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Abstract

Background: Cardiac surgery—associated acute kidney injury (AKI) is an adverse outcome that increases morbidity and
mortality in patients undergoing cardiac surgical procedures. To date, the use of serum creatinine levels as an early indicator
of AKI has limitations because of its slow rise and poor predictive accuracy for renal injury. This delay in diagnosis may lead
to prolonged initiation in treatment and increased risk for adverse outcomes.

Obijective: This pilot study explores serum and urine matrix metalloproteinases (MMPs)-2 and MMP-9 and their association,
and potentially earlier detection of AKI in patients following cardiopulmonary bypass (CPB)—supported cardiac surgery. We
hypothesize that increased activity of serum and urine levels MMP-2 and/ or MMP-9 are associated with AKI. Furthermore,
MMP-2 and/ or MMP-9 may provide earlier identification of AKI as compared with serum levels of creatinine.

Methods: During the study period, there were 150 CPB-supported surgeries, 21 of which developed AKI according to the Kidney
Disease Improving Global Outcomes criteria. We then selected a sample of 21 matched cases from those patients who went
through the surgery without developing AKI. Primary outcomes were the measurement via gel zymography of the serum and urine
activity of MMP-2 and MMP-9 drawn at the following intervals: pre-CPB; 10-minute post-CPB; and 4-hour post-CPB time points.
Secondary variables were the measurement of serum creatinine, intensive care unit (ICU) fluid balance, and length of ICU stay.
Results: At the 10-minute and 4-hour post-CPB time points, the serum MMP-2 activity of AKI patients were significantly
higher as compared with non-AKI patients (P < .001 and P = .004), respectively. Similarly, at the |0-minute and 4-hour post-
CPB time points, the serum MMP-9 activity of AKI patients was significantly higher as compared with non-AKI patients (P =
.001 and P = .014), respectively. The activity of urine MMP-2 and MMP-9 of AKI patients was significantly higher as compared
with non-AKI patients at all 3 time points (P = .004, P < .001, P < .001), respectively.

Conclusion: Although the pilot study may have limitations, it has demonstrated that the serum and urine levels of activity of
MMP-2 and MMP-9 are associated with the clinical endpoint of AKI and appear to have earlier rising levels as compared with
those of serum creatinine. Furthermore, in depth, exploration is underway with a larger sample size to attempt validation of
the analytical performance and reproducibility of the assay for MMP-2 and MMP-9 to aid in earlier diagnosis of AKI following
CPB-supported cardiac surgery.

Abrégé

Contexte: L'insuffisance rénale aigué (IRA) associée a la chirurgie cardiaque est un effet indésirable qui augmente la morbidité
et la mortalité des patients qui subissent ce type d’intervention. La mesure de la créatinine sérique comme indicateur précoce
de I'IRA continue a ce jour de présenter des limites en raison de sa lente augmentation et de I'imprécision de son pouvoir
prédictif. Ce délai dans le diagnostic peut retarder l'initiation du traitement et accroitre le risque d’effets indésirables.
Objectifs: Cette étude pilote explore les métalloprotéinases matricielles (MPM) -2 et -9 sériques et urinaires, leur association
avec I'IRA et leur potentiel pour la détection plus précoce de la maladie chez les patients qui subissent une chirurgie
cardiaque assistée par circulation extracorporelle. Nous émettons I'hypothése qu’une hausse de l'activité des MMP-2 et/ou
-9 et de leurs taux sériques et urinaires serait associée a I'IlRA. Les MMP-2 et/ou -9 pourraient en outre permettre d’identifier
la maladie plus précocement que le taux de créatinine sérique.

Méthodologie: Au cours de la période de I'étude, 150 chirurgies cardiaques assistées par circulation extracorporelle
ont été effectuées et 21 ont été associées a une IRA telle que définie par les critéres du KDIGO (Kidney Disease Improving
Global Outcomes). Nous avons sélectionné 21| cas appariés parmi les patients ayant subi I'intervention sans développer d’IRA.
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Le principal critére d’évaluation était une mesure de l'activité des MMP-2 et -9 obtenue par une zymographie sur gel
d’échantillons de sérum et d’'urine prélevés aux intervalles suivants: pré-circulation extracorporelle, 10 minutes aprés la
circulation extracorporelle et 4 heures aprés la circulation extracorporelle. Les variables secondaires étaient la mesure de
la créatinine sérique, la mesure de la balance liquidienne durant le séjour a I'unité de soins intensifs (USI) et de la durée du
séjour a 'USI.

Résultats: L’activité des MMP-2 sériques des patients atteints d’IRA était significativement plus élevée que celle des patients
non atteints d’IRA 10 minutes et 4 heures post-circulation extracorporelle (p < 0,001 et p = 0,004 respectivement). Aux
mémes repéres temporels, I'activité des MMP-9 sériques était elle aussi significativement plus élevée chez les patients atteints
d’IRA (p = 0,001 [IRA]; p = 0,014 (non IRA). L'activité des MMP-2 et -9 urinaires, elle était elle aussi significativement plus
élevée pour les patients atteints d’'IRA, et ce, pour les trois points temporels (p = 0,004 [IRA); p < 0,001 [non IRA]).
Conclusion: Bien que cette étude pilote comporte des limites, elle a tout de méme démontré que l'activité des MMP-2 et
-9 sériques et urinaires est associée aux paramétres cliniques de I'IRA, et que leurs taux augmentent plus rapidement que les
taux de créatinine sérique. Des recherches plus approfondies sur un plus grand échantillon de patients sont en cours afin de
valider la performance analytique et la reproductibilité du dosage des MMP-2 et -9 pour diagnostiquer plus rapidement I'IRA

apreés une chirurgie cardiaque assistée par circulation extracorporelle.
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Introduction

Up to 36% of patients undergoing cardiopulmonary bypass
(CPB)—supported heart surgery develop cardiac surgery—
associated acute kidney injury (AKI), which is associated
with increasing mortality, morbidity, and health care costs.!
AKI is characterized by a sudden, sustained, and function-
ally significant decrease in renal function with insufficient
elimination waste products.*> Although nephrotoxins have
been implicated,? the exact mechanism of this condition is
unknown with most evidence pointing toward CPB.®® The
use of serum creatinine (SCr) as an early indicator of AKI
has limitations because of its slow rise and poor predictive
accuracy for renal injury.’ This delay in diagnosis may lead
to a late initiation in treatment and increased risk of adverse
outcomes. ' Recent research investigating the early detec-
tion of AKI has been promising, but lack of a reliable pre-
dictor or early detector remains.!! This research investigates
serum and urine activity of matrix metalloproteinases
(MMPs) MMP-2, and MMP-9, and their association with,
and earlier detection of, AKI compared with the current
“Gold Standard” levels of SCr.

MMP-2 and MMP-9 are proteolytic enzymes that play
important roles in a variety of physiological and

pathological processes, and are best known for degradation
of extracellular proteins and remodeling of the extracellu-
lar matrix and collagens.!>!3 Research with an animal
model of myocardial infarction demonstrated that MMPs
are released throughout the continuum, from ischemia,
through injury, to infarction, and exacerbate injury to the
myocardium.!* Human atrial tissue biopsies reveal
increased MMP activity following CPB.!> Moreover, lev-
els of MMP-2 and MMP-9 are increased in renal ischemia/
reperfusion (I/R) injury in animal models.!®!” Our research
employing a machine cold perfusion rat kidney model
shows that MMPs are involved in kidney preservation
injury and that MMP-2 inhibition with either doxycycline
or MMP-2 small silencing ribonucleic acid (siRNA) as an
inhibitor results in markedly decreased injury markers.!'%!
However, research demonstrating an association between
MMP activity and AKI has been studied sparsely.?’ Taken
altogether, the literature suggests that /R may promote
increased circulating activity of MMPs, which may have a
significant association with tissue injury. Increased activ-
ity of serum MMP-2 and MMP-9 are hypothesized to be
associated with AKI. Furthermore the measurement of,
MMP-2 and/or MMP-9 may provide earlier detection of
AKI as compared with levels of serum creatinine.
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Materials and Methods

Patient Sample

The University of Saskatchewan Biomedical Research
Ethics Board approved the study protocol, and the
Provincial Health Authority granted operational approval.
Written consent for study participation was obtained and
the study period ranged from December 2018 to December
2019. This research was a prospective, proof-of-concept,
pilot study, consisting of 150 CPB-supported surgeries
where 21 patients developed AKI according to the Kidney
Disease Improving Global Outcomes (KDIGO) criteria.?!
Of the remaining 129 non-AKI patients, we used a matched
based design to select a sample of 21 patients (non-AKI)
matched by age (£ 10 years), sex, body mass index (BMI;
+ 5 kg/m?), EuroScore (£ 10), baseline (pre-bypass) esti-
mated glomerular filtration (¢GFR; = 5 mL/min/1.73 m?),
and type of surgery with the AKI patients, rendering a final
sample consisting of 42 patients. Demographic data and
clinical characteristics were collected pre-, peri-, and
post-operatively.

The inclusion criteria consisted of both sexes, 18 to 85
years of age, undergoing elective or urgent cardiac surgery
with a hemoglobin (Hgb) =100 g/L. The exclusion criteria
included patients for emergent surgery, pre-existing chronic
kidney disease (¢GFR = 30 mL/min/1.73 m?) on dialysis or
prescribed nephrotoxic mediations (fractionated heparins,
opiates, penicillin-based antibiotics, and acyclovir).?

Cardiopulmonary Bypass

Anesthesia followed standard cardiac surgical protocol.
Heparin dosing was determined by a hemostasis manage-
ment system, 2017 (HMS) (Medtronic, Minneapolis, MN).
Cardiopulmonary bypass was initiated after attaining an acti-
vated clotting time (ACT) of = 480 seconds.

The CPB system used a Sorin S5 fifth-generation mod-
ular heart-lung machine, which provided flows (LivaNova,
London, United Kingdom, 2015) from 2.4 to 2.8 L/min/m?2.
Circuit priming consisted of 2 L of Plasma-Lyte A (Baxter,
Mississauga, Canada), 50 mEq of sodium bicarbonate, 100
mL of 25% albumin, 2.5 mL/kg of 20% mannitol, and 10
KU of heparin. Following cannulation, the prime volume
was reduced with retrograde autologous priming, allowing
the replacement of the circuit crystalloid prime with the
patient’s blood.? Specifically, the arterial and venous lines
were carefully drained into the venous reservoir and the
crystalloid pumped into a recirculation bag to be used, if
required, for fluid replacement during CPB. Activated
clotting times during CPB exceeded 480 seconds, and hep-
arin concentrations were = 300 units/kg. Following decan-
nulation, heparin was reversed by an HMS-determined
protamine dose and return to the baseline ACT was con-
firmed. Patients were transported to intensive care unit
(ICU) on calibrated weight measuring beds.

Statistical Analysis

Mean, standard deviation, and median were reported for con-
tinuous variables. Categorical variables were described by
numbers and percentages. Continuous variables were eval-
uated for normal distribution and statistical analysis was
performed accordingly. As appropriate, comparison of cat-
egorical variables between groups (AKI, non-AKI) used
either a chi-square or Fisher’s exact test. A rank sums test
was used for between-group comparisons. An independent-
samples ¢ test and Wilcoxon non-parametric test were used
to compare normally and non-normally distributed continu-
ous variables, respectively, between groups. For within-
group comparison, a paired ¢ test and Signed rank were used
for normally and non-normally distributed continuous vari-
ables, respectively. A P value of less than .05 (2-sided) was
considered as statistically significant. The data analysis for
this manuscript was generated using SAS software. Copyright
© 2017 SAS Institute Inc. SAS and all other SAS Institute
Inc. product or service names are registered trademarks or
trademarks of SAS Institute Inc., Cary, NC, USA.

Classification of AKI

Due to lack of general agreement with the previous classifica-
tions of AKIL,?** the KDIGO Acute Kidney Injury Network
(AKIN) acknowledged that even smaller and more acute
changes in SCr than those previously proposed resulted in
adverse outcomes.?® Post-operatively, patients were separated
into categories based on 2012 KDIGO criteria for the diagnosis
of AKI: Stage I: an increase of SCr by = 26.5 umol/L within
48 hours; or an increase of SCr to = 1.5 to 1.9 times baseline,
which has occurred within 7 days; Stage 2: an increase of SCr
by 2.0 to 2.9 times baseline which has occurred within 7 days
and; Stage 3: increase of SCr serum creatinine to 3.0 times
baseline or =353.6 umol/L or initiation of renal replacement
therapy.?’ Using the KDIGO criteria, the AKI patients in this
study were classified as either Stage 1 or Stage 2.

For the purposes of this study, we did not use the urine
volume criteria,?!?® eGFR were calculated using the Chronic
Kidney Disease Epidemiology Collaboration (CKD-Epi)
formula.?"?® QOur hospital laboratory uses the CKD-EPI
equation for eGFR which employs a 2-slope linear spline to
model the relationship between GFR and log serum creati-
nine, age, sex, and race. It has shown good performance for
patients with all common causes of kidney disease.?’

Sample Collection Methods and Intervals

Specimens for MMP-2, and MMP-9, activity measurements
were obtained at pre-CPB (prior to surgery), 10-minute post-
CPB, and 4-hour post-CPB. Blood samples were transferred
into 4.0-mL vacutainer serum tubes (EM Science, Merck
KGaA, Darmstadt, Germany), allowed to clot for 20 to 30
minutes at room temperature and centrifuged at 3000
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revolutions per minute for 15 minute at 8°. Next samples were
divided, aliquoted, and storage at —80°C until assays were per-
formed.*® During sample analysis, thaw-refreeze cycles were
avoided. Urine samples were collected into specimen cups and
frozen at —80°C until sample analysis. Serum creatinine mea-
surements were collected at the following points: baseline,
4-hour post-CPB, 8- and 18-hour ICU, and daily for 7 days.

Biochemical Measurements

Determination of MMP activity. Matrix metalloproteinases
activity was assessed via gelatin zymography.?' Serum and
urine samples were applied to 8% polyacrylamide gel copo-
lymerized with 2 mg/mL gelatin. After electrophoresis, gels
were rinsed 3 times for 20 minutes in 2.5% Triton X-100 to
remove sodium dodecyl sulfate (SDS). The gels were then
washed twice in incubation buffer (50 mM Tris—HCl, 5 mM
CaCl,, 150 mM NaCl, and 0.05% NaN,) for 20 minutes at
room temperature and then placed in incubation buffer at
37°C for 24 hours. The gels were stained using 0.05% Coo-
massie Brilliant Blue G-250 in a mixture of methanol: acetic
acid: water (2.5:1:6.5, v:v:v) and de-stained in an aqueous
solution of 4% methanol and 8% acetic acid (v:v). Devel-
oped gels were scanned with a GS-800 calibrated densitom-
eter (Bio-Rad, Hercules, CA, USA) and MMP-2 and MMP-9
activities were measured using Quantity One 4.6 software
(Bio-Rad, Hercules, CA, USA).

Determination of Serum Creatinine

Serum creatinine was measured by the central hospital
laboratory using a Roche Cobas 6000 analyzer (Roche
Diagnostics, Indianapolis, IN).

Results

Demographics

Baseline demographics and clinical characteristics are shown
in Table 1. The patients in the 2 groups (AKI vs non-AKI)
were matched according to their baseline demographic char-
acteristics. Therefore, there were no significant differences
between the 2 groups preoperatively.

Operative and post-operative data are shown in Table 2.
Transfusion of RBCs, platelets, and fresh frozen plasma was
significantly higher in the AKI as compared with the non-
AKI patients. In addition, the ICU fluid balance and length
of stay (LOS) in ICU was significantly higher in the AKI as
compared with the non-AKI patients. A comparison of the
types of surgical procedures is shown in Table 3.

Serum Creatinine. The SCr and eGFR values are shown in
Table 4. Within the AKI group, there was no significant dif-
ference between the levels of SCr at the pre-CPB interval

Table I. Demographics and Clinical Data.

Variable AKI(n =21) Non-AKlI (n = 21) P value
Age (yr) 713 £ 46 67.3 = 8.6 .067
71.0 (69.5-74.5)  66.0 (64.0-74.0)
Male, n (%) 14 (67) 15 (71) 27
Female, n (%) 7 (33) 6 (29)
Height (cm) 169.5 = 10.9 169.2 = 6.9 .54
171 (167.3-178) 169 (165-175)
Weight (kg) 879 £ 175 86.9 = 14.8 .84
86.5(75.8-98.9)  81.7 (78-90.6)
Body mass index (kg/m?) 30.5 = 5.1 305 =54 91
284 (27-35.1)  28.6 (26.2-34.4)
EF (%) 46.2 = 12.5 559 £6.2 .065
47.5 (36-55) 55.5 (50-60)
EuroScore I 9.1 =104 3619 .075
6.8 (3.3-10.7) (2.0-4.9)
NIDDM, n (%) 5(24) 3(14) .69
IDDM, n (%) 4(19) 3 (14)
Hgb pre-cardiopulmonary 128.8 = 18.8 137.2 (11.9) .097
bypass (g/L) 133 (114.5-144) 138 (130-143)

Note. AKI = acute kidney injury; EF = ejection fraction; NIDDM = non-insulin-

dependent diabetes mellitus; IDDM = insulin-dependent diabetes mellitus.

Table 2. Operative and Post-operative Data.

Variable AKI (n = 21) Non-AKI (n = 21) P value
CPB Time (min) 146.7 = 56.3 1324 = 35.1 .50
130 (1'15-170) 123.5 (107-151)
Aortic Cross-Clamp 115.8 = 40.5 107.7 + 285 456
Time (min) 109 (96.5-127.5) 98.5 (89-129)
CPB fb (mL) 2145 + 1533 1421.5 = 1308 .106
1534 (1217-2875) 1516 (872-2402)
RBC (units) 23 | .001
Platelets (units) 16 3 .001
FFP (units) 37 10 .001
ICU time (h) 31.8 £23.6 18.6 = 4.8
24.8 (20.3-31.5) 18.8 (15-22) .004
ICU fb (mL) 1367.9 = 1515.4 536.1 £ (929)
1529 (334-2088) 621.5 (—121-891) .03
Ventilator time (h) 12.6 =49 12.6 = 4.6
10.5 (8.5-16.5) 1.5 (10-14) 29

Note. AKI = acute kidney injury; CPB = cardiopulmonary bypass; ICU = intensive

care unit; FFP = fresh frozen plasma.

Table 3. Types of Surgical Procedures.

No. of cases

Procedure

AKI

Non-AKI

CABG

CABG/Aortic Valve Replacement (AVR)
CABG/Mitral Valve Replacement (MVR)
CABG + other

AVR

Asc Ao/AVR

Astrial Septal Defect (ASD) Closure

O - — = =M u

—— —0o =M uwu

Note. AKI = acute kidney injury; CABG = coronary artery bypass grafting.
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Table 4. Serum Creatinine Levels and eGFR.

Variable AKI (n = 21) Non-AKI (n = 21) P value

Pre-CPB SCr (umol/L) 86.1 £ 13.9 839 £ 129 .59
85 (80-90.5) 88.5 (71-93)

SCr 10-minute post-CPB 85 * 4.7 84.6 = 14.8 .65
82 (83-92.5) 83.5 (77-95)

SCr 4-hour post-CPB (umol/L) 984 + 20.2 76.1 = 13.8 .0001
98 (86-111) 76.5 (67-83)

SCr 8-hour post-CPB (umol/L) 110.8 = 19.3 763 £ 15.9 .0001
110 (96-124) 77 (67-84)

SCr 18-hour post-CPB (umol/L) 134.7 = 16.0 762 = 16.1 <.001
135 (129-142) 78.5 (63-82)

eGFR pre-CPB (mL/min/1.73 m?) 71.7 £ 155 797 £9.9 118

75 (61-83) 79 (71-87)

eGFR 4-hour post-CPB (mL/min/1.73 m?) 648 £ 11.9 86.8 + 9.4 <.001
64 (59-70.5) 90.5 (84-94)

eGFR 8-hour post-CPB (mL/min/1.73 m?) 55 +82 86.1 = 10.7 <.001
55.7 (51-60) 89 (79-95)

eGFR 18-hour post-CPB (mL/min/1.73 m?) 44 + 76 864 £ 113 <.001
44 (39-49.5) 89.5 (82-95)

Note. AKI = acute kidney injury; CPB = cardiopulmonary bypass; eGFR = estimated glomerular filtration; SCr = serum creatinine.

and the 10-minute post-CPB interval. However, at the 4-, 8-,
and 18-hour intervals, the levels of SCr rose significantly as
compared with the pre-CPB interval. Within non-AKI
group, the levels of SCr were not significantly different
between pre-CPB time points as compared with any of the
subsequent intervals. Between groups, there were no signifi-
cant differences seen in the AKI and non-AKI groups at
baseline or the 10-minute post-CPB interval. There was a
significant difference between the 4-, 8-, and 18-hour inter-
val in the AKI group as compared with non-AKI group.
Moreover, at 4-, 8-, and 18-hour post-CPB time points, the
eGFR was significantly lower in the AKI group compared
with the non-AKI group. Table 5 shows the level of SCr of
each individual patient who met the criteria for AKI at their
respective time points.

MMP-2 and MMP-9 activity in serum. For all figures, the
asterisk (*) denotes the P value; where P < .05 between
groups (AKI vs non-AKI); whereas, the capital (T) denotes
P < .05 within group. Serum MMP-2 and MMP-9 activities
are shown in Figures 1 and 2, respectively. Within-group
analysis of non-AKI patients demonstrated no significant
differences in serum MMP-2 and MMP-9 activity in all mea-
sured time points. However, within-group analysis of AKI
patients showed that the 10-minute post-CPB and 4-hour
post-CPB activity of serum MMP-2 (P < .001, P = .043)
and MMP-9 (P = .03, P = .005) were significantly higher as
compared with the pre-CPB levels, respectively. Between
groups, at the 10-minute post-CPB time point, serum activity
levels of MMP-2 (P < .001) of AKI patients was signifi-
cantly higher as compared with non-AKI patients. Between

Table 5. Time Point to Meet Kidney Disease Improving Global
Outcomes Criteria for AKI.

Pre-CPB SCr SCr AKI Time point
Patient (nmol/L) (nmol/L) AKI (h)
| 90 135 18
2 73 124 72
3 8l 125 18
4 60 100 24
5 72 116 24
6 65 101 24
7 82 105 72
8 82 216 72
9 62 99 18
10 8l 135 48
I 91 227 48
12 66 138 18
13 77 118 24
14 109 256 24
15 70 117 24
16 89 131 8
17 66 163 24
18 79 133 18
19 80 145 24
20 88 135 18
21 82 124 24

Note. CPB = cardiopulmonary bypass; SCr = serum creatinine.

groups, at the 4-hour post-CPB time point, serum activity
levels of MMP-2 (P = .004) of AKI patients was signifi-
cantly higher as compared with non-AKI patients.
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Figure |. Serum MMP-2 activity in patients undergoing CPB at
pre-CPB, 10-minute post-CPB, and 4-hour post-CPB time points.
Note. At 10-minutes post-CPB, the serum levels of MMP-2 activity were
significantly higher (P < .001) in patients who developed AKI as compared
with those who did not. At 4-hours post-CPB, the serum levels of MMP-2
activity were significantly higher (P = .004) in patients who developed AKI
as compared with those who did not. Within the AKI group, at 10-minutes
post-CPB, the serum levels of MMP-2 activity were significantly (P < .001)
higher as compared with pre-CPB levels. Within the AKI group, at 4-hours
post-CPB, the serum levels of MMP-2 activity were significantly (P = .043)
higher as compared with pre-CPB levels. The asterisk (*) = the P value;
where P < .05 between groups (AKI vs non-AKI); whereas, the capital (T)
denotes P < .05 within group. MMP-2 = Matrix Metalloproteinase-2; CPB
= cardiopulmonary bypass; AKI = acute kidney injury.
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Figure 2. Serum MMP-9 activity in patients undergoing CPB at
pre-CPB, 10-minute post-CPB, and 4-hour post-CPB time points.
Note. At [0-minutes post-CPB, the serum levels of MMP-9 activity were
significantly higher (P = .001) in patients who developed AKI as compared
with those who did not. At 4-hours post-CPB, the serum levels of MMP-9
activity were significantly higher (P = .014) in patients who developed AKI
as compared with those who did not. Within the AKI group, at 10-minutes
post-CPB, the serum levels of MMP-9 activity were significantly (P = .03)
higher as compared with pre-CPB levels. Within the AKI group, at 4-hours
post-CPB, the serum levels of MMP-9 activity were significantly (P = .005)
higher as compared with pre-CPB levels. The asterisk (¥) = the P value;
where P < .05 between groups (AKI vs non-AKl); whereas, the capital (T)
denotes P < .05 within group. MMP-9 = Matrix Metalloproteinase-9; CPB
= cardiopulmonary bypass; AKI = acute kidney injury.
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Figure 3. Urine MMP-2 activity in patients undergoing CPB at
pre-CPB, 10 minute post-CPB, and 4-hour post-CPB time points.
Note. At 10-minutes post-CPB, the urine levels of MMP-2 activity

were significantly higher (P < .001) in patients who developed AKI as
compared with those who did not. At 4-hours post-CPB, the urine levels
of MMP-2 activity were significantly higher (P < .001) in patients who
developed AKI as compared with those who did not. Within the AKI
group, at 10-minutes post-CPB, the urine levels of MMP-2 activity were
significantly (P < .001) higher as compared with pre-CPB levels. Within
the AKI group, at 4-hours post-CPB, the urine levels of MMP-2 activity
were significantly (P = .0002) higher as compared with pre-CPB levels.
The asterisk (*) = the P value; where P < .05 between groups (AKI vs
non-AKIl); whereas, the capital (T) denotes P < .05 within group. MMP-2
= Matrix Metalloproteinase-2; CPB = cardiopulmonary bypass; AKI =
acute kidney injury.

Similarly, between groups, at the 10-minute post-CPB
time point, serum activity levels of MMP-9 (P = .001) of
AKI patients was significantly higher as compared with non-
AKI patients. Between groups, at the 4-hour post-CPB time
point, serum activity levels of MMP-9 (P = .014) of AKI
patients was significantly higher as compared with non-AKI
patients.

MMP-2 and-9 activity in urine. Urine MMP-2 and MMP-9
activities are shown in Figures 3 and 4, respectively.
Within the AKI group, MMP-2 urine activity was signifi-
cantly (P < .001) higher at the 10-minute post-CPB time
point and the 4-hour post-CPB time point (P = .0002)
compared with pre-CPB levels. Within the non-AKI group,
analysis showed that MMP-2 urine activity was also sig-
nificantly higher at the 10-minute post-CPB time point and
the 4-hour post-CPB time points, respectively (P = .002;
P =.002) compared with pre-CPB levels. Between groups,
the data demonstrated that urine MMP-2 activity was sig-
nificantly higher in AKI group as compared with the non-
AKI patients at all 3 time points (P = .004, P < .001, P <
.001), respectively.

Within the AKI group, the urine activity levels of MMP-9
showed that the 10-minute post-CPB (P < .0007) and 4-hour
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Figure 4. Urine MMP-9 activity in patients undergoing CPB at
pre-CPB, 10-minute post-CPB, and 4-hour post-CPB time points.
Note. At pre-CPB, the urine levels of MMP-9 activity were significantly
higher (P = .004) in the patients who developed AKI as compared with
those who did not. At 10-minutes post-CPB, the urine levels of MMP-9
activity were significantly higher (P < .001) in patients who developed
AKI as compared with those who did not. At 4-hours post-CPB, the urine
levels of MMP-9 activity were significantly higher (P < .001) in patients
who developed AKI as compared with those who did not. Within the AKI
group, at |0-minutes post-CPB, the urine levels of MMP-9 activity were
significantly (P < .0007) higher as compared with pre-CPB levels. Within
the AKI group, at 4-hours post-CPB, the urine levels of MMP-9 activity
were significantly (P = .002) higher as compared with pre-CPB levels. The
asterisk (¥) = the P value; where P < .05 between groups (AKI vs non-
AKI); whereas, the capital (T) denotes P < .05 within group. MMP-9 =
Matrix Metalloproteinase-9; CPB = cardiopulmonary bypass;

AKI = acute kidney injury.

post-CPB (P = .002) time points were significantly higher as
compared with the pre-CPB levels. Within non-AKI group,
the 4-hour post-CPB (P = .025) urine MMP-9 activity level
time point was significantly higher as compared with the pre-
CPB levels. Between groups, the data demonstrated that
urine MMP-9 activity levels were significantly higher in
AKI group as compared with non-AKI patients at all 3 time
points (P = .004, P < .001, P < .001), respectively.

Sensitivity and specificity of the MMPs. The ability of 10-min-
ute post-CPB serum MMP-2 time point to predict AKI was
assessed using a receiver-operating curve (ROC) (Figure 5).
The area under the curve (AUC) = 0.88, 95% confidence
interval (CI) 0.779-0.987, and the cut-off value was 23.6
arbitrary units with a sensitivity = 0.95 and a specificity =
0.77. The positive likelihood = 4.2; negative likelihood ratio
= 0.065 with a Youden’s J statistic = 0.72. The ability of
10-minute post-CPB urine MMP-2 time point to predict AKI
using a ROC (Figure 6) demonstrated an AUC = 0.915, 95%
CI 0.831-0.999, and the cut-off value was 12 arbitrary units
with a sensitivity = 0.95 and a specificity = 0.727. The posi-
tive likelihood = 4.2; negative likelihood ratio = 0.065 with
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Figure 5. The 10-minute post-cardiopulmonary bypass serum
Matrix Metalloproteinase-2 time point to predict acute kidney
injury.

Note. AUC = 0.88, 95% confidence interval 0.779-0.987, cut-off value

= 23.6 arbitrary units; sensitivity = 0.95, specificity = 0.773; positive
likelihood = 4.2; negative likelihood ratio = 0.065; Youden’s | statistic
= 0.72. AUC = area under the curve; ROC = receiver-operating curve.
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Figure 6. The |0-minute post-cardiopulmonary bypass urine
Matrix Metalloproteinase-2 time point to predict acute kidney
injury.

Note. AUC = 0.91, 95% confidence interval 0.83-0.99, cut-off value = 12
arbitrary units, sensitivity = 0.95, specificity = 0.727; positive likelihood
= 4.2; negative likelihood ratio=0.065; Youden'’s | statistic = 0.72. AUC
= area under the curve; ROC = receiver-operating curve.
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Figure 7. The 10-minute post-cardiopulmonary bypass serum
Matrix Metalloproteinase-9 time point to predict acute kidney
injury.

Note. AUC = 0.76, 95% confidence interval 0.603-0.91, cut-off value

= 37 arbitrary units, sensitivity = 0.70, specificity = 0.64; positive
likelihood = 1.9; negative likelihood ratio = 0.47; Youden'’s | statistic =
0.34. AUC = area under the curve; ROC = receiver-operating curve.

a Youden’s J statistic = 0.723. The ability of the 10-minute
post-CPB serum MMP-9 time point to predict AKI using a
ROC (Figure 7) demonstrated an AUC = 0.76, 95% CI
0.603-0.91, cut-off value = 37 arbitrary units, sensitivity =
0.70, specificity = 0.64; positive likelihood = 1.9; negative
likelihood ratio = 0.47; with a Youden’s J statistic =0.34.
The ability of the 10-minute post-CPB urine MMP-9 time
point to predict AKI using a ROC (Figure 8) produced an
AUC = 0.95, 95% C1 0.831-0.999, cut-off value = 102 arbi-
trary units, sensitivity = 0.95, specificity = 0.86; positive
likelihood = 7.0; negative likelihood ratio = 0.057; with a
Youden’s J statistic = 0.81. The 10-minute post-CPB serum
MMP-2 and MMP-9 time points combined to predict AKI
are shown in Figure 9. Last, the 10-minute post-CPB urine
MMP-2 and MMP-9 time points combined to predict AKI
are shown in Figure 10.

Pearson’s correlation. Figures 11 to 14 (supplementary mate-
rial) demonstrate the correlation pattern between the highest
SCr level and serum MMP-2 (Figure 11), urine MMP-2 (Fig-
ure 12), serum MMP-9 (Figure 13), and urine MMP-9 (Fig-
ure 14) in the AKI and non-AKI groups, respectively. The
AKI patients had significant positive correlation between the
10-minute post-CPB serum MMP-9 levels of activity time
point versus the highest level of serum creatinine over the
post-operative period (r = 0.51, P = .022). Correlation
between the highest level of serum creatinine and serum

ROC Curve. Criterion: Youden

(0136, 1)

1.0

0.8
L

0.6

Sensitivity

04

0.2

AUC: 0.955 (0.898, 1.011)

T T T T T T

0.0 0.2 04 06 08 1.0
1-Specificity

Figure 8. The [0-minute post-cardiopulmonary bypass urine
Matrix Metalloproteinase-9 time point to predict acute kidney
injury.

Note. AUC = 0.95, 95% confidence interval 0.89-1.0, cut-off value

= 102 arbitrary units, sensitivity = 0.95, specificity = 0.86; positive
likelihood = 7.0 negative likelihood ratio = 0.057; Youden’s | statistic =
0.81. AUC = area under the curve; ROC = receiver-operating curve.
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Figure 9. The [0-minute post-cardiopulmonary bypass serum
MMP-2 and MMP-9 time points combined to predict acute kidney
injury.

Note. MMP-2 = Matrix Metalloproteinase-2; MMP-9 = Matrix
Metalloproteinase-9; CPB = cardiopulmonary bypass; AKI = acute kidney

injury.

MMP-2 (r = 0.44, P = .05), urine MMP-2 (r = 0.44, P =
.05), and urine MMP-9 (» = 0.21, P = .38) showed a positive
correlation but did not achieve statistical significance in the
AKI group (Figures 9-11). In the non-AKI group, none of the
correlations achieved significance.
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Figure 10. The |0-minute post-cardiopulmonary bypass urine
MMP-2 and MMP-9 time points combined to predict acute kidney
injury.

Note. MMP-2 = Matrix Metalloproteinase-2; MMP-9 = Matrix
Metalloproteinase-9; CPB = cardiopulmonary bypass; AKI = acute kidney
injury.

Linear regression model. The multivariable linear regres-
sion model shown in Table 6 (supplementary material),
between highest SCr and serum MMP-9, includes multiple
risk factors (covariates) that were adjusted for, such as age,
sex, ejection fraction (EF%), BMI, EuroScore II, non-insu-
lin-dependent diabetes mellitus (NIDDM), insulin-depen-
dent diabetes mellitus (IDDM), pre-CPB hemoglobin, CPB
time, aortic cross-clamp time, CPB fluid balance, ventilator
time, ICU fluid balance, and ICU time.

We checked the interaction effect between serum MMP-9
and group. The data demonstrated that among the AKI group,
for every 1-unit increase in serum MMP-9 activity, the high-
est SCr increased significantly by 2.48 units over the post-
operative period (P < .0001). However, this phenomenon did
not occur among non-AKI patients (P = .19). In addition, the
rate of change of the highest SCr between the 2 groups (slope
difference) was significantly different (P = .0005). The rate
of changes was not significantly different between the 2
groups for serum MMP-2, urine MMP-2, and urine MMP-9.

Discussion

Despite recent advances in CPB, AKI and its associated
adverse outcomes continue to occur in up to 36% of patients
who undergo cardiac surgery."*?> Our exploratory study has
shown that MMP-2 and MMP-9 activity is significantly
increased in the serum and urine of patients who developed
AKI compared with those who did not following CPB.
Furthermore, the rise in MMP-2 and MMP-9 in serum and
urine is seen earlier than the rise in SCr, suggesting that
MMP-2 and MMP-9 may be useful in the early detection of
AKI. The MMP data gathered from the present study agree
and are consistent with previous investigators,® and go

beyond their investigations to report the association between
MMP-2 and MMP-9 and AKI.

Cardiopulmonary bypass—induced hemodilution may
contribute to decreased post-operative levels of SCr, poten-
tially delaying the detection of AKI.>* In the present study,
levels of SCr at the 4-hour post-CPB time point were sig-
nificantly higher in patients who developed AKI as com-
pared with the non-AKI patients. CPB-induced hemodilution
may have led to falsely lowered SCr, delaying the diagnosis
of AKI. We suggest that the levels of SCr in the patients who
developed AKI may have been higher if not for hemodilu-
tion. Despite the rise in SCr levels at the 4-hour post-CPB
time point, they were not high enough to meet the criteria
for AKI. Thus, the protracted rise in SCr levels to meet AKI
criteria may result in the loss of a critical time necessary for
the treatment of AKI.

It also important to note that among the AKI group at the
10-minute post-CPB time point, the serum and urine levels
of MMP-2 and MMP-9 were significantly higher as com-
pared with the pre-CPB levels. In the same group, at the
same time point, the levels of SCr remained relatively
unchanged despite those patients eventually going on to
develop AKI. In the patients who did not develop AKI, nei-
ther the levels of MMP-2 and MMP-9 nor the levels of SCr
rose significantly from pre-CPB levels. This suggests that
MMP-2 and MMP-9 may prove to be earlier rising indicators
of AKI as compared with SCr.

As expected, the mean highest SCr post-CPB (5-7 days)
was significantly higher for the AKI group as compared with
the non-AKI group. Although it did not reach significance,
our data also show a trend toward higher CPB fluid balance
and significantly lower CPB hemoglobin levels in the
patients who subsequently developed AKI compared with
those who did not.

These data are consistent with other researchers who have
reported that hemodilution®* and lower hematocrits’® are
associated with increased risk of CPB-induced AKI.*” In the
present study, patients who developed AKI were transfused a
significantly higher volume of RBCs compared with those
who did not develop AKI, consistent with a report from
Karkouti et al®® who suggest increased RBC transfusion is
associated with increased risk of AKI development. AKI
patients in the present study also had a significantly higher
transfusion of platelets and fresh frozen plasma as compared
with the non-AKI patients. Furthermore, those patients who
developed AKI also had a significantly higher ICU fluid bal-
ance compared with non-AKI patients, which is in agree-
ment with Shen et al®® who reported that cardiac surgical
patients with a higher post-operative fluid balance were asso-
ciated with a higher incidence of the development of AKI.
Adverse outcomes of AKI have also been reported, such as
prolonged hospital LOS leading to higher costs in ICU
patient management.>** In the present study, the LOS in ICU
was significantly longer in the AKI patients compared with
the non-AKI patients.
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Cardiac I/R and MMP Activity

During cardiac surgery, ischemia is artificially induced by
aortic cross-clamping (ischemic period). Once surgery has
been accomplished, the aortic cross-clamp is removed, and
the restoration of blood flow to the previously ischemic
myocardium results in I/R injury.*! Despite myocardial
preservation through maneuvers of arrest with modernized
blood cardioplegic solutions, I/R injury still occurs.*>*
Although not completely understood, biochemical evi-
dence suggests that the degradation of contractile proteins
by proteolytic enzymes*® particularly MMP-2,44 is a
major contributor to this process. An abundance of evi-
dence from animal studies implicate an increase in MMP-2
activity and its targeting of myocytes during I/R.4>4%47 Al
et al* provided a link to humans, showing that localized
MMP-2 in the animal and human cardiac sarcomere is acti-
vated by I/R injury and contributes to contractile protein
degradation. In the present study, we demonstrated that
circulating serum MMP-2 activity is significantly higher at
the 10-minute post-CPB time point in patients who devel-
oped AKI compared with non-AKI patients. In addition,
the serum MMP-2 activity is significantly higher at the
10-minute post-CPB time point in AKI patients compared
with the pre-CPB time point. The data we present are
strongly supported by the results of Lalu et al,*® who stud-
ied 15 patients with stable angina who underwent coronary
artery bypass grafting (CABG) with CPB and demon-
strated elevated circulating MMP-2 and MMP-9 activity
10-minute post-CPB compared with baseline, although
they did not study the relationship between the circulating
MMPs activity and the development of AKI. Proteins that
are associated with the pathophysiologic process of kidney
injury are probably released into the urine promptly after
injury. The measurement of these urine protein concentra-
tions may provide an earlier diagnosis of injury and evalu-
ation of the extent of injury as compared with the late
rising SCr biomarker.* The 10-minute post-CPB time
point was chosen because it may represent an ideally suf-
ficient time point for proximal tubule markers such as
MMP-2 and MMP-9 to be present in the urine. To these
authors’ knowledge, there are no other reports of a 10-min-
ute post-CPB time point to measure MMP-2 and MMP-9
in association with AKI.2-30:5!1

At our institution, a small study of patients undergoing
routine CABG demonstrated an increased cardiac tissue
MMP-9 and serum MMP-9 activity post-cardiac I/R com-
pared with baseline.'® Data from the present study go a step
further by demonstrating elevated serum activity of MMP-2
and MMP-9 at the 10-minute post-CPB and 4-hour post-
CPB time points in patients who developed AKI compared
with those who did not. These data suggest elevated MMP
activity from cardiac I/R may be associated with increased
activity of MMPs (-2 and -9) in the systemic circulation of
patients who go on to develop AKI.

Renal I/R and MMP Activity

MMPs degrade extracellular matrix and are involved in
ischemic organ injuries.>* In a rodent model, MMP-2 and
MMP-9 were increased in renal tubules and the interstitium
following 1 to 3 days of reperfusion after 52 minute of isch-
emia.'® Moreover, AKI characterized by damage to the
glomerulus, cell adhesion molecules, tubular epithelium,
and endothelial vascular permeability has been linked to
MMP-mediated I/R.'>? During cardiac surgery, several
injury pathways contribute to the pathogenesis of AKI, such
as renal hypoperfusion,’-4 renal atheroembolism,*® tissue
I/R,> inflammation, and nephrotoxic mechanisms.’’ The
protective mechanisms of minocyclines in renal I/R are not
completely understood, although the mechanism of inhibi-
tion of MMPs has been studied in an animal model.’%>
MMP-2 and MMP-9 involvement in acute and chronic renal
injury along the spectrum from basement membrane dam-
age, tubular atrophy, fibrosis, to renal failure have been
reported.'®!%%° Minocycline, a semisynthetic tetracycline,
provides a protective role by directly antagonizing the effect
of MMP-2 and MMP-9 in renal microvascular leakage fol-
lowing I/R.® We have reported the presence of MMP-2 and
MMP-9 in the perfusate of human kidneys for transplanta-
tion, suggesting MMP-2 and MMP-9 play a role in trans-
plant kidney preservation injury, and that part of this injury
can be prevented by the addition of doxycycline into the
preservation solution.'®!? Research from the present study
demonstrates a higher urine MMP-2 activity (10-minute
post-CPB and 4-hours post-CPB) in patients who develop
AKI compared with those who do not. Furthermore, the
10-minute post-CPB and 4-hour post-CPB urine MMP-2
activity was significantly higher than baseline in the patients
who developed AKI. Moreover, the 10-minute post-CPB
serum and urine MMP-2 time points to predict AKI had
moderately high sensitivities and specificities, respectively.
The 10-minute post-CPB urine MMP-9 time point had a
high sensitivity and specificity as well.

Our data regarding serum MMP-2 activity show a trend
toward higher activity at baseline in patients with AKI as
compared with baseline non-AKI, suggesting that there may
be other mechanisms at play prior to cardiac or renal I/R.
Perhaps MMP-2 activity may predict the development of
AKI. However, more studies are needed to demonstrate
whether elevated pre-CPB MMP-2 levels can predict the
development of AKI.

Nevertheless, we foresee that earlier diagnosis of post-
cardiac surgical AKI may affect how patients are treated by
the following ways: (1) a significant decline in AKI develop-
ment and progression to higher stages, which, in turn, could
result in substantial improvement in overall outcomes; (2)
improvement of risk stratification for severe AKI (Stage 2 or
3) in high-risk critically ill post-cardiac surgical patients; (3)
in patients who have ongoing nephrotoxin exposure, early
biomarker diagnosis has the potential to identify damage,
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resulting in the removal of agent before extensive injury has
occurred; and (4) early detection biomarkers may separate
kidney dysfunction from AKL.!!

Limitations of the Study

There are limitations to this study. Primarily, the sample
size is low. However, this research was designed as a proof-
of-concept pilot conducted prior to the main study with the
purpose of enhancing the likelihood of success of the main
study by searching for associations, reproducibility, and the
avoidance of pitfalls that will be followed up in a subse-
quent larger scale study with modified design elements.

Next, it lacks the ability to discern the amount of MMPs
originating from the heart and/or kidney. To quantitate the
amount of serum MMPs from the heart would require sam-
ple aspiration from the coronary sinus via retrograde can-
nulation, while serum MMP samples from the kidney
would necessitate cannulation of the renal artery. These
additional invasive techniques increase the risk of periop-
erative complications. However, there has been an abun-
dance of animal research demonstrating that these 2 organs
produce large amounts of MMPs during I/R. Despite the
limitations of gel zymography,®! our data demonstrate the
presence of increased serum and urine MMP-2 and MMP-9
activity levels in patients undergoing CPB-supported car-
diac surgery who developed AKI.

This research represents a single center prospective
study of adults with coronary artery disease (CAD) and/or
valve disease undergoing elective and urgent CPB-
supported cardiac surgery. Even though preliminary results
showed clear statistical significance, the results will need
validation in a larger prospective trial including adults with
confounding variables and comorbidities that are prevalent
with increasing age. Another limitation to our study is the
lack of urine output measurements in our classification of
AKI. We did not want to compromise the accuracy of our
analysis because the use of urine output criteria for diagno-
sis and staging has been less well-validated.?’ In addition,
patients transferred from the ICU to the post-operative
ward routinely undergo Foley catheter removal, thus urine
output is not closely measured. Furthermore, the need for
clinical judgment regarding individual patient needs in the
administration of angiotensin-converting enzyme inhibi-
tors, regulation of fluid balance, and other factors must be
included when using urine output for classification of AKI.
Finally, the KDIGO criteria?’ require changes in serum cre-
atinine or urine output, but not both, as do the previous
RIFLE criteria.?® Thus, we have only used SCr for classifi-
cation of AKI using the KDIGO criteria.

Finally, our cohort consisted of mainly patients with nor-
mal kidney function at recruitment. To fill in the gaps of
AKI, our finding needs to be confirmed in documented high-
risk settings such as pre-existing dysfunction and nephro-
toxic drug use.

Conclusion

AKI continues to be a common and important complica-
tion of cardiac surgery and is associated with increased
mortality, complications, and length of hospital stay. The
data from animal and human studies from our prior
research, other researchers, and data from the present study
suggest 2 consistent sources of MMP-2 and MMP-9 activ-
ity associated with I/R following CPB, the heart and the
kidney. Damage induced by increased MMPs activity is
also demonstrated in other human and animal studies. The
MMP data gathered from the present study agree and are
consistent with previous investigators, and go a step fur-
ther to make the association between MMPs and AKI.
Although this is part of a preliminary study, the data dem-
onstrate that increased levels of MMP activity are associ-
ated with AKI. Moreover, the levels of MMP-2 and MMP-9
activity appear to rise earlier as compared with the levels
of SCr in patients who develop AKI. Following this path-
way of research, future clinical implications may show that
MMP-2 and MMP-9 may be pharmacological targets for
renal protection during cardiac surgery.
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