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Abstract

Background—The objective of this study was to investigate the change of platelet function and
platelet mitochondrial membrane potential in contentious-flow left ventricular assist device (CF-
LVAD) implanted heart failure (HF) patients with or without systemic inflammatory response
syndrome (SIRS).

Methods and Results—We recruited 31 CF-LVVAD patients (16 SIRS and 15 Non-SIRS) and
11 healthy volunteers as the control. Pre and post implant blood samples were collected. We used
PFA-100 to test the platelet functionality. Mitochondrial potential sensitive dye was used to detect
platelet dysfunction (A¥y,) via flow cytometry. The percentage of depolarized A¥, platelets was
found to be pre-existing conditions in all HF patients prior to CF-LVAD implantation compared to
controls (10.3+6.3vs.2.8+2.2%,p<0.001). As evident from PFA-100 test, The HF patients who
developed SIRS after CF-LVAD implantation had significantly higher qualitative platelet defects
and thrombocytopathies compared to baseline level. After implantation, the depolarized platelets
in the SIRS patients increased by 2-fold compared to the baseline (18.2+8.4vs.9.0+6.6%,p<0.01);
while no change was noticed in the Non-SIRS patients (10.9£6.2vs.11.7+5.8%,p=0.75).
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Conclusions—We identified that the platelet function and mitochondrial damage were
enhanced in CFLVAD patients with SIRS. Our findings suggest that depolarization of
mitochondrial membrane potential is associated with SIRS after CF-LVAD implant surgery.
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Introduction

Continuous-flow Left ventricular assist device (CF-LVVAD) therapy has evolved into a
standard therapy for patients with advanced heart failure (HF), either as a destination
therapy or a bridge to cardiac transplantation or a bridge to myocardial recovery.! Despite
demonstrating significant improvements in survival with CF-LVVAD when compared to the
older, pulsatile devices; systemic inflammatory response syndrome (SIRS), major infections,
renal dysfunction, non-surgical bleeding, transient ischemic attack or stroke, respiratory
failure and right ventricular failure continues to be the major obstacles in advancing the
LVAD therapy.2—>

SIRS is a whole-body inflammation and still remains a major clinical problem, despite
improved diagnostics and therapy. Clinically, SIRS is identified by two or more symptoms
including fever or hypothermia, tachycardia, tachypnoea and change in blood leucocyte
count.8 Thus peripheral vasodilatation, loss of volume due to capillary leakage, myocardial
dysfunction and dysfunction of major organs, are also summarized as SIRS.”® Cardiac
surgery for the placement of CF-LVVAD may be associated with the development of a
systemic inflammatory response that can often lead to dysfunction of major organs. The
systemic inflammation can be assessed by measuring concentrations of inflammatory
mediators in plasma and tissues but the concentrations, however, do not always correlate
with the degree of observed organ dysfunction.®

Although the primary function of platelets is to prevent excessive bleeding after an injury
and to survey and maintain the integrity of the endothelium, there is growing evidence that
platelets play an active role in fighting infections and in innate immunity.10-13 It has been
reported that the depolarization of platelet mitochondrial membrane potential (A ) is
associated with the progression of SIRS in critically ill patients.14 Mitochondrial membrane
potential (A¥,) is the parameter that reflects mitochondrial function and is an indicator of
mitochondrial energy status.?® Mitochondrial membrane alterations have been observed in
chronic disorders such as heart failure,® sepsis-induced multi-organ failure, 17 right
ventricular failure,18 end-stage renal diseasel® and diabetes mellitus.20

SIRS frequently occurs in HF patients after CF-LVVAD implantation. The knowledge of
platelet functionality in this sub-group of CF-LVAD patients is limited. Thus, the purpose of
the present study was to investigate the change of platelet function and platelet
mitochondrial membrane potential in circulating blood of CF-LVVAD patients with SIRS and
to clarify whether depolarized AU, platelets can reflect systemic mitochondrial dysfunction
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in clinical settings after CF-LVVAD surgery and might be a useful marker for post implant
SIRS development in CF-LVVAD patients.

Materials and Methods

Subjects

From 2010 to 2014, we were only able to consent 46 HF patients who were implanted with
LVADs, either as a bridge to transplant or destination therapy, at the University of Maryland
Medical Center. Not all the patients were consented for the study. Out of 46, we were able to
find only 16 patients who meet the criteria for the SIRS within first week after CF-LVAD
implantation (SIRS-group). SIRS in those patients was defined according to the guidelines
of American College of Chest Physicians and the Society of Critical Care Medicine.?! On
the other hand we had selectively chosen 15 patients form rest of 30 consented patients who
did not fall into SIRS criteria. These 15 patients (Non-SIRS) were selected in such a way so
that they can match with the SIRS group in respect to their demographic and baseline
clinical characteristics. So this study did not represent the whole patient’s population during
that time frame rather a subgroup of 31 patients from 46 patients. The CF-LVADs implanted
included the HeartMate 11 (Thoratec Corp, Pleasanton, CA) in 12 patients (6 Non-SIRS and
6 SIRS), the Jarvik 2000 (Jarvik Heart, New York, NY) in 10 patients (6 Non-SIRS and 4
SIRS), and the HeartWare HVAD (HeartWare Inc, Framingham, MA) in 9 patients (4 Non-
SIRS and 5 SIRS). All the procedures involving collection of human blood were approved
by the Institutional Review Board (IRB). All the patients and volunteers gave their written
informed consent and were informed about the aim of the study.

Anticoagulation/Antiplatelet Treatment

After CF-LVAD implantation, anticoagulation was initiated with a titrated heparin dose with
the goal for partial thromboplastin time of 40-45s once chest drainage was less than 30 mL/h
for at least 4 hours. Thereafter the goal was aimed to have an anti-Xa activity level of
0.1-0.15 U/mL. The anticoagulation medication was subsequently converted to warfarin
with a targeted international normalized ratio (INR) from 1.8 to 2.3 for the HeartMate 11, 2
to 3 for the Jarvik and the HeartWare. Antiplatelet agents were added to the anticoagulation
regimen and the dosage was titrated based on measurements of platelet function using a
platelet function analyzer (PFA-100® (Dade Behring, Inc, Deerfield, IL) and
thrombelastogram (TEG) (TEG® 5000 Thrombelastograph® Hemostasis Analyzer System,
Haemonetics Corporation, Braintree, MA). All the patients received pentoxifylline to
improve RBC deformability in the hope of mitigating shear-induced hemolysis.

Collection and Preparation of Blood Sample

EDTA/Citrate-anticoagulated blood samples from the HF patients were collected at baseline
(pre-operative: Pre-OP) and one week after the CF-LVAD implant surgery. Based on the
expected post-transfusion recovery and life span of transfused platelets, we had collected
blood samples after 24 to 48 hours of platelet transfusion (if any). Blood samples from the
healthy donors were collected once. All the blood samples from the HF patients and the
healthy volunteers were aliquoted and processed immediately according to the standardized
study protocols.
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Platelet Function Measurements

Measurements of platelet function with the PFA-100® were performed according to the
manufacturer’s instruction using the collagen/adenosine-5’-diphosphate (CAPD) cartridge
and the collagen/epinephrine (CEPI) cartridge. The Platelet Function Analyzer (PFA)-100
measures platelet function in a high shear environment and is well suited to the detection of
platelet dysfunction in the clinical setting. The instrument records the time for platelets to
occlude an aperture with a membrane coated with collagen and either epinephrine (CEPI) or
ADP (CADP). CEPI cartridges detect qualitative platelet defects while CADP cartridges
detect only thrombocytopathies which is characterized by dysfunctional platelets resulting in
prolonged bleeding time, defective clot formation, and a tendency to hemorrhage. We also
used the TEG parameters to assess the platelet function. The TEG parameters: TEG-
maximum amplitude (TEG-MA), kinetic time (TEG-KT) and angle (TEG-Angle) were
analyzed.

Measurement of Platelet Mitochondrial Damage

Platelet mitochondrial damage was measured by flow cytometry using mitochondrial
membrane potential (A¥m)-sensitive dye, tetramethylrhodamine ethyl ester (TMRE), a
commercially available MitoPT® TMRE Assay Kit (ImmunoChemistry Technologies, LLC,
Bloomington, MN). TMRE is a cell permeant, positively-charged, red-orange dye that
readily accumulates in active mitochondria due to their relative negative charge.
Depolarized or inactive mitochondria have decreased membrane potential and fail to
sequester TMRE. Thus TMRE measured the mitochondrial integrity of platelets by
monitoring the loss of fluorescence intensity. The level of platelet mitochondrial damage
was displayed as % of depolarized AV, platelets.

Statistical Analyses

Results

The data are presented as mean+SD (standard deviation) or median with interquartile range
(IQR) and statistically analyzed using SPSS statistical software (Statistical Package for
Social Sciences for windows, release 18.0; SPSS Inc., Chicago, IL, USA). Statistical
differences were determined by using Chi-square test, Student’s t-test and Mann-Whitney U
test, as applicable. Univariate analysis was carried out using Spearman’s rank correlation
test to find out the relation between two measurable parameters as continuous variables, and
the result was expressed as p (rho) value. Statistical significance was assigned at p<0.05.

SIRS and demography

In our study, we were only able to include 16 patients who developed SIRS within first week
after CF-LVVAD implantation. Comparative analyses of demographic and clinical
characteristics of the patients in the SIRS group and those who did not experience SIRS
(Non-SIRS group) before CF-LVAD implantation were summarized in Table 1.
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Adverse Events after Implantation

Table 2 lists adverse events and clinical complications of the HF patients in both the Non-
SIRS and SIRS groups after CF-LVVAD implantation. Adverse clinical complications after
CF-LVAD implantation were found to be more prominent in the SIRS group (Table 2).

Laboratory Hematology and Blood Chemistry

The routine laboratory hematology and the blood chemistry tests of the patients in each
group before and after implantation are summarized in Figure 1. There were no significant
differences in the hematology and blood chemistry parameters between the two groups
before and after implantation although we noticed higher leukocyte counts in the two groups
compared to their baseline values. The decreasing trends of erythrocytes, hemoglobin and
hematocrit counts were also similar in the two groups (Figure 1).

Whole blood hemostasis tests

The differences in the thromboelastogram data between the Non-SIRS and the SIRS groups
are shown in Figure 2. There were no significant differences in the severity of the primary
hemostatic defect indicated by these tests between the Non-SIRS and SIRS groups.

Platelet Function Tests

We noticed that the mean closure times (CTs) for the CADP (186.8+30.8 vs. 118.0+11.7
sec., p=0.028, Student’s t-test) and CEPI (208.5+21.8 vs. 168.7+£18.2 sec., p=0.1781)
cartridges before CFLVAD implantation were higher in the Non-SIRS group when
compared to the SIRS group. In the Non-SIRS group, the mean CTs for the CADP and the
CEPI cartridges were 27% (186.8+30.8 vs. 237.4+15.2 sec., p>0.05) and 16% (208.5+ vs.
241.3+14.0 sec., p>0.05) higher after CF-LVAD implantation in comparison to the baseline
values, respectively. But in the SIRS group, the post-implant mean CTs for the CADP and
the CEPI cartridges significantly increased by 2-fold (214.4+13.5 vs. 118.0+11.7 sec.,
p<0.0001) and 1.6-fold (266.7+8.2 vs. 168.7+18.2 sec., p<0.0001), respectively, when
compared to their corresponding baseline values.

Change in Platelet Mitochondrial Membrane Potential

The flow cytometric analysis of the platelet mitochondrial dysfunction is depicted in the
figure 3A and B. Compared to the healthy volunteers, the HF patients had 3.7-fold higher %
of depolarized A¥, platelets prior to CF-LVVAD implantation, indicating a pre-existing
condition of platelet mitochondrial damage in these patients (Figure 3C). The difference in
the baseline levels of depolarized platelets between the Non-SIRS and SIRS groups were not
statistically significant (11.745.8 vs 9.0+6.6%, p=0.2463, Students t-test). We noticed the
depolarized platelets became doubled in the SIRS group after CF-LVAD implantation in
comparison to the baseline level while no significant change was noticed in the Non-SIRS
group (Figure 3D). Thus the platelet mitochondrial dysfunction was more prominent in the
SIRS group after CF-LVAD implantation.

Figure 4 shows the differences in depolarized platelets in the SIRS group with respect to
different clinical complications after CF-LVVAD implantation. The SIRS patients with major
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infection, respiratory failure and major bleeding had significantly higher depolarized
platelets than the patients with SIRS alone. The depolarized platelets were also higher in the
SIRS patients with renal failure, stroke and right ventricular failure but these differences
were not found to be statistically significant (Figure 4).

Relationship between mitochondrial dysfunction and platelet function in SIRS

To examine any relationship between mitochondrial dysfunction and platelet function tests,
we conducted Spearman’s rank correlation test between the depolarized A¥, platelets and
PFA-100 tests among both the Non-SIRS and SIRS groups of the CF-LVAD patients.
Considering the SIRS group, when the percentages of depolarized A¥,, platelets were
plotted against the PFA-CADP-CT and PFA-CEPI-CT values, we noticed a statistically
significant positive association especially with PFA-CADP-CT (Figure 5A-B). Contrary to
this, in the Non-SIRS group, we did not notice any significant association between the
mitochondrial dysfunction and platelet function tests; rather a non-signifant negative
correlation was established between depolarized platelets and PFA-CADP-CT (Figure 5C).
In the Non-SIRS group, the mitochondrial dysfunction was not correlated with the PFA-
CEPI-CT (Figure 5D).

Discussion

This is the first report that evaluated platelet functionality and the change of platelet
mitochondrial membrane potential in CF-LVVAD patients with SIRS. In our study, The HF
patients who developed SIRS after CF-LVVAD implantation had significantly higher
qualitative platelet defects (PFA-CEPI-CT) and thrombocytopathies (PFA-CADP-CT) when
compared to the baseline levels. The elevated CT for the CEPI cartridge in the Non-SIRS
group might be related to drug therapy or others before implantation when compared to the
SIRS group. The finding that both the CADP and CEPI are significantly increased by 2-fold
and 1.6 fold, respectively, in the SIRS group suggests that platelet function is abnormal in
those HF patients who developed SIRS after CF-LVVAD implantation while no significant
changes were observed in the CF-LVAD patients without SIRS. Like platelet function, the
depolarization of platelet mitochondrial membrane potential also significantly rose in the
CF-LVAD patients with SIRS compared with that in the CF-LVVAD patients without SIRS
and the healthy volunteers. Circulating normal blood platelets contain fully functional
mitochondria. Accumulating evidence indicates that these mitochondria regulate the pro-
thrombotic function of platelets through energy generation.22 The change of platelet
mitochondrial membrane potential is an indicator of mitochondrial energy status.1%:23.24
Thus mitochondrial membrane potential is the parameter that reflects mitochondrial function
and can be used to evaluate abnormality of platelet function.

Besides SIRS, the HF patients also experienced other adverse events and clinical
complications after CF-LVAD implantation. In the SIRS group, 5 patients had major
infections either at the driveline of the CF-LVVAD or in bloodstream, Gl tract and
mediastinum due to bacterial attack. One patient in the SIRS group had pulmonary infection
with unknown cause. The SIRS patients with infection are considered as sepsis. A recent
study suggests that mitochondrial dysfunction of platelets correlates with clinical disease
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activity in sepsis.2® In our study, the depolarization of mitochondrial membrane potential
became doubled in sepsis condition (SIRS with major infection) when compared to SIRS
only. Non-surgical bleeding is another important adverse event occurred in HF patients with
CF-LVAD support irrespective of the SIRS. Forty four percent of the SIRS patients had
bleeding complication. The depolarized platelets were also significantly higher among these
patients. In a recent study we showed that platelet dysfunction is related to non-surgical
bleeding after CF-LVVAD implantation .26:27 Thus, apart from contributing towards the cell’s
energy metabolism, the role of mitochondria as pivotal mediators of intrinsic pathway of
apoptosis was also established in our previous study. Moreover, the occurrence of
respiratory failure and the right ventricular failure were also common in the SIRS patients
with CF-LVAD when compared to the Non-SIRS patients and the platelet mitochondrial
membrane depolarization elevated in these conditions. Our finding is consistent with other
reports in which the patients with SIRS and multiorgan dysfunction had elevated
depolarized platelets. Thus the change in platelet mitochondrial membrane potential may be
associated with the progression of SIRS.14

In the present study, the % of depolarization AV, platelet significantly correlated with CTs
of CADP and CEPI in the CF-LVAD patients with SIRS, suggesting that the mitochondrial
energy status is associated with qualitative platelet defects and thrombocytopathies. While in
Non-SIRS CF-LVAD patients, we did not notice any significant correlation. Thus, the
present study revealed that the platelet functional abnormalities were related to the change of
mitochondrial energy status only in the patients who developed SIRS after CF-LVAD
implantation. Despite having a relatively common physiologic pathway, SIRS has numerous
triggers, and patients may response in various manners. The exact mechanisms of how the
change in mitochondrial energy status modulates platelet function in the CFLVAD patients
with SIRS are still not clear and further studies are warranted in this exciting field.

Platelet function was tightly associated with the process of systemic inflammation. The
study of platelet dysfunction may be an important marker for CF-LVVAD associated systemic
inflammation. Platelets are also a valuable tool to study human mitochondria. We identified
that the platelet function and mitochondrial damage were enhanced in CF-LVVAD patients
with SIRS. Our findings may suggest that depolarization of mitochondrial membrane
potential is associated with SIRS after CF-LVAD implant surgery. The rapid advancement
of our understanding of platelet mitochondrial biology not only provides information about
the mechanisms governing haemostasis, but also contributes to our ability to translate
mitochondrial research to clinical complications associated with CF-LVVAD implantation in
heart failure patients.

We acknowledge that there are some limitations in this prospective observational study. This
is a single-center study and the sample size was relatively small. Not all CF-LVVAD patients
were enrolled for this study. The effects of antiplatelet drugs on platelet function and change
in mitochondrial membrane potential may need to be explored. The anticoagulation
treatments for the two groups were similar and had no impact on platelet function in our
current study. Other medication side effects or pharmacologic properties may either induce
or mask SIRS. Recent changes in medications should be addressed in further studies to rule
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out drug-drug interactions or a new side effect. A larger cohort of CF-LVVAD patients with

Sl

RS and other associated clinical complications is needed to confirm our initial findings.
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Figure 1.
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Figure 2.

Pro.OP POD-1W
Post operative days

Parameters of whole blood hemostasis test of the Non-SIRS and SIRS groups of HF patients
before (Pre-OP) and after one week (POD-1W) of CF-LVAD implantation. Data are
expressed as mean+SD. The dotted lines in each line diagram indicating the normal high and

normal low values of each parameter measured.
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Figure 3.
The change in % depolarized AV, platelets among the Non-SIRS and SIRS groups before

and after CF-LVVAD implantation. (A) FSC versus SSC dot plot. The gate indicates position
of platelets. (B) The distribution histograms show the change in TMRE fluorescence in the
control, Non-SIRS and SIRS groups. (C) Scatter plot representing the differences in %
depolarized AV, platelets between the healthy controls and the HF patients at the baseline.
*p<0.05 is considered significant in Student’s t-test. (D) Box-whisker plot shows the
differences in % depolarized AT, platelets before and after CF-LVVAD implantation in the
Non-SIRS and SIRS groups. The lines across each box plot represent the median value. The
lines that extend from the top and the bottom of each box represent the lowest and highest
observations still inside the lower and upper limit of confidence. *p<0.05 is considered
significant in Mann-Whitney U-test.
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The change in % depolarized AV, platelets associated with different adverse events after CF
LVAD implantation among the SIRS group. The lines across each box plot represent the
median value. The lines that extend from the top and the bottom of each box represent the
lowest and highest observations still inside the lower and upper limit of confidence. *p<0.05
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is considered significant in Mann-Whitney U-test.
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Figure 5.
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Table 1

Demographic and baseline clinical characteristics of HF patients prior to CF-LVAD implantation

Characteristics

Pre-implant HF patients (n = 31)

Non-SIRS SIRS
(n=15) (n=16)
Demography
Age in years, median (IQR) 63 (25 - 76) 63 (48 - 71)
Sex, n (% male) 13 (86.7 %) 14 (87.5 %)
Race
Caucasian white, n (%) 7 (46.7%) 8 (50.0%)
Black, n (%) 8 (53.3 %) 8 (50.0 %)
Height in meter, median (IQR) 1.8(1.7-1.9) 1.8(1.6-1.9)

Weight in kilograms, median (IQR)
Body mass index (kg/m?), median (IQR)
Body surface area (m2), median (IQR)
History of smoking, n (%)
History of substance abuse
Ethyl alcohol abuse, n (%)
Drug abuse, n (%)
Vital signs
Systolic blood pressure (mmHg), mean+SD
Diastolic blood pressure (mmHg), mean+SD
Etiology of heart disease
Ischemic cardiomyopathy, n (%)
Non-ischemic cardiomyopathy, n (%)
Idiopathic Cardiomyopathy, n (%)
Echocardiographic parameters

Left ventricular end diastolic diameter (mm),
mean+SD

Left ventricular ejection fraction, (%),
mean+SD

84.0 (53.0 - 119.4)
26.7 (19.5 - 39.0)
2.1 (1.6 -2.4)

3 (20 %)

2(13.3%)
2 (13.3 %)

103.4+18.5
67.0+18.2

7 (46.7%)
6 (40.0%)
2 (13.3 %)

720+11.0

125+38

88.0 (68.9 — 127.9)
31.2(23.0-38.2)
2.2 (1.8-2.5)
4(25.0 %)

3(18.7 %)
4(25.0 %)

100.3+7.1
64.5+6.8

5 (31.3 %)
6 (37.5 %)
5 (31.3 %)

67.6+11.4

133+4.1
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Table 2
Adverse events of HF patients with or without SIRS after CF-LVVAD implantation

Adverse events Pre-implant HF patients (n=31)
Non-SIRS SIRS
(n =15) (n =16)

Major infections
Renal dysfunction
Bleeding
Respiratory failure
Stroke

Right ventricular failure

, W NN UM~ O
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Device malfunction
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