/L) CRP (mg/L) CRP (mg/L)

* r p Value * r p Value * r p Value

Body composition

Weight (kg) 0.44 <0.001 0.22 <0.01 0.56 <0.001
Waist (cm) 0.52 <0.001 0.19 0.05 0.60 <0.001

BMI (kg/m2) 0.52 <0.001 0.28 <0.001 0.63 <0.001
WHR (score) 0.42 <0.001 0.11 0.24 0.45 <0.001
WHtR (score) 0.53 <0.001 0.21 0.03 0.59 <0.001
Fat mass (%) 0.50 <0.001 0.21 0.03 0.65 <0.001

Muscle mass (kg) −0.48 <0.001 −0.17 0.08 −0.61 <0.001
Body water (%) −0.51 <0.001 −0.17 0.08 −0.65 <0.001

Cardiometabolic status

Glucose (mg/L) 0.22 <0.001 0.08 0.29 0.39 <0.001
Triglycerides (mg/L) 0.42 <0.001 0.18 0.01 0.42 <0.001

Total cholesterol (mg/L) 0.07 0.15 0.01 0.84 0.20 <0.01
LDL-C (mg/L) −0.13 0.01 −0.24 0.001 0.21 <0.01
HDL-C (mg/L) −0.44 <0.001 −0.37 <0.001 −0.31 <0.001

Castelli index (TC/HDL-C) 0.47 <0.001 0.35 <0.001 0.40 <0.001
Kannel Index (LDL-C/HDL-C) 0.36 <0.001 0.23 <0.01 0.36 <0.001

Triglycerides/HDL-C ratio (score) 0.52 <0.001 0.38 <0.001 0.45 <0.001
LAP (score) 0.51 <0.001 0.18 0.06 0.59 <0.001
CMI (score) 0.46 <0.001 0.21 0.03 0.51 <0.001

SLE clinical features

Mex-SLEDAI (score) - - 0.22 <0.01 - -
Disease duration (years) - - 0.20 <0.01 - -

* Spearman correlation test. The bold numbers indicate variables with significant differences. SLE: systemic lupus
erythematosus; CS: control subjects; CRP: C-reactive protein; BMI: body mass index; WHR: waist to hip ratio; WHtR:
waist to height ratio (cm/cm); LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein choles-
terol; TC: total cholesterol; LAP: lipid accumulation products; LAP = (waist in cm − 58)*(triglycerides mmol/L);
CMI: cardiometabolic index; CMI = (triglycerides/HDL-C).
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Regarding cardiometabolic status, in SLE patients we observed a positive correlation
between triglycerides levels (r = 0.18; p = 0.01), the Castelli index (r = 0.35; p < 0.001), the
Kannel index (r = 0.23; p < 0.01), the triglycerides-HDL-C ratio (r = 0.38; p < 0.001), and CMI
score (r = 0.21; p = 0.03), and a negative correlation between LDL-C (r = −0.24; p = 0.001),
and HDL-C (r = −0.37; p < 0.001) with CRP levels. Moderate correlations were observed
in the CS group between CRP levels and the cardiometabolic variables. Regarding SLE
patients, the CRP levels correlated positively with the Mex-SLEDAI score (r = 0.22; p < 0.01)
and with disease duration (r = 0.20; p < 0.01) (Table 3).

3.4. Association of CRP Levels with Cardiometabolic Variables and Clinical Disease Activity

We analyzed the association of the high cardiovascular risk by CRP levels (≥3 mg/L)
with cardiometabolic variables and clinical disease activity in SLE patients by logistic
regression models. We found that SLE patients with CRP levels ≥ 3 mg/L had a signifi-
cantly higher risk of presenting clinical disease activity with a Mex-SLEDAI ≥ 2 (OR = 2.5;
CI = 1.03–6.2; p = 0.04), higher risk of having a high LAP score ≥ Tertile 3rd (OR = 3.01;
CI = 1.04–8.7; p = 0.04), higher risk of a triglycerides/HDL-C index score ≥ 3 (OR = 5.2;
IC = 2.1–12.8; p < 0.001), Kannel index score ≥ 3 (OR = 3.1; IC = 1.1–8.1; p = 0.03), and
Castelli index score ≥ 7 (OR = 6.6; IC = 2.5–17.8; p < 0.001) in comparison with SLE patients
with CRP < 1 mg/L (Figure 2).

Figure 2. Association of the CRP levels (≥3 mg/L) with clinical activity and cardiometabolic

variables in SLE. Castelli index: total cholesterol/HDL-C; Kannel index: LDL-C/HDL-C ratio; LAP
score: (waist circumference, cm–58) (TG, mmol/L). T3: ≥31.06 to maximum value; OR: odds ratio,
confidence interval 95%, p values < 0.05. * Reference group: SLE patients with CRP < 1 mg/L.

Finally, based on the previous results, we determined in a linear regression model
that the high CRP levels (≥3 mg/L) increased 6.1 points of the Mex-SLEDAI score when
we adjusted the model for fat mass percentage (β coefficient = 6.1; IC = 2.8–9.1; R2 = 0.14;
p <0.001). These findings suggest that the association found between CRP and the clinical
activity is not influenced by fat mass. When we adjusted by other variables such as BMI,
age, and fat mass percentage, the significant association remained (β coefficient = 5.8;
IC = 2.5–9.4; R2 = 0.15; p = 0.001), which demonstrates that the associations found between
CRP and clinical disease activity were independent of these variables that could influence
the CRP serum levels.

4. Discussion

In this present study, we found that SLE patients had excess weight and altered
waist circumference related to CVD risk. Previous studies conducted on SLE populations
supported these findings; the SLE patients showed a high frequency of excess weight
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associated with cardiovascular disease risk factors [24,25]. SLE patients also showed higher
triglycerides and lower HDL-C levels compared to CS. These findings are in accordance
with the classical “lupus lipoprotein pattern”, characterized by high triglycerides and
low HDL-C but unchanged LDL-C. In this pattern, there is also the presence of some
autoantibodies such as anti-HDL-C and anti-lipoprotein lipase [26]; however, the lipid
autoantibodies were not evaluated in this study.

Notably, we found that SLE patients had a high cardiovascular risk determined by
cardiometabolic indexes such as the Castelli index, Kannel index, triglycerides/HDL-C
ratio, CMI index, and LAP index. The worse cardiometabolic status in SLE than CS can be
partly explained by the high frequency of traditional risk factors such as diabetes mellitus,
hypertension, central obesity, dyslipidemia, and pharmacotherapy such as glucocorticoids
in these patients. Previous studies have reported rates of dyslipidemia in SLE patients
ranging from 36% at the time of diagnosis to more than 60% within a three-year follow
up [27]. Additionally, SLE treatment plays a relevant role in developing CVD in these pa-
tients. Prednisone use has been associated with an altered lipoprotein profile that could be a
potential mechanism for the enhanced atherogenic risk in SLE. Immunological mechanisms
have also been related to the development of atherosclerosis in SLE, an imbalance between
endothelial damage and atheroprotective mechanisms and autoantibodies such as anti-
endothelial cell (AEC) and anti-oxLDL could participate in the cardiovascular disturbances
in SLE [28].

CRP is accepted as an independent risk factor for cardiovascular events in the general
population [29]. It is one of the components of the Reynolds cardiovascular risk score [30],
but its role in CVD and SLE is still controversial; based on previous findings, we assessed the
relationship of CRP with biochemical and cardiometabolic variables. According to this, SLE
patients with high cardiovascular risk assessed by CRP (≥3 mg/L) showed significantly
higher triglyceride levels and lower HDL-C levels than patients at low and average risk.
Patients with high CRP levels (≥3 mg/L) also presented higher scores with regard to the
Castelli, Kannel, triglycerides/HDL-C, LAP, and CMI indices. Differences according to CRP
levels were also observed in the CS group; these results suggest that CRP could determine
cardiovascular status in an indirect way through influencing cardiometabolic variables.

Following these reported findings, we found a positive correlation between CRP levels
and anthropometric variables such as weight, waist, BMI, WHR, and fat mass percentage.
Previous cross-sectional studies have shown that CRP correlates with obesity indicators
such as BMI, WHR, and adiposity [31,32]; some authors even suggest that the fat mass
has a greater ability to classify subjects with high CRP serum levels compared with BMI
and WHR [32]. The mechanism linked to CRP and fat mass could be mediated by adipose
tissue, which is the main source of inflammatory cytokines; approximately 30% of total
IL-6 production may arise in adipose tissue; this interleukin is the main stimulant for CRP
production [33].

CRP levels are also positively correlated with biochemical variables such as triglyc-
erides and the Castelli, Kannel, CMI, and triglycerides/HDL-C cardiometabolic indexes,
and negatively correlated with HDL-C levels. Our results agree with previous studies
conducted on SLE populations that reported a correlation between CRP levels and lipid
profile alterations, diabetes, obesity, and BMI. They also found that triglyceride levels and
the triglycerides/HDL-C ratio positively correlated with CRP levels [11].

The relationship between CRP and dyslipidemia could be explained by excessive
lipids accumulating in the arterial wall, inducing an inflammatory response; it accelerates
lipid deposition and amplifies the inflammation producing inflammatory factors such
as CRP [34]. CRP can bind to LDL-C in atherosclerotic plaques, leading to complement
activation, and promoting inflammation and atherosclerosis. Pan He et al. reported that
CRP plays a mediator role in the relationship between dyslipidemia and coronary arterial
disease [34]. On the other hand, in normal conditions HDL-C promotes reverse choles-
terol transport and inhibits LDL-C oxidation; however, under inflammatory conditions
characterized by high levels of inflammatory markers such as IL-6, the antioxidant and
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anti-atherogenic capacity of HDL-C may be lower. Additionally, the inflammatory process
could alter LPL activity, resulting in the accumulation of VLDL, thereby increasing triglyc-
erides and lowering the HDL-C serum levels [4]. However, to our knowledge, the exact
mechanism through which CRP affects lipid metabolism is still unclear.

Concerning CRP levels in SLE compared to general populations, some studies have
reported no differences in CRP levels between SLE patients vs. the general population.
Controversial results have been reported, where SLE patients used to have lower CRP levels
than healthy subjects [35]. The mechanism suggested in other studies to alter and cause
inhomogeneous levels of CRP in SLE patients are the lower CRP production through the
increased production of IFN-α, which is characteristic in active SLE. This event is brought
about via the enhancer binding protein (C/EBPs) and STAT3, affecting the inhibition of
CRP production [35].

Conversely, we found that SLE patients have higher CRP levels than healthy individu-
als. These findings also are in accordance with other studies conducted on different SLE
populations [10,12]. We also showed that CRP levels had a high capacity to discriminate
between SLE and CS using ROC curves. According to this, the inconsistencies reported
in the literature could be derived from the method used to determine CRP levels; con-
ventional methods can only detect values above 3 mg/L, while CRP can detect at a level
as low as 0.3 mg/L [36]. On the other hand, polymorphisms in the CRP gene could alter
CRP transcription or mRNA stability depending on its location, which could increase
CRP levels, according to some studies conducted on the Mexican population [37,38]. A
study conducted on SLE patients from Brazil showed an association between rs1130864
CRP polymorphism and SLE susceptibility [39], while Enocsson et al. reported that IFN-α
downregulates CRP expression, and the rs1205 CRP polymorphism could explain the low
basal CRP and the inadequate CRP responses among active SLE patients [40]. However, it
is well known that there are racial and ethnic disparities in the allele frequency distribution
of CRP polymorphisms [41], which could explain in part the discrepancies reported in the
literature about the association of CRP polymorphism with genetic risk and the clinical
disease activity in SLE populations with different genetic backgrounds.

The immunomodulatory role of CRP is widely described; it could exert inflammatory
and anti-inflammatory activities by regulating complement activation through the binding
of factor H, promoting the binding of the apoptotic materials and their clearance [36]. We
showed that there are no differences in C3 complement levels according to CRP stratifica-
tion, but SLE patients with average and high CVD risk by CRP levels (≥1 mg/L) tended to
have lower C4 complement levels than patients with low CRP levels (<1 mg/L). A study
conducted on SLE patients from China reported a negative correlation between C3 and C4
complement levels and the clinical disease activity; however, CRP serum levels were not
associated with clinical disease activity [42].

The role of CRP in clinical disease activity in SLE is still complex and controversial;
some studies reported that CRP levels are normal or only modestly elevated in active SLE
and that there is no relationship between CRP levels and clinical disease activity [12,13]. In
contrast, we found that patients with active SLE had higher CRP levels than inactive SLE
patients; additionally, we observed a positive correlation between Mex-SLEDAI score and
CRP levels when we adjusted for some variables that could influence it, such as age, fat
mass, and BMI [32]. It has been reported that acute phase reactants such as CRP tend to
increase with age [43]. Notably, we observed that the association between CRP levels and
clinical disease activity in SLE is independent of this factor. Concerning fat mass and BMI, a
previous study conducted on our SLE population reported that patients with excess weight
(BMI ≥ 25 kg/m2) had high clinical disease activity. Additionally, a positive correlation
between Mex-SLEDAI score and BMI was observed [44]. According to this, we observed
that the relationship between CRP levels and clinical disease activity is also independent
of the excess weight. Mok et al. reported that CRP levels were detectable in 77% of SLE
patients, and CRP correlated with SLEDAI scores in SLE patients from USA [36]. Another

107



J. Clin. Med. 2022, 11, 1849

study conducted on SLE patients from Spain also showed a significant correlation between
CRP levels and the clinical disease activity assessed by the SLEDAI-2K score [11].

The discrepancies reported about CRP and clinical disease activity in SLE in different
studies could be related to its structure; it has been reported that two structures of CRP
exist: the pentameric (pCRP) and monomeric CRP (mCRP) forms. These exert different
biological functions. pCRP binds and opsonizes dying cells and cell remnants, facilitating
phagocytosis via Fc-receptor binding [7,45]. The mCRP form is an efficient activator of
the classical complement pathway involving C1, C2, C3, and C4 complement fractions,
acting as a regulator of the alternative complement pathway. mCRP is considered a
more pro-inflammatory form, and could promote the differentiation of monocytes toward
a pro-inflammatory M1 phenotype [46], resulting in a high secretion of inflammatory
cytokines such as IL-6 and IL-1 [47]; this, in a feedback loop, induces CRP synthesis
in hepatocytes at the transcriptional level through STAT3 activation [48]. Additionally,
mCRP rather than pCRP has been related to cardiovascular disturbances [46]; previously, it
was reported that the high cardiovascular risk determined by biochemical variables and
cardiometabolic indexes in SLE patients was associated with clinical disease activity [14].
Based on this, we hypothesized that the relationship between CRP and active SLE could
increase cardiovascular risk and subsequently increase the inflammatory process and
clinical activity.

In other pathologies such as cancer, the roles of pCRP and mCRP have also been
described [49]. However, neither study conducted on SLE patients have reported the role
of CRP according to its structure. pCRP’s structure is dependent upon the presence of
calcium ions. The binding of pCRP to a damaged cell membrane, inflammatory conditions,
and oxidative stress promote conformational switching from pCRP to mCRP [7]. To date,
no studies have measured the conversion rate from pCRP to mCRP in SLE, and if there is
a differential relationship according to CRP structure with CVD risk and clinical disease
activity. In our study, we observed that the high serum levels of CRP (≥3 mg/L) were
associated with high clinical activity in SLE. We also showed that SLE patients with CRP
levels ≥ 3 mg/L had a high chance of being at high cardiometabolic risk, assessed by the
LAP, Castelli, triglycerides/HDL-C, and Kannel indexes. Based on these results, we suggest
that CRP levels could be an additional biomarker to monitor cardiometabolic risk and the
clinical disease activity in SLE; however, further studies are necessary to support these
findings. Additionally, CRP could be a useful target to reduce CVD risk and the clinical
disease activity in SLE. In populations with cardiovascular events, the CRP apheresis
technique showed to be promising for decreasing CRP levels [9], and this technique could
be applied to SLE patients with CRP-mediated inflammatory conditions.

Despite its strengths, this study had limitations: first, our comparative cross-sectional
design is limited by merely showing a relationship between the CRP levels, cardiometabolic
status, and clinical disease activity; however, we do not suggest causality because it
only provides information on a specific point in time. Second, another limitation is that
some SLE patients evaluated had incomplete clinical, biochemical, and pharmacotherapy
administered data that we could not retrieve from the patient’s medical records or at the
time of quantifying the analytes presented in this study. Third, we were not able to assess
IL-6 serum levels, which is responsible for stimulating CRP production. Finally, we only
provided information about the global clinical disease activity and renal activity in our
population; however, we were not able to assess the clinical activity of other organs such as
the skin, joints, pleura, or central nervous system. Despite its weaknesses, the present study
provides evidence of the association between high CRP levels with high cardiometabolic
risk and clinical disease activity in SLE patients.

Further prospective studies on SLE Mexican population cohorts are needed to be per-
formed to evaluate causality in the relationship of CRP serum levels with cardiometabolic
and organ-specific disease activity outcomes. Moreover, it will be necessary to evaluate the
specific pathogenic role of the monomeric or pentameric CRP structures in autoimmune con-
ditions, as well as the potential correlation between CRP, IL-6, and other pro-inflammatory
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cytokines in SLE. Finally, we need to determine the influence of some genetic variants in the
CRP gene and the possible epigenetic interactions with genes involved in CRP synthesis.

5. Conclusions

The present study provides evidence of the association between high CRP levels with
high cardiometabolic risk in SLE patients and the general population. Notably, in SLE
patients, CRP serum levels were also associated with clinical disease activity. Therefore,
CRP could be an additional biomarker to monitor cardiometabolic risk and clinical disease
activity in SLE.
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Abstract: Recently, C-reactive protein (CRP) was shown to affect intracellular calcium signaling
and blood pressure in vitro and in vivo, respectively. The aim of the present study was to further
investigate if a direct effect on G-protein coupled receptor (GPCR) signaling by CRP can be observed
by using CRP in combination with different GPCR agonists on spontaneously beating cultured
neonatal rat cardiomyocytes. All used agonists (isoprenaline, clenbuterol, phenylephrine, angiotensin
II and endothelin 1) affected the beat rate of cardiomyocytes significantly and after washing them out
and re-stimulation the cells developed a pronounced desensitization of the corresponding receptors.
CRP did not affect the basal beating-rate nor the initial increase/decrease in beat-rate triggered by
different agonists. However, CRP co-incubated cells did not exhibit desensitization of the respective
GPCRs after the stimulation with the different agonists. This lack of desensitization was independent
of the GPCR type, but it was dependent on the CRP concentration. Therefore, CRP interferes with the
desensitization of GPCRs and has to be considered as a novel regulator of adrenergic, angiotensin-1
and endothelin receptors.

Keywords: C-reactive protein; adrenergic receptor; desensitization; GPCR signaling; endothelin

1. Introduction

The homopentameric C-reactive protein (CRP) is a classic acute phase protein that
has been known in human medicine for decades. It has been established primarily as
a biomarker for active and chronic inflammation of bacterial origin [1] This picture has
changed fundamentally. In the 1990s, CRP was identified as a risk factor for atherosclerosis.
Relatively low blood levels at >2 mg/L CRP are associated with an increased risk of
heart attack, stroke, diabetes and mortality depending on the concentration that was
observed [2–4]. Acute inflammation caused by vessel occlusions can be observed in acute
myocardial infarction, with rapidly increasing CRP levels up to >100 mg/L over 2–4 days.
Restrictions of organic functions may be the consequences of CRP mediated ischemic
processes [5,6].

Publications in recent years showed that CRP is more than a biomarker and affects
both physiological and pathological processes [5,7–9]. The direct influence of CRP on the
cardiovascular system of rabbits has been reported recently [10]. Here, the infusion of
human CRP led to a sharp drop in blood pressure within seconds, while the heart rate
was not affected. The authors also investigated the influence of CRP on calcium signaling
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in vitro in two epithelial cell lines. The activation of the cells by adrenoceptor agonists led
to intracellular Ca2+ mobilization, which was further increased in the presence of CRP [10].

CRP progressively emerges as a molecule with regulatory properties besides its role
as an acute phase molecule. In the case of acute inflammation and the associated high
CRP levels in the bloodstream, this pentamer primarily has contact with mobile leukocytes
and sessile cells lining the vessels, especially endothelial cells. Although interaction with
receptors on these cells seems obvious, CRPs molecular action has so far only been investi-
gated on, e.g., Fc receptor γRII (FcγRII) and in the context of macrophage activation and
its role as an archaic antibody-like molecule [11–13]. However, one of the fundamental
roles of receptor signaling in endothelial cells is the regulation of circulatory parameters,
which is mainly mediated by G protein-coupled receptors (GPCRs), specifically adrenergic
receptors, angiotensin-II receptor (AT1) and endothelin receptors (ETRs) [14]. Moreover,
this is of great impact during excessive inflammatory states, such as, e.g., septic shock,
in which circulating CRP levels are dramatically high and hemodynamic parameters are
considerably unstable [15,16].

In this respect, it is obvious to examine the influence of CRP on receptor-controlled
cell-physiological activation processes. In this paper, we report on the influence of CRP on
the signaling system of selected GPCRs, which are involved in the regulation of cardiac,
smooth or skeletal muscle cells.

GPCRs are a large group of membrane-bound proteins, the amino acid chain of which
crosses the cell membrane seven times. The group is named after the receptor activation
triggered extracellularly by agonists, which leads to an interaction with G proteins intra-
cellularly [17]. Adrenoceptors can be classified into five groups (α1, α2 and β1, β2, β3)
and are expressed more or less in different tissues and organs of the body [18,19]. They
are primarily activated by catecholamines and generally affect the contraction of smooth
muscle cells, thereby fundamentally regulating the heart rate and blood pressure. Physio-
logically important agonists are noradrenaline or adrenaline. Pharmacological, synthetic
receptor-specific agonists, such as isoprenaline (β1 and β2-adrenoceptor), clenbuterol (β2-
adrenoceptor) or phenylephrine (α1-adrenoceptor), are drugs that are frequently used in
pharmacological experiments [14,19,20]. In addition, the peptide hormones endothelin 1 or
angiotensin II activate the endothelin ETA and ETB-receptor and the angiotensin II AT1
and AT2-receptor, respectively.

The β1-adrenoceptor is the major adrenergic receptor of the myocardium. Besides
this receptor, the β2 and β3 adrenoceptors and the α1-adrenergic, angiotensin II AT1- and
endothelin 1 ETA receptors are also expressed in this organ. This receptor expression can
be modulated by a long-term treatment with the corresponding agonist and antagonists
and also by the agonistic autoantibodies [21–24].

The AT1-, ETA- and α1 receptors are receptors of the blood vessels and are known
as vasoconstrictors [25]. However, other receptors such as the β2 adrenoceptor are also
expressed in the vasculature. Our investigation has shown that cultured rat cardiomy-
ocytes express a multitude of different G-protein coupled receptors that are coupled to
different signal cascades and can change the beating rate of the used spontaneously beating
cardiomyocytes [26].

The physiological effect of receptor agonists has been studied for decades on the
cultures of neonatal rat cardiomyocytes. These cells beat spontaneously in culture and the
change in the pulsation rate after the addition of the agonists can be measured visually
on an inverted microscope. This bioassay is a standard cell biological method for the
identification and characterization of functional autoantibodies against GPCR or the effect
of pharmacological receptor antagonists [27,28].

The aim of the study was to investigate if the inflammatory acute phase protein
CRP interferes with the regulation of GPCRs on the cellular level. Here we present first
observations about the inhibition of the elementary process of receptor desensitization in
rat cardiomyocytes.
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2. Materials and Methods

2.1. Pharmacological Agonists and CRP

Human CRP (Pentracor, Hennigsdorf, Germany) was purified from human pooled
plasma with a selective CRP-binding matrix as described elsewhere in detail [10]. Endotoxin
contamination was avoided, and CRP was stored in its native, pentameric form.

The murine monoclonal antibody (0.64 mg/mL) against CRP was provided by Biome-
tec Inc. (Dr. S. Witt, Biometec GmbH, Greifswald, Germany) and generated by Dr. B.
Micheel and Dr. W. Schroedl.

The pharmacological agonists were purchased from Sigma, Germany (Isoprenaline,
Phenlyephrine, Endothelin 1, Clenbuterol) or MP Biomedicals, Germany (Angiotensin II)
and used in concentrations indicated in Table 1.

Table 1. Effect of CRP on the beating rate of neonatal rat cardiomyocytes stimulated with agonists
against GPCRs. The data show the increase or decrease in the beating rate as mean ± standard
deviation of the rat cardiomyocytes.

Agonist n CRP (50
μg/mL)

Difference in Beating Rate/15 s at Incubation Time (min) p-Value

5 120 125 130 130 min, ±CRP

Isoprenaline
(1 μM)

5 − 11.76 ± 1.46 9.31 ± 2.07 0.71 ± 0.56 3.47 ± 0.63
<0.0015 + 11.26 ± 1.10 11.99 ± 1.66 0.19 ± 0.61 9.91 ± 1.46

Clenbuterol
(3 μM)

4 − 10.69 ± 0.84 7.47 ± 1.93 0.56 ± 0.57 2.58 ± 0.50
0.0014 + 10.40 ± 0.91 11.12 ± 0.85 0.28 ± 0.44 9.42 ± 1.33

Phenylephrine
(10 μM)

3 − 7.85 ± 0.81 5.68 ± 1.38 −0.32 ± 0.43 2.84 ± 0.75
0.0063 + 7.82 ± 0.51 7.88 ± 0.63 −0.27 ± 0.17 6.89 ± 0.34

Angiotensin II
(1 μM)

3 − 6.11 ± 0.75 3.83 ± 1.16 0.11 ± 0.44 2.17 ± 0.54
0.0063 + 5.39 ± 0.61 5.56 ± 0.42 −0.06 ± 0.08 5.17 ± 0.59

Endothelin 1
(0,1 μM)

4 − −7.20 ± 0.55 −4.08 ± 1.91 −0.52 ± 0.53 −2.01 ± 0.53
0.0023 + −7.42 ± 0.96 −7.02 ± 0.60 −0.83 ± 0.24 −7.69 ± 0.76

2.2. Cardiomyocyte Bioassay

The cardiomyocyte bioassay was carried out on neonatal rat cardiomyocytes in cell
culture as described elsewhere in detail [27]. Briefly, cardiac myocytes were prepared
from heart ventricles of 1–2-day-old Sprague-Dawley rats and cultured in SM20-I medium
(Biochrom, Berlin, Germany) with supplemented penicillin (Heyl, Berlin, Germany), heat-
inactivated 10% neonatal calf serum (Gibco, Life Technologies, Bleiswijk, The Netherlands),
glutamine (Serva, Heidelberg, Germany), streptomycin (HEFA Pharma; Werne, Germany),
hydrocortisone (Merck, Darmstadt, Germany) and fluorodeoxyuridine (Serva, Heidelberg,
Germany). After seeding the cardiomyocytes with a field density of 160,000 cells/cm2, the
culture medium was renewed after 24 h. The cells were cultured for 2–4 days at 37 ◦C
before using them in the experiment. Target point was the beating rate for 15 s of 6–10
synchronously contracting cell clusters per flask, placed on a heated stage of an inverted
microscope at 37 ◦C. First, the basal beating rate of the cardiomyocytes was measured
and after this the agonists were added. The difference between the basal beating rate and
increase or decrease in the beating rate after the addition of the agonists is expressed as
Δ beating rate/15 s. Respective agonists were then added to the cell culture medium and
beating rate was measured again after 5 and 120 min. This was followed by a change of
medium (washing 3 times with warm PBS (without calcium), then adding fresh prewarmed
(37 ◦C) complete SM20 culture medium. Thereafter, the pulsation rate returned to the initial
value (measured at t = 125 min). After this the stimulation with the agonists was repeated
in the same agonist concentration.

For CRP co-incubated cells, human CRP was added in a final concentration of either
50 μg/mL or in decreasing concentrations of 40, 20, 10, 5 and 2 μg/mL and preincubated
10 min before agonist stimulation. CRP was not added again after 125 min.
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To block the activity of CRP, it was pretreated with a blocking monoclonal antibody
(0.64 mg/mL) directed against CRP for 30 min at room temperature. This mixture was
added to the cardiomyocytes like the CRP solution as described above.

3. Results

First, cardiomyocytes were stimulated with isoprenaline (ISO) with and without CRP
for 120 min. As expected, ISO increased the beating frequency compared to the basal rate
(0; Figure 1A). The initial beating rate was not affected by CRP addition (5 min). After
120 min, cells were washed and the beating rates returned to their basal rate (Figure 1A,
125 min). Then, cells were stimulated again with ISO. In control cells (without CRP), the
increase in the pulsation rate was clearly diminished after the renewed stimulation with ISO
(Figure 1A, 130 min). This can be explained by the desensitization of adrenergic receptors
and was expected [29]. However, with additional CRP incubation, the cardiomyocyte
beating rate increased to a similar level compared to the initial stimulation and was signifi-
cantly higher compared to the control experiment. No desensitization of the response was
visible in CRP co-incubated cells. Cells that were treated with CRP preincubated with a
monoclonal antibody (mAb) to inhibit the CRP action showed normal desensitization and
a beating rate comparable to that in ISO stimulated cells alone after 130 min (Figure 1A).
Further, this blocking of the desensitization was concentration dependent. CRP was ap-
plied in decreasing final concentrations (40–2 μg/mL) and the same experimental setup
was repeated. CRP blocked desensitization after 2nd ISO stimulation in a concentration
dependent manner (Figure 1B).

Figure 1. CRP blocks the desensitization of stimulated neonatal rat cardiomyocytes with ISO. Dif-
ference of cardiomyocyte beating rates [Δ Beating rate/15 s] modulated by adrenoceptor agonist
isoprenaline (ISO) with or without CRP co-incubation. (A) Mean of 3–7 independent experiments
± standard deviation is depicted. Arrows indicate stimulation with respective agonists. Grey area
indicates washing step. After the washing step, the agonist was added again but no CRP. To test
if CRP itself influences the beating rate, cells were incubated with CRP and no change could be
observed after 5 min (grey circle). Significance of difference between CRP incubated and control
group and mAb group at 120 min and 130 min was calculated with two-way ANOVA with Bonferroni
post-hoc test. (B) Same experimental setup as depicted in (A), but only the beating rate at the last
time point (130 min) is shown as mean of 3–5 independent experiments ± standard deviation or as
single value (20–2 μg/mL CRP). Significance of difference between 40 μg/mL CRP and control (only
ISO) was calculated with student’s t-test. ** p < 0.01. *** p < 0.001. ns: not significant.
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This CRP-induced prevention of desensitization was not only seen for the
β-adrenoceptors but also for other GPCRs. In our experiments, we additionally tested
the effect of CRP on the β2-adrenoceptor (stimulated with clenbuterol (CLE)), the α1-
adrenoceptor (stimulated with phenylephrine (PHE)), and the angiotensin II AT1 receptor
(stimulated with angiotensin II (ANG)). These receptor agonists also exert a positive
chronotropic response and the desensitization of these GPCR was also prevented by CRP
(Figure 2). Although phenylephrine and angiotensin II are not highly specific for the
indicated receptors, the response can be attributed to these. Only blocking with specific an-
tagonists against these receptors inhibits the chronotropic response in the bioassay [30,31].

Figure 2. CRP blocks the desensitization of stimulated neonatal rat cardiomyocytes. Difference
of cardiomyocyte beating rates [Δ Beating rate/15 s] modulated by agonists clenbuterol (CLE),
phenylephrine (PHE) and angiotensin II (ANG) with or without CRP co-incubation. Mean of 3–
5 independent experiments ± standard deviation is depicted. Arrows indicate stimulation with
respective agonists. Grey area indicates washing step. After the washing step, the agonist was added
again but no CRP. Significance of difference between CRP incubated and control group at the last
time point was calculated with student’s t-test. ** p < 0.01.

To investigate whether this was exclusive to positive chronotropic agonists that realize
their effects via the α1-, β1-, β2- adrenoceptors or the AT1-receptor, cells were also stim-
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ulated with endothelin 1 (ET-1), which binds to ETRs and exerts a negative chronotropic
effect in the spontaneously beating rat cardiomyocytes.

ET-1 decreased the cardiomyocyte beating rate initially with and without CRP
(Figure 3). Again, responsive receptors were desensitized after 120 min of incubation
and after washing and renewed stimulation with ET-1, visible by only slightly decreased
beating rates at 120 and 130 min (Figure 3). Co-incubation with CRP abolished the de-
sensitization effect and beating rates were again significantly reduced after renewed ET-1
stimulation.

Figure 3. CRP blocks the desensitization of endothelin stimulated neonatal rat cardiomyocytes.
Difference of cardiomyocyte beating rates [Δ Beating rate/15 s] modulated by endothelin receptor
agonist endothelin 1 (ET−1) with or without CRP co-incubation. ET1 induced a negative chronotropic
response. Mean of 4 (control) or 3 (with CRP) independent experiments ± standard deviation is
depicted. Arrows indicate stimulation with respective agonists. Grey area indicates washing step.
After the washing step, the agonist was added again but no CRP. Significance of difference between
CRP incubated and control group at the last time point was calculated with student’s t-test. ** p <
0.01.

CRP stimulation alone did not affect the cardiomyocyte beating rate as visible in
Figure 1A after 5 min (Δ beating rate/15 s = 0.02 (n = 7)).

Detailed data values of all replicate experiments are listed in Table 1.

4. Discussion

This study was designed to further investigate possible direct effects of CRP on
GPCR signaling. Therefore, an established in vitro model was used, spontaneously beating
neonatal rat cardiomyocytes, which react to stimulations with agonists or antagonists of
different GPCRs with a change of beating rates [32].

Stimulation of cardiomyocytes with different adrenergic, AT-1 and ETR agonists
readily affected their beating rate as expected. Co-incubation with CRP did not influence the
basal beating rate nor the initial effect of the agonistic stimulation. However, desensitization
of GPCRs, which was observed with all used agonists, did not occur in CRP co-incubated
cardiomyocytes (Figures 1A, 2 and 3, 130 min). Re-stimulation with either isoprenaline,
clenbuterol, phenylephrine, angiotensin or endothelin-1 showed a significant chronotropic
effect in CRP co-incubated cells, on a similar level as the initial stimulation. This was
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already visible as a trend after 120 min, when CRP-co-incubated cells showed slightly
higher beating rates than agonist-only treated cells (Figures 1A, 2 and 3, 120 min), albeit not
significant. CRP pretreated with a blocking monoclonal antibody, blocked the effect seen
in the presence of CRP and led to the desensitization of the receptor-mediated response.
Surprisingly, the antibody influenced the beating rate after 120 min and led to a significant
reduction compared to cells treated only with isoprenaline or with isoprenaline and CRP
(Figure 1A, 120 min). Fetal calf serum has been shown to contain CRP [33]. It cannot be
excluded that this already has an effect, although the neonatal calf serum has been heat
inactivated. Since CRP was not suspected of influencing this test system, this issue has not
yet been investigated.

This leads to the conclusion that this acute phase protein somehow inhibits the mech-
anism of desensitization. This phenomenon, which is the same in all GPCRs examined,
suggests ubiquitous mechanisms that take place via the cell membrane and therefore,
potentially affect all GPCRs.

GPCR signaling is naturally regulated in a highly complex manner and on several
levels. Desensitization is a basic physiological principle, employed by cells in order to pro-
tect themselves from overstimulation and possible exhaustion. Receptors can be rendered
unresponsive by sequestering or degrading them or downstream intracellular messengers.
Rapid desensitization, which would be the case in our applied experimental timeline, is
mainly achieved by GPCR phosphorylation, uncoupling the receptor from its respective G
protein [29]. This phosphorylation is mostly mediated by GPCR kinases, leading to binding
of arrestins, which block further signaling [34].

The blockade of desensitization of the examined GPCRs achieved by CRP goes beyond
the known inflammatory properties of CRP. To hypothesize which molecular route CRP
modulates in order to produce a second chronotropic reaction to GPCR agonists would be
purely speculative and cannot be deduced from these results. It is, however, in line with
previous findings, showing a direct effect of CRP on intracellular calcium signaling, which
was further increased by ISO or PE stimulation, no matter the order of stimulation [10].
Interestingly, in this experimental setup, when the used GPCR agonist was washed away
after 120 min, CRP in the culture medium was also washed off and not reapplied. Hence,
the observed effects stem from the pre-incubation of cells with CRP. This means that either
CRP is still bound to the cell membrane after washing or already modulated intracellular
components, thereby affecting GPCR desensitization. Although this would be a novel
action of CRP, it has been previously reported that CRP can either directly stimulate other
receptors than Fcγ on cells [35,36] or regulate their expression in vascular smooth muscle
cells [37]. This already indicated that the physiological function of CRP is far more complex
than assumed.

Obviously, the protective mechanism of the fast desensitization of GPCRs is inhib-
ited by an elevated level of CRP in vitro, with possible pathophysiological consequences
in vivo. Hemodynamic parameters are often unstable in extreme inflammatory settings
such as sepsis, which also present dramatically high circulating CRP levels with peaks
of ≥150 mg/L CRP [15,16]. Although no direct effect of CRP on hemodynamic vari-
ables has been shown so far in CRP-infused humans, this is most likely because the
published experimental setups have focused on long-term effects or rather low CRP
concentrations [38–40]. The recently published results in rabbits [10] are in line with
the here described effects, which hint towards a process in which CRP itself affects blood
pressure and heart rate by modulating complex GPCR signaling in endothelial cells and/or
cardiomyocytes.

In conclusion, the acute phase protein CRP may play an important role in the regu-
lation of GPCR signaling. By blocking the desensitization of different GPCRs, CRP—in
combination with the corresponding agonist—induces a permanent receptor stimulation
that may represent a dangerous pathogenic factor. This permanent stimulation of cells
could induce a calcium overload, apoptosis and subsequent cell death. Investigations
could be conducted to determine whether this effect on the GPCR regulation could play
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an additional role in the context of the CRP-mediated tissue destruction during ischemic
processes [5]. Therefore, it may be meaningful to remove the elevated CRP levels not only
after myocardial infarction [6] but also in, for example, sepsis.

The findings described herein should be a springboard for more elaborate experiments
to characterize and understand the molecular details of CRP-mediated inhibition of GPCR
desensitization.

Study Limitations

The studies were carried out on primary neonatal rat cardiomyocytes. Their cell-
specific receptor equipment is to be seen primarily as a signaling system. Whether this
phenomenon also occurs in other cell types such as endothelial cells was not investigated.
Other test systems such as calcium signaling are suitable for this. It should also be a focus to
find out more about the molecular mechanism of receptor desensitization including whether
CRP directly interacts with the respective GPCRs or other receptors on the cardiomyocytes.
If similar data are obtained this way, then the conclusions on the pathophysiological effects
of CRP on the homeostasis of GPCR could be further elaborated.
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