SCIENTIFIC REPLIRTS

Reduced post-operative DPP4
activity associated with worse
patient outcome after cardiac

Accepted: 19 July 2018 S U rg e ry

Published online: 07 A t 2018 .y . . .
HoHIsed onine Hes Heidi Noels®?, Wendy Theelen?, Marieke Sternkopf?, Vera Jankowski?, Julia Moellmann?,

. Sandra Kraemer?, Michael Lehrke?, Nikolaus Marx?, Lukas Martin(®*, Gernot Marx*,
- Joachim Jankowski*, Andreas Goetzenich® & Christian Stoppe*

Cardiac surgery with cardiopulmonary bypass (CPB) triggers myocardial ischemia/reperfusion injury
contributing to organ dysfunction. Preclinical studies revealed that dipeptidyl peptidase (DPP4)
inhibition is protective during myocardial infarction. Here, we assessed for the first time the relation
of peri-operative DPP4-activity in serum of 46 patients undergoing cardiac surgery with patients’ post-
operative organ dysfunction during intensive care unit (ICU) stay. Whereas a prior myocardial infarction
significantly reduced pre-operative DDP4-activity, patients with preserved left ventricular function
showed an intra-operative decrease of DPP4-activity. The latter correlated with aortic cross clamping

© time, indicative for the duration of surgery-induced myocardial ischemia. As underlying mechanism,

. mass-spectrometry revealed increased DPP4 oxidation by cardiac surgery, with DPP4 oxidation

. reducing DPP4-activity in vitro. Further, post-operative DPP4-activity was negatively correlated with

. the extent of post-operative organ injury as measured by SAPS Il and SOFA scoring, circulating levels
of creatinine and lactate, as well as patients’ stay on the ICU. In conclusion, cardiac surgery reduces
DPP4-activity through oxidation, with low post-operative DPP4-activity being associated with organ
dysfunction and worse outcome of patients during the post-operative ICU stay. This likely reflects the
severity of myocardial ischemia/reperfusion injury and may suggest potential beneficial effects of anti-
oxidative treatments during cardiac surgery.

 Worldwide cardiovascular disease (CVD) is considered a major cause of morbidity and mortality, being respon-

. sible for 45% of non-communicable diseases'. Of estimated 17.7 million deaths caused by CVD in 2015, around

© 42% were due to coronary heart disease?. Patients increasingly present with comorbidities such as overweight,

. hypertension and type 2 diabetes mellitus (T2DM), which have been identified as important risk factors for

 CVD?’. In particular the latter is known to be associated with an elevated risk of cardiovascular events, poor prog-
nosis and increased mortality, with CVD responsible for at least 50% of deaths of diabetic patients*.

A significant number of these patients require cardiac surgery for the management of their heart disease®.
However, patients undergoing cardiac surgery with cardiopulmonary bypass (CPB) are exposed to myocardial
ischemia/reperfusion (I/R) injury after the termination of cardioplegic-induced myocardial arrest and reperfu-
sion®. This induces perioperative inflammation and acute organ dysfunction”® and also affects long-term clinical
outcome after surgery®®. Improvements in surgical techniques reduced in-hospital patient mortality after cardiac
surgery to ~2.6% in 2015'°. Nonetheless, the high incidence of coronary heart disease and the growing prevalence
of comorbidities increasing cardiovascular risk in an ageing population emphasize the need to study patients
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Figure 1. Flowchart of the present study. From initially 60 screened patients, 46 patients were enrolled.

outcomes after cardiac surgery and the associated molecular mechanisms in more detail, as currently no effective
therapy is available to tackle cardiac surgery-associated myocardial ischemia reperfusion injury?®.

The dipeptidyl peptidase 4 (DPP4) is expressed in many organs and cell types, and exists in a membrane-bound
form as well as in a soluble form in blood!'. DPP4 cleaves N-terminal dipeptides from proteins with proline or
alanine at the penultimate position, such as from glucagon-like peptide (GLP) -1 and CXCL12, thereby modu-
lating their biological function'"'2. Since GLP-1 plays a major role in glucose metabolism, DPP4 inhibitors are
used for the treatment of T2DM with the aim to reduce the rate of GLP-1 inactivation and thereby reduce blood
glucose levels®. Furthermore, DPP4 inhibition or genetic deficiency in animal models has been shown to exhibit
anti-inflammatory and cardioprotective effects both through glucose-dependent as well as —independent mech-
anisms'*"", for example in the context of myocardial ischemia'®""®. Furthermore, DPP4 inhibition could reverse
left ventricular dysfunction and improve survival in animal models of chronic heart failure?**. Accordingly, these
studies suggest that high DPP4 activity levels negatively affect cardiovascular health. However, large-scale clinical
trials examining the cardiovascular-protective effect of long-term DPP4 inhibitor treatment could not detect a
reduction of cardiovascular events in patients with diabetes?>-?’, and some studies even surprisingly reported
an increased hospitalization rate for heart failure?**+?%, This indicates that, despite attractive clinical features
observed in animal models, the relation of DPP4 activity to clinical outcome requires further investigation in
clinical practice.

In contrast to the wealth of animal studies focusing on DPP4 in inflammation and myocardial infarction, no
data are available on the kinetics and clinical significance of DPP4 activity in patients undergoing cardiac surgery
with CPB. Before advancing to a large-scale analysis to evaluate the effect of DPP4 inhibitors in this population,
we aimed to provide first evidence about the peri-operative DDP4 activity and resulting clinical significance in
patients undergoing cardiac surgery.

Results

Enrolled patients and baseline characteristics. From 60 screened patients, 50 patients scheduled for
elective on-pump cardiac surgery were considered as eligible. Four patients were excluded from the following
analysis because informed consent was withdrawn or the surgeon decided to perform surgery as a beating heart
procedure (Fig. 1). Baseline characteristics of the patients are shown in Table 1. Sixty-five percent of patients were
male and the median EuroSCORE for preoperative risk stratification was 5 (range 2-10). The included patients
reflect a representative cohort of patients scheduled for elective cardiac surgery”. The type of surgery and intra-
operative data (time of surgery, aortic cross clamp time) are depicted in Table 1. Of note, none of the patients was
treated with DPP4 inhibitors.

Effect of comorbidities and concomitant medication on pre-operative DPP4 activity. Patients
scheduled for cardiac surgery showed comparable DPP4 activity prior to surgery when compared to a group of
healthy volunteers without any pre-existing disease (male/female = 50%/50%; age 28 & 4; n = 6) (Fig. 2a; absolute
pre-operative DPP4 activity in serum: patients 38.30 (£14.74) U/L vs. healthy controls 37.00 (£7.9), the latter
in the range as previously reported®®?!). Also, patients with T2DM did not show altered DPP4 activity when
compared to patients without T2DM (Suppl. Figure 1a). Similarly, body mass index, age and smoking did not
significantly affect pre-operative DPP4 activity (Suppl. Figure 1b-d).
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Biometric/demographic data
Age years 69+9
Sex, male n (%) 30 (65)
Height cm 170+9
Weight kg 80+17
BMI kg 2745
EuroSCORE I median (range) 5(2-10))
Medications
Beta-blocker n (%) 33(72)
ACE inhibitor n (%) 23 (49)
ASS n (%) 36 (78)
Calcium antagonists n (%) 10 (22)
Sartans n (%) 7 (15)
DPP4 inhibitors n (%) 0(0)
Prior or preexisting disease
Arterial hypertension n (%) 27 (59)
Diabetes n (%) 17 (37)
Smokers n (%) 13 (28)
COPD or other obstructive lung diseases n (%) 7 (15)
Pulmonary hypertension n (%) 8(17)
Chronic kidney disease n (%) 7 (15)
Liver disease n (%) 2(4)
Unstable angina n (%) 1(2)
Acute endocarditis n (%) 1(2)
Recent myocardial infarction (within 90 days) n (%) 17 (37)
LVEF >50% n (%) 33(72)
LVEF 30-50% n (%) 8(17)
LVEF <30% n (%) 5(11)
Type of surgery
Isolated CABG n (%) 29 (63)
Isolated valve surgery n (%) 5(11)
Others n (%) 12 (26)
Intraoperative data
Duration of surgery min 265+117
Aortic cross clamp time (myocardial ischemia time) min 82451

Table 1. Baseline characteristics and data on surgery. Data are presented as median (range) (not normally
distributed data), as mean & SD (normally distributed data) or as absolute numbers (n) and respective
percentage (%) of the whole. ACE = angiotensin-converting-enzyme; ASS = Aspirin; BMI= body mass index;
CABG = coronary artery bypass graft; COPD = chronic obstructive pulmonary disease; CPB= cardiopulmonary-
bypass; EuroSCORE = European System for Cardiac Operative Risk Evaluation; LVEF = left ventricular ejection
fraction; min = minutes.

Peri-operative profile of DPP#4 activity, CXCL12 and GLP-1in patients undergoing cardiac surgery.
Cardiac surgery induced a significant increase in leukocyte counts in the blood, with a maximal 1.7-fold increase
observed directly after surgery (Suppl. Figure 2). Investigating the peri-operative profile of DPP4 activity, we
observed a significant decrease with 29% (£25%) immediately after termination of surgery (equaling admis-
sion to the ICU) and the DPP4 activity remained significantly lower as compared to pre-operative levels until
24 h after surgery (Fig. 2a). No significant differences were observed in peri-operative DPP4 activity between
patients without vs. with T2DM, with a significant reduction in post-operative DPP4 activity observed for both
patients groups (6 h/12h post-OP; Suppl. Figure 1a). Also, no significant association could be detected between
either the post-operative DPP4 activity (24 h post-OP, as % of the pre-OP DPP4 activity) or the administration of
fluids, blood loss or urine production (Suppl. Figure 3), suggesting that the observed peri-operative decrease in
DPP4 activity is not mainly caused by peri-operative fluid management. Simultaneously with an intra-operative
decrease in DPP4 activity, we observed an almost 8-fold increase in CXCL12 serum levels after termination of
surgery, although serum levels of CXCL12 again returned to baseline 6 h after admission to the ICU (Fig. 2b).
Serum levels of total GLP-1 also increased after surgery, reaching a 1.6-fold increase 24 h after operation com-
pared to pre-OP levels (Fig. 2¢).

Patients experiencing a myocardial infarction within 90 days prior to the day of surgery exhibited a significant
27% (£11%) lower pre-operative DDP4 activity when compared to patients without recent infarction (Fig. 3a).
This was mainly pronounced in patients with conserved left ventricular (LV) function (LV ejection fraction

SCIENTIFICREPORTS| (2018) 8:11820 | DOI:10.1038/s41598-018-30235-w 3



www.nature.com/scientificreports/

a
—1501 -60 =1
R -
; n.s. -|- *kk *k dedke * :
=100+ T 40 .2
[&] [&]
@© ©
< <t
o
@ 504 200
o [m)]
% %]
o 0 0 g
Healthy Pre- o 6 12 24
OP
b h Post-OP
4001
- wkk dkk dekk *
£ 3004
s
2
o 2004
il
100
@]
0.
Pre- 0 6 12 24
opP h Post-OP
Cc
20+ *ok
2 15
& 104
Q
©
S 91
'_
0
Pre- 0 24

OP |, post-OoP

Figure 2. Perioperative analysis of DPP4 activity, CXCL12 and GLP-1. Serum samples were collected before
(pre-OP) or at different time points after surgery (0, 6, 12, 24h post-OP). (a) DPP4 activity in serum samples.
n =6 (controls); 29 <n < 44 (patients). Statistical significance is indicated relative to pre-OP values. (b)
CXCL12 serum levels before and at different time points after surgery. 26 <n < 42. Statistical significance is
indicated relative to ‘0 h post-OP’ values. (c) Serum levels of total GLP-1 before and at different time points
after surgery. n=9. (a-c) Shown are means & SD. One-way ANOVA (Kruskal-Wallis) with Dunn’s post-test.
*P < 0.05; ¥*P < 0.01; ***P < 0.001. n.s. = not significant.

(LVEF) >50%), in whom prior myocardial infarction significantly reduced pre-operative DPP4 activity levels
by 29% (£14%) towards the lower level observed in patients with severely reduced LV function (LVEF < 30%)
(Suppl. Figure 4). Based on these findings, we compared the intra-operative DPP4 activity profile in patients
with preserved vs. reduced left ventricular (LV) function, the latter closely related to ischemic cardiomyopathy.
This revealed that a significant intra-operative DPP4 decrease (by 32% = 24%) was only detectable in patients
with preserved LV function (LVEF > 50%). In contrast, DPP4 activity did not change during the course of sur-
gery of patients with severely reduced left ventricular function (LVEF < 30%) (Fig. 3b,c). Further, within the
patient group with preserved LV function, no difference in intra-operative DPP4 activity decline was found in
patients without vs. with prior myocardial infarction (Fig. 3c). Altogether, these data suggest that the extent of
intra-operative DPP4 activity decrease during surgery is dependent on the patients’ pre-operative LV function.

Furthermore, a correlation analysis revealed a larger decrease in intra-operative DPP4 activity for an increased
duration of aortic cross clamping, representing the duration of myocardial ischemia during surgery (Fig. 3d). In
contrast, no significant correlation could be detected between intra-operative DPP4 activity decrease and overall
duration of the surgical procedure, indicating that DDP4 activity is independent from the surgical procedure
(Suppl. Figure 5).

In summary, a larger intra-operative decrease in DPP4 activity is observed for patients with preserved vs.
severely reduced heart function and with increased time of aortic cross clamping.
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Figure 3. A larger intra-operative decrease in DPP4 activity is observed for patients with better heart

function and increased time of aortic cross clamping. (a) Relative pre-OP DPP4 activity in patients that did

vs. did not experience myocardial infarction (MI) within the 90 days prior to cardiac surgery. 12 <n < 32.
T-test. (b) Relative DPP4 activity in serum of patients with different LVEF, before (pre-OP) and directly after
OP (post-OP). 32 <n <33 (LVEF > 50%); 4 <n < 8 (other). Two-way ANOVA with Sidak’s post-test for
comparison of pre- vs. post-OP values. (c,d) Intra-operative decrease in relative DPP4 activity (pre-OP minus
0h post-OP): (c) in serum of patients according to LVEF and occurrence of a prior MI within the 90 days prior
to cardiac surgery. n =24 (LVEF > 50% no prior MI); 5 <n < 8 (other); one-way ANOVA (Kruskal Wallis)
with Dunn’s post-test; (d) in function of aortic cross clamping time. a-c, Shown are means = SD. (d) Data are
depicted as linear regression (black line) with 95% confidence intervals (dashed lines). r = Spearman correlation
coeflicient; two-tailed P-value. (a-d) *P < 0.05; **P < 0.01; ***P < 0.001; n.s. = not significant. LVEF = left
ventricular ejection fraction; MI=myocardial infarction.

Clinical impact of DPP4 activity on the outcome of patients. We next evaluated the clinical impact
of the peri-operative DPP4 activity profile and assessed potential clinical relevant associations of the pre- and
post-operative DDP4 activity to the occurrence of organ dysfunctions after surgery. No significant correlation was
detected between pre-operative DPP4 activity and post-operative organ injury evaluated by the well-established
SAPS II and SOFA score* (Suppl. Table 1). In contrast, DPP4 activity levels measured 12 h after surgery revealed
a significant inverse correlation with both the SAPS II and the SOFA score on the first post-operative day
(Fig. 4a,b). Furthermore, an inverse correlation was observed between the 12h post-operative DPP4 activity and
post-operative levels of creatinine and lactate as markers for kidney dysfunction, respectively, insufficient oxygen
supply and microcirculatory dysfunction (Fig. 5a,b). Also, DPP4 activity after surgery inversely correlated with
the patients’ duration of ICU stay (Fig. 5¢). Altogether, these data indicate that high post-operative DPP4 activity
is associated with a preservation of the patients’ organ function and a more beneficial short-term outcome after
cardiac surgery.

DPP4 oxidation is induced during cardiac surgery and decreases DPP4 activity. As myocardial
ischemia and ischemia/reperfusion injury induces oxidative stress** and post-translational oxidation can crucially
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Figure 4. DPP4 activity levels negatively correlate with post-operative morbidity scores. Correlations between
relative serum DPP4 activity levels 12 h post-OP and SAPS II score (a) or SOFA score (b) on the first post-
operative day. Data are depicted as linear regression (black line) with 95% confidence intervals (dashed lines).
r = Spearman correlation coeflicient; two-tailed P-value; *P < 0.05.

affect protein functions, we examined whether cardiac surgery may affect DPP4 by post-translational oxidation.
MALDI mass spectrometric analysis revealed that cardiac surgery significantly increased the oxidation level of
serum DPP4 (Fig. 6a), with Fig. 6b displaying a characteristic MALDI-TOF mass-spectrum of trypsinized DDP4
protein isolated from serum of a patient after cardiac surgery. The arrow at 809.2 Da indicates the mass signal of
the oxidized DDP4-fragment NTYRLK", with K* the oxidized amino acid lysine.

Further, in vitro post-translational oxidation of human recombinant DPP4 with H,O, (Fig. 6¢) significantly
reduced its enzymatic activity (Fig. 6d). To control for potentially adverse effects of residual H,O, after extensive
dialysis on DPP4 activity, a control sample with H,O, but lacking DPP4 was dialyzed in the same way, after which
DPP4 was added to the same final concentration as the oxidized DPP4 after dialysis. DPP4 activity measurements
demonstrated that potentially residual H,O, after extensive dialysis did not affect DPP4 activity (“control” in
Fig. 6d).

Combined, these data indicate that DPP4 oxidation is induced during cardiac surgery and significantly
decreases DPP4 activity.

Discussion

Patients undergoing cardiac surgery with CPB are frequently exposed to myocardial I/R injury after termi-
nation of cardioplegic-induced myocardial arrest and restoration of the coronary blood flow. This triggers a
peri-operative inflammatory response, which further contributes to the development of acute organ dysfunctions
during the postoperative course”®. The present study is the first to our knowledge investigating the peri-operative
DPP4 activity profile in patients undergoing cardiac surgery with use of CPB and its clinical relevance in relation
to post-operative organ dysfunctions. Our data reveal that cardiac surgery enhances DPP4 oxidation and reduces
DPP4 activity in serum, with low post-operative DPP4 activity levels being associated with a worse patient out-
come during ICU stay (Fig. 7).

Specifically, the post-operative DPP4 activity levels revealed a significant negative correlation with i) the
post-operatively assessed SAPS II and SOFA scores, two well-established organ failure scores representing the
extent of organ dysfunction®** and therefore frequently used to asses organ dysfunction throughout ICU stay
in the clinical practice. Furthermore, an inverse correlation was observed between post-operative DPP4 activity
and ii) post-operative levels of creatinine and lactate as markers for kidney dysfunction, respectively, insufficient
oxygen supply and microcirculatory dysfunction, as well as with iii) the patients’ duration of ICU stay. Notably,
the organo-protective effects associated with high DDP4 activity were most pronounced when regarding the
post-operative kidney functions. This is of particular relevance in cardiac surgery patients, in whom acute kidney
injury complicates recovery from cardiac surgery in up to 30% of patients®, and which reflects a close interaction
of cardio-renal function®.

These findings of DPP4 activity in relation to patients’ outcome at the ICU after cardiac surgery are surprising,
especially in the context of the preclinical studies in animal models that revealed rather an anti-inflammatory
and cardioprotective effect of DPP4 inhibition after myocardial I/R injury'>~'*%, as well as an antifibrotic effect of
DPP4 inhibition in a mouse model of kidney fibrosis®*®. However, our findings demonstrating low DPP4 activity
after cardiac surgery to be associated with worse patients’ outcomes during ICU stay focus on the acute clinical
situation, which may be different from the chronic clinical outcome. Also, present findings obtained from our
observational, clinical study, remain correlative and do not necessarily show a causative relationship. Follow-up
large-scale clinical studies are needed to further investigate the clinical impact of DPP4 activity on patients’ mid
to long-term outcome after cardiac surgery.

In addition, recent large-scale clinical trials examining the cardiovascular outcome of DPP4 inhibitors
demonstrated that these beneficial effects of DPP4 inhibition as observed in animal models could not merely be
translated to all clinical relevant patient situations. In these studies, the investigators could not observe a benefi-
cial effect of DPP4 inhibition on the combined risk of cardiovascular death, myocardial infarction and stroke in
diabetic patients*>?*?>-%7, nor could in a reproducible way a beneficial renal effect be shown?’. Thus, combined
with our findings, it can be concluded that although DPP4 inhibition clearly confers protective features in animal
models, the relation of DPP4 inhibition and also DPP4 activity to patient outcome is not that straightforward in
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levels 12h post-OP and ICU stay. (a—c) Data are depicted as linear regression (black line) with 95% confidence
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Figure 6. DPP4 oxidation is induced during cardiac surgery and decreases DPP4 activity. (a) Quantification
of oxidized amino acids of DPP4 peptides from serum of patients before (Pre-OP) vs. after (Post-OP) cardiac
surgery (oxidized amino acids: lysine, histidine, methionine, tryptophane) using MALDI mass-spectrometry
(n=10). Shown are means & SD. Two-tailed t-test. **P < 0.01. (b) Characteristic MALDI-TOF mass-spectrum
of trypsinized DDP4 protein isolated from serum of a patient after cardiac surgery. The arrow at 809.2 Da
indicates the mass signal of the oxidized DDP4fragment NTYRLK", with K* the oxidized amino acid lysine.

(c) Characteristic mass fingerprint spectra of trypsinized recombinant human DPP4, before (left) and after
(right) in vitro oxidation with H,O, (representative for 3 experiments). The arrow in the right panel indicates
the mass signal of the oxidized DDP4 fragment NTYRLK" at 809.2 Da, which was not detected (n.d.) before
oxidation (left panel). Mass signals were normalized to the internal standard (C'* Ang II). (d) Quantification of
the activity of in vitro oxidized DPP4 (ox. DPP4) versus native recombinant human DPP4. To evaluate potential
effects of residual H,O, after extensive dialysis on DPP4 activity, a “H,0O, control sample” lacking DPP4 was
dialyzed in the same way, after which DPP4 was added to the same final concentration as the oxidized DPP4
after dialysis (“control”). n=3. Shown are means + SD. One-way ANOVA (Kruskal Wallis) with Dunn’s post-
test. *P < 0.05; n.s. = not significant.
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oxidation (DPP4-ox) through the production of reactive oxygen species (ROS) and reduces DPP4 activity in the
patients’ serum, with low post-operative DPP4 activity levels associated with worse outcome during ICU stay.

the clinical situation and may vary dependent on the acute vs. chronic clinical situation, as well as on the individ-
ual patient cohort. The latter became also obvious in a recent study by Li ef al. demonstrating low plasma DPP4
activity to be independently associated with left ventricular systolic dysfunction in patients with ST-segment
elevation myocardial infarction (STEMI)®. These findings are in line with our study reporting low post-operative
DPP4 activity to be associated with a worse patient outcome after cardiac surgery, while the myocardial I/R injury
following surgery may be in analogy to STEMI patients. However, in contrast to these patient groups, others
reported on a correlation of high DPP4 activity with cardiac dysfunction in human heart failure?**® and with
subclinical left ventricular dysfunction in patients with T2DM?*!. The differential findings of these studies vs.
the study of Li et al.*® and our study could be explained by the differential patient group examined with different
pathophysiology of the underlying disease: as our data show that DPP4 activity is decreased by prior myocardial
infarction and a larger intra-operative decrease in DPP4 activity is observed for an increased duration of aortic
cross clamping, it is likely that the degree of DPP4 activity decrease after myocardial infarction or cardiac surgery
reflects the severity of myocardial ischemia, and that thereby low DPP4 activity levels are associated with worse
patients’ short term outcome. In our study this is further underlined by the inverse correlation of post-operative
DPP4 activity with i) high levels of lactate as marker for insufficient oxygen supply, which may result from inad-
equate myocardial function, and ii) given the importance of the cardio-renal link®®, with high creatinine levels as
marker of kidney dysfunction. Yet, we acknowledge that present findings only report on patients‘ short-term out-
comes, whereas mid to long-term observations might be more elusive to compare the current findings to those of
previous studies on DPP4 activity in relation to clinical outcome after longer observation periods. Although such
measurements are undoubtedly important, it has been critically discussed which outcome analysis adequately
captures the patients’ perspective focusing on quality of life on longer term after cardiac surgery**~*, which has
to be considered in future studies.

Whether DPP4 substrates may be involved in a link between low DPP4 activity and worse patient outcome
after cardiac surgery, remains currently unclear. Serum levels of CXCL12, an important substrate of DPP4
activity'*!%, significantly increased shortly after termination of surgery in line with previous observations*®, but
again returned to baseline 6 h after admission to the ICU. Serum levels of GLP-1 also increased after surgery and
remained significantly increased also 24 h after operation. Although the role of GLP-1 in patient outcome after
cardiac surgery remains subject of investigation, enhanced levels of GLP-1 have been associated with cardiopro-
tective functions of DPP4 inhibition in preliminary studies'>'%. Thus, the increased GLP-1 levels after surgery
observed in our study would argue against a causal link between low DPP4 activity and worse patient outcome
after cardiac surgery, although it should also be mentioned that serum GLP-1 levels are not influenced solely by
DPP4 but also by inflammation-induced secretion of GLP-1*74,

Further, it is increasingly being debated whether other DPP4 substrates may counteract the overall protective
effects of GLP-1, which may explain why cardiovascular outcome trials could not detect a beneficial effect of
DPP4 inhibition!>*. Of note, several studies have identified specific detrimental effects of DPP4 inhibition that
contrast the mainly beneficial actions of DPP4 blockade reported thus far. For example, in a rat model of critical
limb ischemia, DPP4-deficiency surprisingly reduced angiogenesis, endothelial function and circulating endothe-
lial progenitor cell numbers, suggesting a negative effect of DPP4 inhibition on vascular function and tissue
perfusion in this experimental setup®. Also, reduced DPP4 levels in endothelial cells upon ischemia, including
myocardial infarction, induce a pro-thrombotic status of the endothelium through enhanced tissue factor expres-
sion and platelet adhesion®!, which may have detrimental implications for patients with myocardial ischemia.
However, given the explorative nature of this study, we acknowledge that present results should be interpreted
cautiously within the limitations of a pilot study. Following studies thus are needed in an adequately designed
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large scale clinical trial to clarify if specific DPP4 substrates may be involved in the observed association of low
post-operative DPP4 activity levels and worse patients’ outcome after cardiac surgery.

It has been reported that in healthy individuals, plasma DPP4 activity is positively correlated with BMI*%
Also, serum DPP4 levels were shown to correlate with the amount of visceral adipose tissue®*. However, in our
study cohort, no significant correlation was detected between BMI and serum DPP4 activity. This is in accord-
ance with previous findings in STEMI patients, in whom no difference was detected in BMI among different
quartiles of plasma DPP4 activity*>*. In contrast, as mentioned earlier, patients with a recent myocardial infarc-
tion exhibited a significantly reduced pre-operative DDP4 activity when compared to patients without recent
infarction. Further, DPP4 activity decreased during cardiac surgery with CPB, if not already decreased by a
recent myocardial infarction or severely reduced LVEE. Although this contrasts earlier experimental findings
of hypoxia-induced shedding of membrane DPP4 from vascular cells?®*, our findings are in line with a clinical
study in STEMI patients showing reduced plasma DPP4 activity after myocardial infarction®*. Also, hypoxia
treatment of adipocytes significantly reduced the activity of shedded DPP4%, although the underlying mecha-
nisms remained unclear. Post-translational modifications can crucially affect protein functions, and alterations
in post-translational modifications have been linked with disease states including myocardial ischemia®. For
example, it was shown that myocardial ischemia transiently increases O-linked 3-N-acetylglucosamine attach-
ments (O-GlcNAcylation) that provide cardioprotection®®. In our study, mass spectrometric analyses revealed
that cardiac surgery increased the post-translational oxidation of serum DPP4, the latter reducing DPP4 activity
as confirmed in vitro within the current study. With myocardial ischemia and ischemia/reperfusion injury gener-
ating reactive oxygen species®, we thus hypothesize that cardiac surgery-induced ischemia reduces DPP4 activity
by oxidative stress-induced DPP4 oxidation (Fig. 7).

In conclusion, our study reveals for the first time that DPP4 activity decreases during cardiac surgery depend-
ent on the duration of surgery-induced myocardial ischemia, and that low post-operative DPP4 activity levels are
associated with worse patient outcome during ICU stay. As DPP4 oxidation by hydrogen peroxide reduces DPP4
activity, low post-operative DPP4 activity levels likely reflect the severity of myocardial ischemia through the
generation of reactive oxygen species. This may explain why in this patient group DPP4 activity has a differential
associative relationship with organ dysfunction compared to patients with T2DM and cardiovascular disease.
Additional studies are warranted to identify in more detail the underlying mechanisms in combined experimental
and clinical studies and to evaluate potential beneficial effects of anti-oxidative treatment in patients undergoing
cardiac surgery.

Methods

Materials, data and associated protocols are available upon requests.  Study design and patients.
This is a prospective observational study, which was approved by the institutional review board (Ethics commit-
tee, RWTH Aachen University) and performed in accordance with the relevant guidelines and regulations. The
study was registered at ClinicalTrials.gov (ClinicalTrials.gov identifier: NCT02488876). Between February and
July 2013, patients scheduled for elective cardiac surgery with the use of cardiopulmonary bypass (CPB) were
consecutively enrolled in the study after obtainment of written informed consent. Exclusion criteria were emer-
gency operations, known or suspected pregnancy, patients’ age less than 18 years, and failure to obtain written
informed consent. All experiments are conform to the principles outlined in the Declaration of Helsinki.

Management of anesthesia. ~ All included patients received balanced anesthesia according to institutional routine.
Induction of anesthesia was performed with propofol (1.5 mg-kg™!) and sufentanil (0.5-1 pg-kg™!). Muscle relax-
ation was obtained with rocuronium (1 mgkg™"). Anesthesia was maintained by continuous infusion of sufen-
tanil (1 pg-kg~-h™!) and sevoflurane (0.5-1% minimum alveolar concentration (MAC)). The inhalative agent
was switched to continuous administration of propofol (1-1.5 mg-kg~!) on bypass and continued throughout
the whole procedure. Basic fluid substitution was performed with 1 ml-kg~'-h~! balanced crystalloid solutions.
Additional fluids, vasopressors or inotropic drugs, were administered according to the discretion of the respon-
sible physicians and local standards.

Surgical procedure. ~ After midline sternotomy, dissection of the internal mammary artery and harvesting of
the venous conduits, heparin was administered (300 IE-kg ') to obtain an activated clotting time of >480s. The
extracorporeal circulation was performed with a non-pulsatile pump flow of 2.2 L-min~!-m~2, and blood pressure
was maintained between 50 and 70 mm Hg. A single antegrade infusion of cold crystalloid cardioplegic solution
was used for induction of cardiac arrest (Custodiol™; Kéhler Chemie, Alsbach-Hihnlein, Germany) in the aortic
root immediately after aortic cross-clamping. After weaning from CPB, heparin was antagonized with protamine
in a ratio of 1:1, and aspirin was administered orally starting 8 h postoperatively.

Data collection. Prior to surgery most relevant demographic and baseline characteristics, such as age, gen-
der, pre-existing diseases, co-medication and the EuroSCORE (European System for Cardiac Operative Risk
Evaluation)* for preoperative risk stratification were recorded. Further relevant clinical data with respect to sur-
gery and postoperative outcome were documented. The incidence of organ dysfunction, systemic inflammatory
response syndrome, sepsis, severe sepsis and septic shock was recorded according to the ACCP/SCCM consensus
conference criteria®. The simplified acute physiology score (SAPS I1)*? and the sequential organ failure assess-
ment (SOFA) score®* were evaluated directly at admission to the intensive care unit (ICU) (0h post-OP) as well
as on the first post-operative day (24 h post-OP). Clinical laboratory parameters (creatinine, lactate etc.) were
quantified and recorded from the patient data management system. Also, the duration of surgery, aortic cross
clamp time and the patients’ duration of ICU stay were documented.
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Blood sample acquisition. In addition to clinical routine measurements, serum samples were drawn after
induction of anesthesia, after connection to the CPB, 2 min after opening of the aortic cross-clamp (myocardial
reperfusion), at admission to the intensive care unit (ICU) as well as 6 h, 12h and 24 h after admission to the ICU.
All blood samples were immediately centrifuged (900 g, 10 min, room temperature) and the supernatants were
transferred to cryotubes. Subsequently, the serum samples were stored at —80 °C until analysis.

Measurement of DPP4 activity in serum samples. DPP4 activity levels in patient serum samples and
healthy control volunteers were measured as relative light units using the luminescent DPPIV-Glo™ protease
assay (Promega, Germany) according to the manufacturer’s instructions, using 25 pl of 300 times diluted serum
with 25 ul assay reagent. Relative DPP4 activity levels were expressed as % after normalization to relative pre-OP
values at study start.

In addition, absolute DPP4 activity in the patient samples was calculated based on the absolute DPP4 activity
of the reference sample used for generating the standard row in the luminescent DPPIV-Glo™ protease assay
during the measurement of the patient samples. Absolute DPP4 activity of this reference sample was quantified
as the rate of cleaving the fluorescent 7-Amino-4-Methyl Coumarin (AMC) from the non-fluorescent substrate
H-Gly-Pro-AMC, using a standard curve for free AMC (Sigma) and following the manufacturer’s instructions
(Sigma, Technical Bulletin to DPP4 Activity Assay Kit, Catalog Number MAKO088). One unit of DPP4 is defined
as the amount of enzyme that cleaves 1 umol of AMC per minute at 37 °C (U/L =pmol/min/L).

Measurement of GLP-1 activity in serum samples. Total GLP-1 serum levels were quantified in
the presence of 19 uM sitagliptin with a chemiluminescent enzyme-linked immunosorbent assay (ELISA) as
previously described®!. In short, we used as primary antibody HYB 147-06, which reacts with the amidated
C-terminus of GLP-1(1-36)-amide, GLP-1(7-36)-amide and GLP-1(9-36)-amide, and as detection antibody
biotinylated HYB 147-12, which reacts with a mid-molecular epitope present in all GLP-1 forms.

DPP4 in vitro oxidation. DPP4 was oxidized in vitro by incubating 0.021 ug/ul recombinant human DPP4
(Sigma Aldrich, Germany) with 100 mM H,0, in 10 mM Tris-HCl buffer for 1.5h at room temperature. After exten-
sive dialysis using the Pur-A-Lyzer™ Maxi Dialysis Kit (Sigma Aldrich, Germany) against PBS to remove H,0,,
DPP4 protein content was measured using the DC™ Protein Assay (Bio-Rad, Germany) according to the manufac-
turer’s instructions. Native DPP4 used as control was treated in the same way but without addition of H,0,. Also, to
evaluate potential effects of residual H,O, after extensive dialysis on DPP4 activity, a “H,O, control sample” lacking
DPP4 was dialyzed in the same way, after which DPP4 was added to the same final concentration as the oxidized
DPP4 after dialysis. Then, DPP4 activity was measured using the DPPIV-Glo™ protease assay (Promega, Germany)
according to the manufacturer’s instructions, and DPP4 activity was expressed as pU/ug DPP4 protein.

Quantification of oxidized DPP4 by matrix assisted laser desorption/ionisation time of flight
mass spectrometry. The DPP4 protein within the serum of patients before and after cardiac surgery
or after in vitro oxidation was analyzed for post-translational oxidation by matrix-assisted-laser-desorption/
ionisation-time-of-flight-mass spectrometry (MALDI-TOF/TOF) as previously described®”. Patient serum was sup-
plemented with 4x LDS sample buffer including reducing agent (100mM DTT), boiled for 10 min at 70°C, and run
on a 15% sodium dodecyl sulphate-polyacrylamide gel electrophoresis gel (SDS-PAGE). Bands were cut out, washed
and incubated in the presence of an aqueous ammonium bicarbonate (50 mM) solution and 0.2% w/v trypsin of 24h
at 37 °C. To analyze human recombinant DPP4 after in vitro oxidation, the samples were similarly incubated in the
presence of an aqueous ammonium bicarbonate (50 mM) solution and 0.2% w/v trypsin of 24h at 37°C.

The resulting tryptic peptides were desalted and concentrated by ZipTipc,, technology (Millipore, USA) using
0.1% trifluoroacetic acid in water and were eluated by using 80% acetonitrile in water. The eluate was spread onto the
(MALDI) target plate (MTP-ground steel 400/384; Bruker-Daltonic, Germany) using a-cyano-4-hydroxycinamic
acid (205mgml~!) as matrix. The subsequent mass spectrometric analyses were carried out using a reflectron-type
time-of-flight-mass spectrometer MALDI-TOF/TOF (Ultraflex III; Bruker-Daltonic, Germany). MS/MS fragments
were analyzed using Lift-option of the mass-spectrometer. Calibrated and annotated spectra were subjected to
the database search Swiss-Prot (http://www.expasy.org/) utilizing the software tool “Bruker Bio-Tool 3.2 and the
“Mascot 2.2 search engine” (Matrix Science Ltd, London, UK).

Statistical analysis. All data were statistically analyzed using a commercially available software package
(SPSS 23, IBM; or GraphPad Prism 6, Graphpad Software Inc.). Data are represented as means & SD. After testing
for normality, data were analyzed by Student’s T-test or Mann Whitney Test, as appropriate, for comparison of two
groups. For comparison of more than two groups, one-way ANOVA with Tukey’s post-test or a Kruskal-Wallis
with Dunn’s post-test was used, as appropriate. A two-way ANOVA was combined with the Sidak’s post-test.
Observed differences with P < 0.05 were considered to be statistically significant. For correlation studies, linear
regression analysis was performed calculating the Pearson or Spearman correlation coefficient, as appropriate,
and a corresponding P-value. In all cases, a level of P < 0.05 was considered statistically significant.

References
1. World health statistics 2017: monitoring health for the SDGs, Sustainable Development Goals. Geneva: World Health Organization;
Licence: CC BY-NC-SA3.0 IGO (2017).
2. World Health Organization. Fact sheet Cardiovascular diseases (CVDs) (2017).
3. Mahmood, S. S., Levy, D., Vasan, R. S. & Wang, T. J. The Framingham Heart Study and the epidemiology of cardiovascular disease:
a historical perspective. Lancet 383, 999-1008 (2014).
4. International Diabetes Federation. IDF Diabetes Atlas. Seventh Edition (2015).

SCIENTIFICREPORTS| (2018) 8:11820 | DOI:10.1038/s41598-018-30235-w 10


http://www.expasy.org/

www.nature.com/scientificreports/

10.
11.
12.

13.
14.

15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.

29.

30.
31.
32.
33.
34.
35.
36.

37.

38.
39.
40.
41.

42.
. Stoppe, C. et al. Evaluation of Persistent Organ Dysfunction Plus Death As a Novel Composite Outcome in Cardiac Surgical

44,
45.

46.

. Grover, A. et al. Shortage of cardiothoracic surgeons is likely by 2020. Circulation 120, 488-494 (2009).
. Hausenloy, D. J., Boston-Griffiths, E. & Yellon, D. M. Cardioprotection during cardiac surgery. Cardiovasc Res 94, 253-265 (2012).
. Wan, S., LeClerg, J. L. & Vincent, J. L. Inflammatory response to cardiopulmonary bypass: mechanisms involved and possible

therapeutic strategies. Chest 112, 676-692 (1997).

. Hausenloy, D. J. & Yellon, D. M. Ischaemic conditioning and reperfusion injury. Nat Rev Cardiol 13, 193-209 (2016).
. Croal, B. L. et al. Relationship between postoperative cardiac troponin I levels and outcome of cardiac surgery. Circulation 114,

1468-1475 (2006).

Society for Cardiothoracic Surgery in Great Britain & Ireland. Blue Book Online. Section 2: What are the actual outcomes of the
operations? [online], http://bluebook.scts.org/#CrudeMortality (2015).

Waumans, Y., Baerts, L., Kehoe, K., Lambeir, A. M. & De Meester, 1. The Dipeptidyl Peptidase Family, Prolyl Oligopeptidase, and
Prolyl Carboxypeptidase in the Immune System and Inflammatory Disease, Including Atherosclerosis. Front Immunol 6, 387 (2015).
Zhong, J., Maiseyeu, A., Davis, S. N. & Rajagopalan, S. DPP4 in cardiometabolic disease: recent insights from the laboratory and
clinical trials of DPP4 inhibition. Circulation research 116, 1491-1504 (2015).

Scheen, A. J. Cardiovascular effects of gliptins. Nat Rev Cardiol 10, 73-84 (2013).

Ussher, J. R. & Drucker, D. J. Cardiovascular actions of incretin-based therapies. Circulation research 114, 1788-1803, https://doi.
org/10.1161/CIRCRESAHA.114.301958 (2014).

Zhong, J. & Rajagopalan, S. Dipeptidyl Peptidase-4 Regulation of SDF-1/CXCR4 Axis: Implications for Cardiovascular Disease.
Front Immunol 6,477 (2015).

Connelly, K. A. et al. DPP-4 inhibition attenuates cardiac dysfunction and adverse remodeling following myocardial infarction in
rats with experimental diabetes. Cardiovascular therapeutics 31, 259-267, https://doi.org/10.1111/1755-5922.12005 (2013).
Hausenloy, D. J. et al. Dipeptidyl peptidase-4 inhibitors and GLP-1 reduce myocardial infarct size in a glucose-dependent manner.
Cardiovascular diabetology 12, 154, https://doi.org/10.1186/1475-2840-12-154 (2013).

Sauve, M. et al. Genetic deletion or pharmacological inhibition of dipeptidyl peptidase-4 improves cardiovascular outcomes after
myocardial infarction in mice. Diabetes 59, 10631073, https://doi.org/10.2337/db09-0955 (2010).

Chua, S. et al. Inhibition of dipeptidyl peptidase-IV enzyme activity protects against myocardial ischemia-reperfusion injury in rats.
J Transl Med 12, 357 (2014).

Shigeta, T. et al. Dipeptidyl peptidase-4 modulates left ventricular dysfunction in chronic heart failure via angiogenesis-dependent
and -independent actions. Circulation 126, 1838-1851 (2012).

Takahashi, A. et al. Dipeptidyl-peptidase IV inhibition improves pathophysiology of heart failure and increases survival rate in
pressure-overloaded mice. American journal of physiology. Heart and circulatory physiology 304, H1361-1369 (2013).

Packer, M. Have dipeptidyl peptidase-4 inhibitors ameliorated the vascular complications of type 2 diabetes in large-scale trials? The
potential confounding effect of stem-cell chemokines. Cardiovascular diabetology 17,9 (2018).

Scirica, B. M. et al. Saxagliptin and cardiovascular outcomes in patients with type 2 diabetes mellitus. The New England journal of
medicine 369, 1317-1326, https://doi.org/10.1056/NEJMoal1307684 (2013).

Scirica, B. M. et al. Heart failure, saxagliptin, and diabetes mellitus: observations from the SAVOR-TIMI 53 randomized trial.
Circulation 130, 1579-1588 (2014).

White, W. B. et al. Alogliptin after acute coronary syndrome in patients with type 2 diabetes. The New England journal of medicine
369, 1327-1335, https://doi.org/10.1056/NEJMoal305889 (2013).

Green, J. B. et al. Effect of Sitagliptin on Cardiovascular Outcomes in Type 2 Diabetes. The New England journal of medicine 373,
232-242, https://doi.org/10.1056/NEJMoal501352 (2015).

Gantz, L. et al. A randomized, placebo-controlled study of the cardiovascular safety of the once-weekly DPP-4 inhibitor omarigliptin
in patients with type 2 diabetes mellitus. Cardiovascular diabetology 16, 112 (2017).

Weir, D. L., McAlister, F. A., Senthilselvan, A., Minhas-Sandhu, J. K. & Eurich, D. T. Sitagliptin use in patients with diabetes and heart
failure: a population-based retrospective cohort study. JACC Heart Fail 2, 573-582 (2014).

Brown, P. P. et al. The frequency and cost of complications associated with coronary artery bypass grafting surgery: results from the
United States Medicare program. The Annals of thoracic surgery 85, 1980-1986, https://doi.org/10.1016/j.athoracsur.2008.01.053
(2008).

Durinx, C. et al. Reference values for plasma dipeptidyl-peptidase IV activity and their association with other laboratory parameters.
Clin Chem Lab Med 39, 155-159 (2001).

Matheeussen, V. et al. Method comparison of dipeptidyl peptidase IV activity assays and their application in biological samples
containing reversible inhibitors. Clin Chim Acta 413, 456-462 (2012).

Le Gall, J. R, Lemeshow, S. & Saulnier, F. A new Simplified Acute Physiology Score (SAPS II) based on a European/North American
multicenter study. JAMA: the journal of the American Medical Association 270, 2957-2963 (1993).

Frangogiannis, N. G. The inflammatory response in myocardial injury, repair, and remodelling. Nat Rev Cardiol 11, 255-265 (2014).
Vincent, J. L. et al. The SOFA (Sepsis-related Organ Failure Assessment) score to describe organ dysfunction/failure. On behalf of
the Working Group on Sepsis-Related Problems of the European Society of Intensive Care Medicine. Intensive Care Med 22,
707-710 (1996).

O’Neal, J. B., Shaw, A. D. & Billings, E. T. T. Acute kidney injury following cardiac surgery: current understanding and future
directions. Crit Care 20, 187 (2016).

Schefold, J. C,, Filippatos, G., Hasenfuss, G., Anker, S. D. & von Haehling, S. Heart failure and kidney dysfunction: epidemiology,
mechanisms and management. Nat Rev Nephrol 12, 610-623 (2016).

Ye, Y. et al. The myocardial infarct size-limiting effect of sitagliptin is PKA-dependent, whereas the protective effect of pioglitazone
is partially dependent on PKA. American journal of physiology. Heart and circulatory physiology 298, H1454-1465, https://doi.
org/10.1152/ajpheart.00867.2009 (2010).

Min, H. S. et al. Dipeptidyl peptidase IV inhibitor protects against renal interstitial fibrosis in a mouse model of ureteral obstruction.
Lab Invest 94, 598-607 (2014).

Li, J. W. et al. Plasma dipeptidyl-peptidase-4 activity is associated with left ventricular systolic function in patients with ST-segment
elevation myocardial infarction. Sci Rep 7, 6097 (2017).

dos Santos, L. et al. Circulating dipeptidyl peptidase IV activity correlates with cardiac dysfunction in human and experimental
heart failure. Circ Heart Fail 6, 1029-1038 (2013).

Ravassa, S. et al. The activity of circulating dipeptidyl peptidase-4 is associated with subclinical left ventricular dysfunction in
patients with type 2 diabetes mellitus. Cardiovascular diabetology 12, 143 (2013).

Myles, P. S. Meaningful outcome measures in cardiac surgery. ] Extra Corpor Technol 46, 23-27 (2014).

Patients. ] Cardiothorac Vasc Anesth 30, 30-38 (2016).

Falcoz, P. E. et al. Open heart surgery: one-year self-assessment of quality of life and functional outcome. The Annals of thoracic
surgery 76, 1598-1604; discussion 1604 (2003).

Engoren, M., Buderer, N. F. & Zacharias, A. Long-term survival and health status after prolonged mechanical ventilation after
cardiac surgery. Crit Care Med 28, 2742-2749 (2000).

Kim, B. S. et al. Myocardial Ischemia Induces SDF-1alpha Release in Cardiac Surgery Patients. ] Cardiovasc Transl Res 9, 230-238
(2016).

SCIENTIFICREPORTS| (2018) 8:11820 | DOI:10.1038/s41598-018-30235-w 11


http://dx.doi.org/10.1161/CIRCRESAHA.114.301958
http://dx.doi.org/10.1161/CIRCRESAHA.114.301958
http://dx.doi.org/10.1111/1755-5922.12005
http://dx.doi.org/10.1186/1475-2840-12-154
http://dx.doi.org/10.2337/db09-0955
http://dx.doi.org/10.1056/NEJMoa1307684
http://dx.doi.org/10.1056/NEJMoa1305889
http://dx.doi.org/10.1056/NEJMoa1501352
http://dx.doi.org/10.1016/j.athoracsur.2008.01.053
http://dx.doi.org/10.1152/ajpheart.00867.2009
http://dx.doi.org/10.1152/ajpheart.00867.2009

www.nature.com/scientificreports/

47. Kahles, F. et al. GLP-1 secretion is increased by inflammatory stimuli in an IL-6-dependent manner, leading to hyperinsulinemia
and blood glucose lowering. Diabetes 63, 3221-3229 (2014).

48. Lebherz, C. et al. Interleukin-6 predicts inflammation-induced increase of Glucagon-like peptide-1 in humans in response to cardiac
surgery with association to parameters of glucose metabolism. Cardiovascular diabetology 15, 21 (2016).

49. Paneni, F DPP-4 inhibitors, heart failure and type 2 diabetes: all eyes on safety. Cardiovasc Diagn Ther 5, 471-478 (2015).

50. Sun, C. K. et al. Paradoxical impairment of angiogenesis, endothelial function and circulating number of endothelial progenitor cells
in DPP4-deficient rat after critical limb ischemia. Stem Cell Res Ther 4, 31 (2013).

51. Krijnen, P. A. et al. Loss of DPP4 activity is related to a prothrombogenic status of endothelial cells: implications for the coronary
microvasculature of myocardial infarction patients. Basic Res Cardiol 107, 233 (2012).

52. Kirino, Y., Sei, M., Kawazoe, K., Minakuchi, K. & Sato, Y. Plasma dipeptidyl peptidase 4 activity correlates with body mass index and
the plasma adiponectin concentration in healthy young people. Endocr J 59, 949-953 (2012).

53. Sell, H. et al. Adipose dipeptidyl peptidase-4 and obesity: correlation with insulin resistance and depot-specific release from adipose
tissue in vivo and in vitro. Diabetes Care 36, 4083-4090 (2013).

54. Li, J. W. et al. Plasma DPP4 activity is associated with no-reflow and major bleeding events in Chinese PCI-treated STEMI patients.
Sci Rep 6, 39412 (2016).

55. Rohrborn, D., Eckel, J. & Sell, H. Shedding of dipeptidyl peptidase 4 is mediated by metalloproteases and up-regulated by hypoxia
in human adipocytes and smooth muscle cells. FEBS Lett 588, 3870-3877 (2014).

56. Chowdhury, H. H. et al. Hypoxia Alters the Expression of Dipeptidyl Peptidase 4 and Induces Developmental Remodeling of
Human Preadipocytes. ] Diabetes Res 2016, 7481470 (2016).

57. Liddy, K. A., White, M. Y. & Cordwell, S. J. Functional decorations: post-translational modifications and heart disease delineated by
targeted proteomics. Genome Med 5, 20 (2013).

58. Fulop, N., Zhang, Z., Marchase, R. B. & Chatham, J. C. Glucosamine cardioprotection in perfused rat hearts associated with
increased O-linked N-acetylglucosamine protein modification and altered p38 activation. American journal of physiology. Heart and
circulatory physiology 292, H2227-2236 (2007).

59. Nashef, S. A. et al. European system for cardiac operative risk evaluation (EuroSCORE). Eur ] Cardiothorac Surg 16, 9-13 (1999).

60. Bone, R. C,, Sibbald, W.]. & Sprung, C. L. The ACCP-SCCM consensus conference on sepsis and organ failure. Chest 101, 1481-1483
(1992).

61. Piotrowski, K. et al. Circulating concentrations of GLP-1 are associated with coronary atherosclerosis in humans. Cardiovascular
diabetology 12, 117, https://doi.org/10.1186/1475-2840-12-117 (2013).

62. Rueth, M. et al. Guanidinylations of albumin decreased binding capacity of hydrophobic metabolites. Acta Physiol (Oxf) 215, 13-23
(2015).

Acknowledgements

We thank Sylvia Bromler (RWTH Aachen University) for collection of serum samples. We thank Melanie Garbe,
Stephanie Elbin and Sabine Winkler for excellent technical assistance. This work was supported by the German
Research Foundation [DFG SFB/TRR219-MO05 to H.N. and N.M., SFB/TRR219-M03 to M.L. and N.M., SFB/
TRR219-S03 to V.J and J.J]; the START-Program of the Faculty of Medicine, RWTH Aachen [105/13 to W.T.]; and
by a grant from the Interdisciplinary Centre for Clinical Research (IZKF) within the faculty of Medicine at the
RWTH Aachen University [IZKF K7-1 to H.N., IZKF K7-5 to C.S. and A.G.].

Author Contributions

H.N,, L.M., G.M,, A.G. and C.S. designed the study; W.T., M..S., V.., .M., L.M., C.S. contributed to the acquisition
of data; L.M., A.G. and C.S. designed Fig. 1; H.N., W.T., M.S., .M., S.K., A.G. and C.S. analyzed data in Figs
2-5; M.S., V.J. and J.]J. analyzed data in Fig. 6; H.N., A.G. and C.S. wrote the main manuscript text; All authors
contributed to the interpretation of the data, to drafting the work or revising it critically for important intellectual
content, and all provided final approval of the version to be published.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-30235-w.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11820 | DOI:10.1038/s41598-018-30235-w 12


http://dx.doi.org/10.1186/1475-2840-12-117
http://dx.doi.org/10.1038/s41598-018-30235-w
http://creativecommons.org/licenses/by/4.0/

	Reduced post-operative DPP4 activity associated with worse patient outcome after cardiac surgery

	Results

	Enrolled patients and baseline characteristics. 
	Effect of comorbidities and concomitant medication on pre-operative DPP4 activity. 
	Peri-operative profile of DPP4 activity, CXCL12 and GLP-1 in patients undergoing cardiac surgery. 
	Clinical impact of DPP4 activity on the outcome of patients. 
	DPP4 oxidation is induced during cardiac surgery and decreases DPP4 activity. 

	Discussion

	Methods

	Materials, data and associated protocols are available upon requests. 
	Study design and patients. 
	Management of anesthesia. 
	Surgical procedure. 

	Data collection. 
	Blood sample acquisition. 
	Measurement of DPP4 activity in serum samples. 
	Measurement of GLP-1 activity in serum samples. 
	DPP4 in vitro oxidation. 
	Quantification of oxidized DPP4 by matrix assisted laser desorption/ionisation time of flight mass spectrometry. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Flowchart of the present study.
	Figure 2 Perioperative analysis of DPP4 activity, CXCL12 and GLP-1.
	Figure 3 A larger intra-operative decrease in DPP4 activity is observed for patients with better heart function and increased time of aortic cross clamping.
	Figure 4 DPP4 activity levels negatively correlate with post-operative morbidity scores.
	Figure 5 DPP4 activity levels negatively correlate with post-operative organ morbidity and ICU stay.
	Figure 6 DPP4 oxidation is induced during cardiac surgery and decreases DPP4 activity.
	Figure 7 Schematic representation of the main findings of this study.
	Table 1 Baseline characteristics and data on surgery.


