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Background: Receptor activator of nuclear factor x B ligand (RANKL), osteoprotegerin (OPG), cartilage oligomeric matrix pro-
tein (COMP), bone morphogenetic protein (BMP-2), and fibroblast growth factor 23 (FGF-23) are involved in in-
flammation, calcium deposition, and fibrosis of blood vessels. Acute changes in these factors may contribute
to the progression of arteriosclerosis, especially if their elevated serum levels persist postoperatively.

Material/Methods: A total of 90 patients (79 White, 4 African American, and 7 Other) undergoing elective heart surgery were en-
rolled in the study. Blood was collected before surgery and after surgery at 24 hours, 7 days, and 3 months to
allow for longitudinal comparisons. After the plasma isolation, several biomarkers levels were studied using an
enzymatic-linked assay. Demographic and clinical information were obtained from electronic health records.

Results: At 24 hours after surgery, RANKL (RANKLbase“ne=248.7i-215.7 vs RANKL,,, =376.4+329.7; P=0.035), and BMP-2
(BMP-Zbaseﬁne=283.71255.4 vs BMP-2,,,, =482.4; P=0.015) were significantly elevated compared to baseline, with

levels returning to baseline at 7 days. FGF-23 increased significantly from baseline (FGF-23, . .=1020+1210)

to 7 days (FGF-23,,=2191+5188; P=0.029) and remained significantly higher than baseline at 3 months
(FGF-23, =2041+3521; P=0.044). White blood cells (WBC) remained elevated at discharge (WBC,,, ,=6.8+2.1

vs WBC,, =15.0+5.3 vs WBC, . =8.8+3.4). IL-8 and C-reactive protein normalized at 3 months. Estimated

blood loss was significantly correlated with RANKL at 24 hours (r?=0.33; P=0.035). Serum creatinine levels af-

ter surgery at 24 hours (r?=0.41; p=0.008) and 7 days (r’=0.59; P=0.000) was strongly correlated with COMP.

Conclusions: Persistent elevation of serum FGF-23 indicates a potential for accelerated arteriosclerosis after cardiac surgery.
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Background

Cardiac surgery activates general and vascular inflammation
secondary to iatrogenic damage to myocardium and endothe-
lium [1-5]. Additionally, non-biological materials deployed dur-
ing coronary artery bypass grafting (CABG) or valve replacement
will further fuel inflammation [3,6,7]. Subsequently, complement
consumption, intravascular coagulation activation, and free rad-
ical production are observed. Together, these factors lead to
accumulation of modified apolipoproteins and increased calci-
fication, which are key factors in the progression of arterioscle-
rosis [8,9]. A Disintegrin and Metalloproteinase 17 (ADAM-17)
enzyme is pivotal in fibrosis and arteriosclerosis acceleration
via modulation of TNFa, which is a key cytokine in inflamma-
tory response [10,11]. Other elements of nonspecific inflamma-
tion, C-reactive protein (CRP) and interleukin-6 (IL-6) are also in-
volved in remodeling blood vessels and endothelial function47].
Consequently, perioperative inflammation can accelerate arte-
riosclerosis, with the subsequent decline in cardiac output, in-
creased risk of aneurysm formation, and end-organ malfunc-
tion [8,9,12-14]. However, it is unclear if, to what extent, and
for how long perioperative inflammation results in endotheli-
al abnormalities and vascular remodeling after cardiac surgery.

In addition to nonspecific markers, perioperative inflammation
also affects several specific factors critical in the natural history
of arteriosclerosis [9]. Receptor Activator of the Nuclear Factor
kB Ligand (RANKL) translates the inflammatory process into
calcified deposits in the smooth muscle of blood vessels via
Nuclear Factor kappa-light-chain-enhancer of activated B cells
(NFkB) and c-Jun-N-terminal Kinase (JNK) upon binding to its
receptor (RANK) [15,16]. This action is synergistic with TNFa.
Furthermore, RANKL/RANK increases serum Bone Morphotic
Protein 2 (BMP-2) levels, another pivotal factor in calcifying
blood vessels [15]. RANKL may persistently activate during car-
diac surgery vie monocyte colony stimulation factor (M-CSF) for
several weeks into recovery [16-18]; therefore, cardiac surgery
can create conditions for sustained and persistent activation
of NFkB, RANKL, and BMP-2 [15,18]. The physiological effect
of RANK/RANKL is countered by osteoprotegerin (OPG), a de-
coy receptor for RANKL [19,20]. Thus, it is not surprising to ob-
serve that OPG levels are inversely correlated with the acceler-
ation and magnitude of arteriosclerosis and subsequent organ
failure [21-23]. Conversely, supplementing OPG reverses calci-
fication and atherosclerosis [24]. This fine-tuned system can
become imbalanced secondary to perioperative inflammation,
ischemia, and free radical release, resulting in depletion of OPG,
increasing the risk of unbalanced RANK/RANKL influence [19,25].
Like the RANK/RANKL/OPG system, Cartilage Oligomeric Matrix
Protein (COMP) and BMP-2 create another balanced interaction
between pro- and anti-arteriosclerotic factors [25,26]. COMP
induces vascular remodeling and senescence and co-localiz-
es with calcifications but is also critical in maintaining smooth
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vasculature phenotype [27,28]. It exerts its action via BMP-2-
integrin interactions and the ADAM-17 system [29]. COMP co-
localization within calcified lesions is linked to interference with
BMP-2 and acceleration of arteriosclerosis [30,31]. Additionally,
arteriosclerosis may be accelerated by fibroblast growth fac-
tor 23 (FGF-23), an inflammatory marker of chronic inflamma-
tion and kidney failure. Specific mechanisms include fibrosis,
calcium deposition, thickening of carotid intima, and ADAM-17
modulation [11,32-35]. Subsequently, FGF-23 was demonstrated
to be a risk factor for accelerated coronary artery disease and
post-cardiac surgery complications [32,34,36,37].

Despite the volume of indirect evidence for accelerated arterio-
sclerosis in patients after cardiac surgery, markers of arterioscle-
rosis have been little studied in these patients [2,6,7,23,33,35].
Prior data suggest that pre-existing ischemic conditions in the
heart may result in an imbalance between pro- versus anti-
arteriosclerotic of RANK/RANKL/OPG and COMP/BMP-2 sys-
tems [19,26]. Furthermore, sustained expression of M-CSF af-
ter cardiac surgery provides a mechanism for overexpression
of RANK/RANKL, potentially modifying the risk of arterioscle-
rosis [18,20,25]. Progression of arteriosclerosis in patients with
end-stage renal disease is fueled by an imbalance of these fac-
tors [4,12,34,35]. If the post-surgical serum milieu exhibits a
misbalance towards pro-arteriosclerotic factors, the benefits
of cardiac surgery may be minimized as protracted elevation
of these markers accelerates arteriosclerosis [12,38].

Here, we hypothesize that perioperative inflammation will dis-
rupt RANK/RANKL/OPG and/or COMP/BMP-2 balance during
the acute period, with recovery to baseline levels at 3 months.
Furthermore, we hypothesize that FGF-23 will be transiently ele-
vated as a part of vascular inflammation and progressive arterio-
sclerosis, considering that the changes in serum arteriosclerosis
markers will follow the dynamics of inflammatory markers (CRP,
IL-8). This study addresses a gap in the knowledge concerning the
dynamics of arteriosclerotic serum markers after cardiac surgery.

Material and Methods

Ethics and Consent

The University of Pennsylvania Institutional Review Board ap-
proved the study (#815686). All patients scheduled for non-
emergent cardiac surgery were approached. Patients were en-
rolled in the study after consent was secured.

Patient Population
In this observational study, a total of 90 patients admitted

for elective cardiac surgery at the University of Pennsylvania
Health System were approached between 2015 and 2020 and
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Table 1. Patient characteristics and surgical details.

Demographics (N=90) [n/N (%)]

Age [years+SD] 64.1+12.15

Over 60 67/90 (74.44%)
Csex
"""" male  69/90 (1667%)
"""" Female  21/90 (23.33%)
Race
"""" Black 490 444%)
"""" White  79/9 B7.87%)
"""" Other/Asian/Unknown  7/90 (1.69%)

Pre-existing conditions [n/N (%)]

Weight [kg] (mean+SD) 83.7+20.06
BMI (mean+SD) 27.5+5.71
Charleston Comorbidity Index [x+SD] 4.0+2.02

Cerebrovascular accident/transient
ischemic attack

Chronic obstructive pulmonary
disorder

Diabetes melitus 26/90 (28.89%)

Anesthesia & surgery data [n/N (%)]

Duration of anesthesia; mean+SD

. 3745+98.8
[min]
Duration of surgery; mean+SD [min] 265.9+92.95
Duration of cardiopulmonary bypass; 131.6458.73

mean+SD [min]

Estimated Blood Loss mean+SD [mL] 202+270.9

consented. The specific types of cardiac surgery type are de-
tailed in Table 1. Inclusion criteria were adult patients (>18
years) undergoing elective cardiac surgery. The exclusion cri-
teria included patients <18 years, emergent surgery, immuno-
suppression, history of transplant, and lack of consent.
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Perioperative management [n/N (%)]

Transfused Packed Red Blood Cells,
mean; (1Q25; 1Q75) [mL]

Transfused Fresh Frozen Plasma,
mean; (1Q25; 1Q75) [mL]

85+236.1

Total benzodiazepines administration
[meg]

Functional outcomes meantSD

3.7+1.71

APACHE score at 1 h 17.4+5.85
APACHE score at 24 h 9.7+4.93
APACHE score at 48 h 9.5+5.31

Length of Stay (LOS) at 28 days meanSD

LOS ICU 8.7+43.2

1/90 (1.11%)

APACHE — Acute Physiology and Chronic Health Evaluation;
LOS - length of stay; ICU — Intensive Care Unit.

Clinical Data Collection and Outcomes

Demographic and clinical data were obtained from electronic
health records (EHR), including surgical, anesthesia, periopera-
tive, and length of stay (LOS) records (Table 1). Morphine equiv-
alents were calculated for opioids in the first 24 hours follow-
ing surgery. APACHE Il scores were calculated upon admission
to the Intensive Care Unit (ICU) and 24 hours later [39,40]. The
diagnoses of deep venous thrombosis, pulmonary embolisms,
and cerebrovascular events pre- and peri-operatively were ex-
tracted from medical records by manual chart review. Mortality
and disposition were defined at the time of hospital discharge.

Study Procedure

After patient consent was secured, blood was collected before
the onset of surgery (t,). Subsequent blood procurements took
place 24 hours (t,,, ) and 7 days (t,,) after surgery, with the fi-
nal follow-up occurring at 3 months (t, ).
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Blood was collected one of 3 ways: 1) from arterial lines dur-
ing the hospital stay, 2) from the venous system using cen-
tral lines, or 3) manually drawn using the Vacutainer™ system
(BD; Franklin Lakes, NJ). Blood was collected and stored at 4°C
with processing within 2-4 hours after collection. Plasma was
isolated by centrifuging blood for 10 min at 1200xg, 4°C. The
isolated plasma was aliquoted and stored at -80°C.

Assessment of Biomarkers and Biological Variables

RANKL, OPG, COMP, and BMP-2 were assessed using a mul-
tiplex system (Thermofisher, Philadelphia, PA). FGF-23 was
tested in serum using an enzyme-linked immunosorbent as-
say (ELISA) kit (R&D; Minneapolis, MN). Markers of inflamma-
tion (CRP, IL-8, CD40L, P-selectin) were measured using a mul-
tiplex system (Thermofisher, Philadelphia, PA).

White blood cells, serum creatinine, and platelet count were
obtained from medical records as part of lab orders.

Statistical Analysis

Parametric variables were presented as mean with standard de-
viation (SD) and compared using the t test for 2 variables, while
ANOVA was used for multiple comparisons with Duncan’s post
hoc analysis. For non-parametric variables, median (M ) and
interquartile ranges (IR) were utilized and the Mann-Whitney
U test was used. Pearson r correlation coefficients were used
to assess relationships between variables. Two-sided P val-
ues less than 0.05 were considered statistically significant for
all tests unless a specific null hypothesis was formulated first.
Statistical analyses were performed with Graph (GraphPad;
GraphPad Software LLC, San Diego, CA).

Results

Patient Baseline Data

Neither sex nor age affected the levels of RANKL, OPG, COMP, or
BMP-2 at baseline. Pre-surgical serum FGF-23 levels were signif-
icantly higher in males than females (FGF-23__ =3059.1+6924.8
vs FGF-23,_ =2267+71664; t{57;18]=15.25; P=0.00000) (data
not shown).

Patients with pre-existing moderate to severe renal disease had
significantly higher levels of COMP compared to patients with-
out severe renal disease (COMPhea“hy=11.9i13.2 vs COMP_
eile=36-5£51.6; [36;10]=15.25; P=0.00000), while the other
biomarker levels were not significantly different between these
2 groups. Pre-existing peripheral artery disease, heart failure,
renal failure, or liver failure did not affect baseline levels of
RANKL, OPG, BMP-2, COMP, or FGF-23. Patients with diabetes
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had significantly higher levels of BMP-2 (BMP-2
vs BMP-2,,  =1388+2325; {21;6]=15.25; P=0.026) and FGF-
23 (FGF-23,,,,, =2184+4056 vs BMP-2 =21773£66450;
t[73]=2.17; P=0.03) compared with patients without diabetes,
while the other biomarker levels were not significantly differ-
ent between these 2 groups (data not shown).

ety =229-9£219

Biomarker Dynamics After Surgery

When assessing biomarker levels for the entire patient popula-
tion, RANKL levels were significantly increased from baseline to
24 hours (RANKL, . =248.7+215.7 vs RANKL,,, =376.44329.7;
P=0.035), with levels returning to baseline at 7 days and remain-
ing there at 3 months (Figure 1A). COMP serum level did not
change significantly after surgery (data not shown). OPG levels
were significantly different from baseline to t,,, (F[3,10]=8.87;
P=0.048) when paired time series were compared, but no pair-
wise comparisons revealed any significant difference (data not
shown). Serum BMP-2 levels were significantly increased 24
hours after surgery (BMP-2, . =283.7+255.4 vs BMP-2,,, =482.4;
P=0.015) and normalized afterward (Figure 1B). Serum COMP
levels were highly variable at all time points, with no statistically
significant changes (data not shown). FGF-23 increased signifi-
cantly from baseline (FGF-23, . =1020+1210) to 7 days (FGF-
23,,=2191+5188; P=0.029) and remained significantly high-
er than baseline at 3 months (FGF-23, =2041+3521; P=0.044)
(Figure 1C). There was not a significant increase in FGF-23 at 24
hours (add p=0.45). RANKL levels at 24 hours correlated strong-
ly with COMP (r=0.42; P=0.009) and FGF-23 (r=0.57; P=0.02).

Duration of anesthesia, surgery, cardiopulmonary bypass, or
cross-clamp did not significantly affect levels of measured fac-
tors at any time points. However, estimated blood loss during
surgery was significantly correlated with serum RANKL at 24
hours (r=0.33; P=0.035) (data not shown).

OPG serum levels 24 hours after surgery were correlated with
the total amount of morphine (r=0.34; P=0.026) and ben-
zodiazepines (r=0.44; P=0.02) received during anesthesia.
Perioperative intake of acetylsalicylic acid (ASA) was related to
a significantly decreased level of OPG at 24 hours (U[51]=2.07;
P=0.038), but no other markers were affected, even though
the data were highly non-parametric. Perioperative intake of
acetaminophen, ketorolac, or steroids did not affect any arte-
riosclerosis markers at 24 hours or 7 days (data not shown).

Inflammatory Markers After Surgery

Nonspecific inflammation was measured via white blood cells
(WBC) levels, IL-8, P-selectin, and CD40L. After a significant
increase in WBCs and IL-8 at 24 hours, WBC levels remained
significantly higher at 7 days and 3 months, while IL-8 levels
returned to baseline at 7 days and remained at baseline at
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Figure 1. Biomarker levels after surgery. Biomarker levels were measured with RT-PCR from patient blood samples taken at baseline
(pre-surgery), 24 hours after surgery, 7 days after surgery, and 3 months after surgery. Biomarker levels are presented as
mean+SD. (A) RANKL, (B) BMP-2, (C) FGF-23. * P<0.05. SD — standard deviation.
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Figure 2. Inflammatory markers after surgery. White blood cells, IL-8 and CRP from patient blood samples taken at baseline (pre-
surgery) and at 24 hours, 7 days, and 3 months after surgery. Levels are presented as mean+SD. (A) WBC count, (B) IL-8,
(C) CRP. Confidence intervals are indicated in red bars. ** P<0.01; **** P<0.0001. ns — not significant; SD — standard deviation;

WBC — white blood cells.

3 months (Figure 2A, 2B). Serum P-selectin (F[3;127]=0.48;
P=ns) and CD40L (F[4;95]=0.99; P=ns) levels remained un-
changed throughout the observation period (data not shown).
Baseline CRP serum levels (M_CRP,__. =27[0;120]) were signif-
icantly elevated at 24 hours (M _CRP,,, =763[231;1502]) and 7
days (M_CRP, =685[343;1360]), with levels returning to base-
line at 3 months (M_CRP, =110[48;331]; P=0.13) (Figure 2C).

Patient Outcomes

Serum creatinine levels at 24 hours (r=0.41; P=0.008) and 7
days after surgery (r=0.59; P=0.000) (Figure 3) were strongly
correlated with COMP at the same follow-up times. APACHE
scores at 1 and 24 hours after was surgery did not correlate with
any of the markers. However, COMP level at 24 hours strong-
ly correlated with length of stay in the ICU (r=0.39; P=0.000).
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The incidence of deep venous thrombosis (n=2) and pulmonary
embolism (n=2) was too low to calculate meaningful statistics.
Patients with stroke after admission to the hospital had ele-
vated levels of BMP-2, but that difference was present even
before surgery (data not shown).

Discussion

This is the first long-term observational study of serum markers
related to the progression of arteriosclerosis and arterial stiff-
ness in patients undergoing cardiac surgery. We hypothesized
that imbalance within dyads of pro- versus anti-arterioscle-
rotic serum biomarkers (RANK/RANKL/OPG and COMP/BMP-2)
would result in significant abnormalities secondary to peri-sur-
gical inflammation and that FGF-23 levels would be elevated
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Figure 3. Correlation of serum creatinine with COMP. Serum
creatinine levels at 24 hours were significantly
correlated with serum COMP serum levels. Red lines
indicate 95% confidence intervals.

after surgery. We demonstrated that RANKL and BMP-2 were
elevated during the acute perioperative period. Significantly,
FGF-23 persisted in serum for 3 months after elective heart
surgery. Prolonged FGF-23 activation could accelerate arterio-
sclerosis, potentially limiting the long-term benefits of cardi-
ac surgery. These changes were accompanied by the resolu-
tion of some but not all inflammatory markers.

Dynamic changes in RANK/RANKL/OPG, COMP/BMP-2, and
FGF-23 in the acute perioperative period are expected as they
play an essential role in the inflammatory response [19,21-
23,32,34,41]. Additionally, they are significantly involved in
kidney function, which may be negatively affected by surgery
[16,19-21,28,29]. The COMP/BMP-2 levels we observed were
correlated with perioperative kidney function and length of
stay, which is most likely a reflection that patients with re-
nal failure stay longer in the hospital. Abnormalities in kid-
ney function via klotho and the vitamin D system can also af-
fect long-term bone metabolism and FGF-23 levels [14,32,36].
Interestingly, vitamin D levels are often disturbed during cardi-
ac surgery and are linked to increased adverse events [42-44].

The only correlation between arteriosclerosis markers and the
level of insult was for RANKL and the estimated blood loss.
The lack of correlation between APACHE and several measures
of inflammation suggests that changes in RANKL and COMP
are part of a nonspecific inflammatory response. In prelimi-
nary data, due to the high variability, type of surgery did not
significantly differentiate factors. The lack of differences be-
tween types of surgery may be a result of markers respond-
ing to insult non-specifically, the degree of insult exceeding
any threshold for a differential response, or inadequate coding
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for surgical procedures. In this study, we failed to demonstrate
a relationship between serum creatinine postoperatively and
FGF-23 levels, despite some studies suggesting a strong cor-
relation [34,36]. This correlation is likely the result of abnor-
mal calcium metabolism, a common occurrence in end-stage
renal disease patients [21,32,34,45]. Our patient population
had few patients with kidney failure. Also, the observed re-
lease of FGF-23 is most likely directly related to cardiac dam-
age, as the vast majority of our patients had normal creati-
nine levels and were not on dialysis [45].

Arteriosclerosis can be accelerated by nonspecific inflamma-
tion or general vascular inflammation [4,20,38,46]. Here, we
observed perseverance of leukocytes, but CRP and IL-8 levels
normalized by 3 months. Also, markers of vascular inflamma-
tion (P-selectin, CD40L) remained at baseline for the duration of
the study [47-50]. This suggests that patients may be at higher
risk of atherosclerosis over time, considering the role of CRP in
this process [7,12]. Notably, elevated CRP would work synergis-
tically with FGF-23 to accelerate arteriosclerosis [9,28,33,34,41].

The study has several limitations. The pilot nature of this proj-
ect precludes in-depth analysis of several demographic and
clinical factors, potentially affecting levels of measured sam-
ples [38,51]. We did not measure KLOTHO activation or vitamin
D, which are key components in calcium metabolism and arte-
riosclerosis [11,32,41,51]. We demonstrated that FGF-23 is el-
evated at 3 months, but we did not determine the duration of
FGF-23 prolongation. Establishing the duration of persistence
of serum FGF-23 is critical to determining the potential impact
of FGF-23 on the acceleration of arteriosclerosis. Additionally,
we did not directly measure the level of arteriosclerosis accel-
eration using ultrasound or invasive methods. This pilot study
was not designed to measure clinical outcomes, as no prior
study has examined the longevity of the studied markers past
the perioperative period. The significance of FGF-23 elevation
needs to be established in a larger patient population, as the in-
cidence of stroke, post-operative coronary syndrome, and death
was low in our group. Our study did not account for pre-exist-
ing conditions that often lead to increased stiffness of the ar-
teries [8,12,28], such as hypertension and smoking, or current
medications that patients are taking, such as statins, which can
change the natural history of arterial stiffness progression [52].

Despite these limitations, this study has strengths that include
a relatively homogenous patient population and longitudinal
design, allowing the comparison of data across time for the
same individuals. In addition, the population size was within
acceptable limits for an exploratory study, and the methodolo-
gy for ascertaining the serum level of the markers was robust.
We also accounted for several variables critical for the serum
level of the studied markers, even though some have com-
plex relationships to age, diabetes, and sex [20,27,36,38,51].
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In summary, this pilot study indicates that some factors favor-
ing arteriosclerosis can persist for several months after car-
diac surgery. Assessing the clinical correlates of this finding
is the next step.

Conclusions

We demonstrated that RANKL and BMP-2 are elevated dur-
ing the acute perioperative period and that significantly ele-
vated levels of FGF-23 persist in serum even 3 months after
non-emergent heart surgery. The prolonged period of FGF-23
activation could lead to an acceleration of arteriosclerosis.
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