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Abstract

Objectives: Perioperative cardiovascular events remain an important factor that affects surgery
outcome. We assessed if asymmetric dimethylarginine (ADMA), an endogenous inhibitor of nitric
oxide synthesis, predicts perioperative risk, and if pre-operative supplementation with L-arginine/
L-citrulline improves the plasma L-arginine/ADMA ratio.

Methods: In this prospective study, planned thoracic and/or abdominal surgery patients were
randomized to receive L-arginine/L-citrulline (5 g/day) or placebo | to 5 days before surgery. We
measured perioperative plasma ADMA and L-arginine levels. The primary outcome was a 30-day
combined cardiovascular endpoint.

Results: Among 269 patients, 23 (8.6%) experienced a major adverse cardiovascular event.
ADMA and C-reactive protein were significantly associated with the incidence of cardiovascular
complications in the multivariable-adjusted analysis. The L-arginine plasma concentration was
significantly higher on the day of surgery with L-arginine/L-citrulline supplementation compared
with placebo. In patients with high pre-operative ADMA, there was a non-significant trend
towards reduced incidence of the primary endpoint with L-arginine/L-citrulline supplementation
(six vs. nine events).
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Conclusions: ADMA is a predictor of major adverse cardiovascular complications in the peri-
operative period for patients who are undergoing major abdominal and/or thoracic surgery.
Supplementation with L-arginine/L-citrulline increased the L-arginine plasma concentration,
enhanced the L-arginine/ADMA ratio, and induced a trend towards fewer perioperative events.
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Introduction

Perioperative cardiovascular complications
have remained a major threat for the out-
come of major surgery.! However, compli-
cations affect only a small portion of
surgical patients.” The risk of major cardio-
vascular events is significantly increased
during the perioperative period in patients
with pre-existing cardiovascular disease,
and screening for such pre-existing condi-
tions has long been part of pre-operative
risk checks.> However, even in patients
without clinically apparent cardiovascular
disease, the risk of experiencing a first
major cardiovascular event is increased
during the immediate postoperative period.*
Established clinical risk scores such as the
American  Society of Anesthesiologists
(ASA) score and the Revised Cardiac Risk
Index (RCRI) are routinely being used to
improve the identification of patients with
an elevated risk.” However, these clinical
scores are not sufficient to distinguish
between high and low-risk patients,*’ and
new markers are needed to improve pre-
operative risk assessment.

The L-arginine—nitric oxide (NO)
pathway is a crucial signaling pathway for
cardiovascular functional integrity.® The
production and action of NO, which is
formed in the healthy vascular endothelium

from L-arginine, is impaired in the very
early stages of cardiovascular diseases,
and a lack of biologically active NO is
widely believed to contribute to the patho-
genesis of various cardiovascular diseases
(for review, cf.”).

We and others have identified asymmet-
ric dimethylarginine (ADMA), which is an
endogenous competitive inhibitor of NO
synthesis, as a risk marker of cardiovascu-
lar disease and mortality in diverse patient
populations with, for example, end-stage
renal disease'® and coronary artery dis-
ease.'! In the general population, a high
ADMA concentration predicts total mor-
tality independently of other established
cardiovascular risk factors.'>'* Because
ADMA competes with L-arginine at the
level of the NO synthase, the L-arginine/
ADMA ratio is an appropriate estimate of
“true” substrate availability for NOS; this
ratio is independently associated with mor-
tality."> L-arginine, when administered
orally, has an extremely short half-life."*
Conversely, oral administration of L-citrul-
line, which is converted into L-arginine by
argininosuccinate synthase and arginino-
succinate lyase activity, causes a more
extended elevation of plasma L-arginine
levels.'”> The combination of L-arginine
and L-citrulline has been shown to result
in a larger increase in NO production
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compared with either of the amino acids
given alone.'®

In a previous study, our group reported
that high ADMA levels were associated with
perioperative cardiovascular complications
in a surgical population with low-to-
medium estimated perioperative risk.!”
Based on improved  bioanalytical
methodology, we aimed to extend our previ-
ous findings to a surgical population with
medium-to-high estimated risk in this study.

Several pharmacotherapeutic strategies
for reducing perioperative risk have been
proposed and subsequently tested in clinical
trials, such as beta receptor blockers'® and
statins,'” but clinical trials have yielded
varying results.’ Based upon the dynamics
of NO synthase inhibition by ADMA,
which competitively displaces the substrate
L-arginine from the catalytic site of
the enzyme, we hypothesized that pre-
operative supplementation with L-arginine
might reduce the ADMA-related risk.”
We, therefore, performed a pilot clinical
intervention study using dietary L-arginine
in the immediate pre-operative period and
measured the time course of ADMA and
L-arginine in plasma from the pre-
operative visit until day 3 post-surgery.
Major adverse cardiovascular events were
recorded until day 30 post-surgery.

Patients and methods

Patients and study design

There were 269 patients who took part in
this study, which was performed as a single-
center, prospective, randomized, double-
blind study. Patients and investigators
were blinded to the study group because
the study products were prepared at the
local pharmacy by personnel who were
independent of any other study procedures.
The local ethics committee approved the
study protocol (Ethics Committee of the
Hamburg Board of Physicians, PV 3466),

and the study was conducted in accordance
with the Principles of Good Clinical
Practice and the Declaration of Helsinki.
All study participants provided written
informed consent before they were included
in the study. The study was registered in the
German Clinical Trial Register (trial no.
DRKS00016797) and is searchable at http:
//apps.who.int/trialsearch/.

Patients were eligible for the study if they
had been scheduled for medium-to-high
risk thoracic (non-cardiac), abdominal, or
two cavity surgery, were between 30 and
75 years old, were classified as having an
ASA Score of II to IV, and had signed the
informed consent form. Medium-to-high
surgery-related risk was defined in accor-
dance with the 2014 ESC/ESA guidelines
on cardiovascular risk assessment and man-
agement in non-cardiac surgery.”’ Major
exclusion criteria were myocardial infarc-
tion/acute coronary syndrome or stroke
within the last 3 months (other types of
ischemic vascular disease were permitted),
emergency surgery, cardiac surgery, and
presumed life expectancy of <6 months.

Study participants  were recruited
from patients who routinely visited the out-
patient clinic at the Department of
Anesthesiology in advance of their planned
surgical intervention. Patients visited the
clinic 1 to 5 working days in advance of
their scheduled date of surgery.

Clinical assessment and follow-up

Non-fasting blood samples to measure
plasma L-arginine and ADMA concentra-
tions were taken at the time of study enroll-
ment (baseline value), in the morning before
surgery (pre-operative value), and on days 1
and 3 after surgery. Safety parameters were
assessed from the routine blood draws
when the patient was entered into the
study, on the morning before surgery, and
at hospital discharge. All clinical evalua-
tions and risk classifications (ASA score®
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and RCRI*®) were performed in accordance
with widely used protocols by trained anes-
thesiologists within the week preceding sur-
gery. The RCRI accounts for ischemic heart
disease, heart failure, diabetes, impaired
renal function (serum creatinine >2 mg/dL
or dialysis treatment), high-risk surgery,
and history of cerebrovascular disease.

After surgery was complete, patients
were monitored daily for the duration of
their in-patient treatment, and all clinical
events, changes in laboratory parameters,
and clinical diagnostic tests that were sched-
uled based on routine clinical testing were
documented. No additional clinical testing
was performed.

After discharge, patients were followed-
up by telephone using a structured ques-
tionnaire at day 30 after surgery; all serious
adverse events occurring during that period
were recorded and validated. The time
course of the study is schematically repre-
sented in Figure 1.

The primary end point was a composite
end point that was defined by the occurrence
of death (any cause), myocardial infarction
or acute coronary syndrome, decompensated
congestive heart failure, severe arrhythmia,
major thrombosis, or embolism (cerebrovas-
cular or pulmonary) from the beginning of
surgery until 30 days after surgery.

Diagnosis of myocardial infarction was

(>1mm in >2 leads) or T-wave changes,
new Q waves, and angiographic evidence
or a positive troponin test. Acute coronary
syndrome was defined as severe precordial
chest pain lasting >30 minutes that was
unresponsive to standard treatment and
that was accompanied by ischemic electro-
cardiogram changes and identification of
stenosis in coronary angiography, but that
had negative cardiac enzymes and no devel-
opment of Q waves. Diagnosis of decom-
pensated congestive heart failure was
based on dyspnea and rales indicative of
pulmonary edema and confirmed by chest
radiograph, and/or acute requirement of
intravenous positive inotropic drugs or diu-
retics. Deep vein thrombosis was defined as
loss of deep vein compressibility visualized
by ultrasound. Pulmonary embolism sus-
pected by shortness of breath in combina-
tion with jugular vein congestion and/or
elevation of D-dimer >190 pg/L was to be
confirmed by spiral computed tomography,
magnetic resonance imaging, or ventilation
perfusion scanning. Severe arrhythmia was
defined as any of the following: primary
cardiac arrest requiring resuscitation,
atrial arrhythmia (e.g., atrial fibrillation
or flutter requiring cardioversion or drug
intervention for frequency control or
stroke prevention), sustained or polymor-
phic ventricular tachycardia, or third-

based on new persistent ST-segment  degree atrioventricular block.
‘ Surgery |
blood sampling (pre-operative value) | | blood sampling || blood sampling J | Follow-up questionnaire
Study inclusion, randomization, blood . . Daily follow-up for the .
sampling (baseline), supplementation ‘ ‘ primary endpoint during
1to 5 days before surgery in-patienttreatment
S
I I i " ]
day 0 day 1 day 3 day 30

Figure |. Schematic representation of study timelines.
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Quantification of ADMA and L-arginine
concentrations

Non-fasting blood samples were drawn
from an antecubital vein. Samples were cen-
trifuged immediately and stored at —20°C
until analysis. L-Arginine and ADMA were
quantified using a validated liquid chroma-
tography—tandem  mass  spectrometry
method (LC-MS/MS) as  described
before.>* Briefly, 25 pL of ethylenediamine
tetraacetic acid (EDTA) plasma were
spiked  with  stable isotope-labeled
L-arginine and ADMA as internal stand-
ards. Proteins were precipitated with
100 uL of methanol. After filtering the sam-
ples through a 0.22-um hydrophilic mem-
brane (Multiscreen HTS™, Millipore,
Molsheim, France), compounds were deriv-
atized to their butylester derivatives with
butanolic 1 N HCI, and analyzed by LC-
MS/MS  (Varian 1200 MS, Agilent
Technologies, Santa Clara, CA, USA).
The analytical range of the method was val-
idated from 0.05 to 4 pmol/L for ADMA
and from 0.5 to 250 umol/L for L-arginine,
and mean coefficients of variation were
<5% for both analytes. All other laborato-
ry values including C-reactive protein
(CRP) were measured using routine clinical
laboratory methods.

Dietary supplementation with L-arginine/
L-citrulline

Beginning immediately after the pre-surgery
visit and ending in the morning of the day
of surgery, study participants were
requested to ingest five capsules, two times
per day. Each capsule contained 333 mg of
L-arginine and 167mg of L-citrulline,
resulting in a daily dose of 5g of L-argi-
nine/L-citrulline, or corresponding placebo
(lactose powder). The individual treatment
period was determined by the time that
elapsed between the pre-surgery visit in
the anesthesiology outpatient clinic and

admission for surgery, both of which were
not standardized in the protocol, and were
driven by clinic routine. The first dose of
study medication was taken in the evening
after the pre-surgery visit and the last dose
was taken in the morning of surgery.
Twelve patients were scheduled for same-
day surgery. These patients took a single
dose of 5g L-arginine/L-citrulline on the
morning of surgery.

Statistical analyses

All statistical analyses were performed
using SPSS version 21 (IBM Corp.,
Armonk, NY, USA). Data are presented
as median with the 25th and 75th percen-
tiles, or as the mean with standard devia-
tion (SD). Differences between the groups
were tested for significance using the non-
parametric Mann—Whitney U test. Odds
ratios with 95% confidence intervals were
computed using a univariate logistic regres-
sion model with the primary endpoint as
the dependent variable. The Chi-square
test was used to test for significant differ-
ences in the incidence of the primary
endpoint in patients with high or low
ADMA. ADMA and L-arginine concentra-
tions over time were examined using repeat-
ed measures two-way ANOVA followed by
Tukey’s multiple comparisons test. For all
tests, p < 0.05 was considered to be statisti-
cally significant.

Results

Baseline characteristics

The present study included 269 patients
between 30 and 75 years of age (mean=+
SD, 56.7 £ 11.3 years). The baseline demo-
graphic and anthropometric characteristics
of the patients are listed in Table 1. The
proportion of men was higher in the L-argi-
nine/L-citrulline group compared with the
placebo group (83 [58.5%] vs. 53 [41.7%];
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Table |. Baseline patient characteristics.

L-arginine/ Placebo
All L-citrulline group  group
Demographics
N 269 142 127
Age years 567+ 11.3 572+ 11.1 563+ 11.5
Sex Male (N [%]) 136 [50.6] 83 [58.5] 53 [41.7]*
BMI kg/m? 283 +84 28.6+9.1 28.0+7.7
Cardiovascular risk factors
Hypertension N [%] 120 [44.6] 59 [41.5] 61 [48.0]
Diabetes mellitus N [%] 42 [15.6] 21 [14.8] 21 [16.5]
Chronic renal failure N [%] 9 [3.3] 2 [1.4] 7 [5.5]
Smoking N [%] 78 [29.0] 40 [28.2] 28 [29.9]
CHD N [%] 23 [8.6] 14 [9.9] 9[7.1]
History of Ml N [%] 12 [4.5] 6 [4.2] 6 [4.7]
Dyslipidemia N [%] 46 [17.1] 24 [16.9] 22 [17.3]
Arrhythmia N [%] 36 [13.4] 15[10.6] 21 [16.5]
Pre-operative risk stratification
ASA Score 2/3/4 N 133/128/8 70/69/3 63/59/5
% 49.4/47.6/3.0 49.3/48.6/2.1 49.6/46.5/3.9
RCRI 0/1/2/3/4 N 34/189/38/7/1 15/102/19/6 19/87/19/1/1
% 12.6/70.3/14.1/2.6/0.4 10.6/71.8/13.4/42 15/68.5/15/0.8/0.8
Surgical risk group 1/2 N 79/190 /111 48/79*
% 29.4/70.6 21.8/78.2 37.8/62.2
Medication (N [%])
Angiotensin blockers 31 [11.5] 16 [11.3] I15[11.8]
Beta blockers 61 [22.7] 30 [21.1] 31 [24.4]
Loop diuretics 50 [18.6] 27 [19.0] 23 [18.1]
Calcium channel blockers 18 [6.7] 8 [5.6] 10 [7.9]
Statins 30 [11.2] 16 [11.3] 14 [11.0]
Platelet aggregation inhibitors 40 [14.9] 20 [14.1] 20 [15.7]
Insulin 14 [5.2] I [7.7] 4 [3.1

Data are presented as N [%], except for age and BMI, which are presented as the mean £ SD.
*p < 0.05 between groups. Differences between treatment groups were assessed using Mann—Whitney U test and

Kruskal-WVallis test, as appropriate.

BMI, body mass index; ASA, American Society of Anesthesiologists; RCRI, Revised Cardiac Risk Index; MI, myocardial
infarction; CHD, coronary heart disease; SD, standard deviation.

p<0.01), and the proportion of patients
with high surgical risk was slightly, but
significantly, higher in the L-arginine/
L-citrulline group compared with the place-
bo group (p <0.05). There were no other
significant differences were between both
groups with respect to demographics, risk
factors, chronic illness, and pre-operative
risk scores (Table 1). Additionally, 179
patients  underwent  general  surgery

(66.6%), 47 underwent trans-abdominal
gynecological surgery (17.5%), and 43 had
transabdominal urological interventions
(15.9%).

There were 142 patients who were ran-
domized to receive L-arginine/L-citrulline
supplementation, and 127 patients who
were randomized to receive the correspond-
ing placebo. Supplementation with study
product was initiated at the pre-surgery
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visit and continued until the morning of the
surgical intervention, which corresponded
to a variable period of 1 to 5 days. The
cumulative doses of L-arginine/L-citrulline
or placebo, respectively, were between 2.5
and 25 g (median [interquartile range,
IQR], 18 [14; 32] g).

Baseline concentrations of L-arginine and
ADMA

At baseline, the plasma ADMA concentra-
tion in the study cohort was (median [IQR])
0.61 (0.54-0.68) umol/L, and the L-arginine
concentration was 59.5 (45.0-80.2) pmol/L.
Compared with the healthy reference
cohorts, ADMA and L-arginine concentra-
tions were within the respective normal
ranges.”>?® The calculated L-arginine/
ADMA ratio was 98.0 (73.0-131.5).

There were no significant differences
between the L-arginine/L-citrulline and pla-
cebo groups for the baseline ADMA con-
centrations (0.61 [0.53-0.69] vs. 0.61 [0.54—
0.67] umol/L), L-arginine levels (58.4 [46.7—
79.1] vs. 62.0 [44.2-81.0] umol/L), and the
L-arginine/ADMA ratio (96.5 [72.8-132.0]
vs. 98.0 [74.0-131.0]).

Perioperative ADMA and L-arginine
plasma concentrations over time

The ADMA plasma concentration signifi-
cantly increased from 0.61 (0.54-0.68)
pmol/L to 0.68 (0.59-0.76) pmol/L between
baseline and the day of surgery (p < 0.001).
After surgery, the ADMA concentration
sharply decreased to 0.54 (0.47-0.62)
pmol/L (p < 0.001) and returned to baseline
level until day 3 (0.57 [0.49-0.68] umol/L).
There was no significant difference in the
ADMA concentration over time between
the L-arginine/L-citrulline and placebo
groups (Figure 2a).

A significant difference in the L-arginine
plasma concentration over time was
observed between the L-arginine/L-

citrulline and placebo groups (Figure 2b).
While the L-arginine plasma concentration
decreased significantly from baseline to the
day of surgery in the placebo group (62.0
[44.2-81.0] to 56.9 [41.6-70.8] pmol/L;
p=0.02), it slightly increased in the L-argi-
nine/L-citrulline group during the same
period (58.4 [46.9-79.1] to 69.4 [51.5-89.4]
umol/L; p=0.05), and there was a signifi-
cant difference in L-arginine plasma con-
centration between both groups on the
day of surgery (p <0.001).

After surgery, the L-arginine plasma
concentration sharply decreased in both
groups, and the difference between the
groups was no longer detectable on day 1
after surgery. Until day 3 after surgery, the
L-arginine concentration had almost
returned to baseline values (59.5 [45.0-
80.2] umol/L in the L-arginine/L-citrulline
group vs. 57.4 [43.1-73.7] umol/L in the
placebo group).

The L-arginine/ADMA ratio was 98
(73-132) at baseline. Until the day of sur-
gery, the L-arginine/ADMA  ratio
decreased significantly in the placebo
group (from 98 [74-131] to 82 [66-110];
p=0.003), while it remained stable in the
L-arginine/L-citrulline group (from 97
[73-132] to 106 [75-139]; Figure 2c). The
difference in the L-arginine/ADMA ratio
on the day of surgery was statistically sig-
nificant (p <0.001). After surgery, L-argi-
nine/ADMA ratios in both groups were
not significantly different and largely paral-
leled each other.

Prospective follow-up for perioperative
complications

There were 23 patients (8.6% of the study
population) who reached the primary com-
posite endpoint. Table 2 shows the inci-
dence of the different primary endpoint
components. There was no significant dif-
ference in age, sex, laboratory markers, or
ASA or RCRI classification between
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Figure 2. Perioperative plasma concentrations over time for (a) ADMA, (b) L-arginine, and (c) the
L-arginine/ADMA ratio in the L-arginine/L-citrulline group (filled circles) and the placebo group (open
circles). Data are presented as the mean = SD. *p < 0.001 for comparison between L-arginine/L-citrulline vs.
placebo group; p < 0.05 vs. baseline within the L-arginine/L-citrulline group; #p < 0.05 vs. baseline within the

placebo group.

ADMA, asymmetric dimethylarginine; SD, standard deviation.

Table 2. Incidence of the components of the primary endpoint.

L-arginine/

L-citrulline Placebo
Endpoint All group group p
Total 23 10 13 n.s.
Death 2 2 0 n.s.
Myocardial infarction | I 0 n.s.
Stroke | 0 | n.s.
Thromboembolism 14 5 9 n.s.
Angina pectoris 3 0 3 n.s.
Decompensated 2 2 0 n.s.

heart failure

n.s., not significant.

patients who did or did not reach the pri-
mary endpoint (Table 3). All patients who
reached the primary endpoint were classi-
fied as RCRI <3. However, 22 of 23

patients who reached the primary endpoint
underwent high-risk surgery. Patients who
reached the primary endpoint had a signif-
icantly longer duration of hospital
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Table 3. Pre-operative risk scores and laboratory values in patients with and without the primary endpoint.

Primary endpoint No endpoint P

N 23 246

ASA score 2/3/4 (N) 7116/ 0 126/112/8 n.s.
RCRI 0/1/2/3/4 (N) 1/20/2/0/0 33/169/36/7/1 n.s.
ASA score >2 (N [%]) 16 [69] 120 [49] n.s.
RCRI <3 (N [%]) 23 [100] 238 [96.7] n.s.
Serum creatinine (mg/dL) 0.90 (0.73; 1.15) 0.90 (0.80; 1.10) ns.
INR 0.98 (0.95; 1.04) 0.98 (0.95; 1.02) n.s.
CRP (mg/L) 3.00 (0.01; 21.75) 0.01 (0.01; 10.00) n.s.
Hemoglobin (g/dL) 13.2 (12.6; 14.1) 13.7 (12.2; 14.4) n.s.
ADMA (umol/L) 0.69 (0.62; 0.76) 0.67 (0.58; 0.76) n.s.

Data are displayed as N [%] or median (25th; 75th percentiles).

Differences between groups were assessed using Mann—Whitney U test or Kruskal-Wallis test, as appropriate.

ASA, American Society of Anesthesiologists; RCRI, Revised Cardiac Risk Index; INR, international normalized ratio; CRP,
C-reactive protein; ADMA, asymmetric dimethylarginine; n.s., not significant.

Table 4. Stepwise logistic regression for the primary endpoint.

Model Odds Ratio (95% ClI) p

ADMA concentration yes vs. no 2.53 (1.01-6.32) 0.04
> 0.68 umol/L

CRP I mg/L 1.01 (1.00-1.01) 0.01

Sex male vs. female I.51 (0.60-3.80) n.s.

RCRI>2 yes vs. no 0.01 (0.00-0.01) n.s.

ADMA, asymmetric dimethylarginine; CRP, C-reactive protein; RCRI, Revised Cardiac Risk

Index; n.s., not significant.

treatment (21.0 £13.0 vs. 12.9 +12.5 days;
p=0.003).

Association of ADMA and L-arginine
plasma concentrations with the incidence
of the primary endpoint

Patients with ADMA concentration above
the median on the day of surgery reached
the primary endpoint significantly more
often compared with those with ADMA
below the median (OR 2.52, 95% CI 1.03-
6.16, p=0.04). In a stepwise regression
model, including traditional risk factors
such as gender, age, RCRI >3, and postop-
erative CRP, only ADMA concentration
above the median and CRP remained

significantly associated with the primary
endpoint (Table 4).

There was no overall significant differ-
ence in the incidence of the primary end-
point between the L-arginine/L-citrulline
and placebo groups (N=10 and N=13,
respectively). However, we observed oppos-
ing trends for patients with low and high
ADMA concentration. In patients with
high ADMA, there was an insignificant
trend towards an improved outcome with
L-arginine/L-citrulline ~ supplementation,
while this trend was absent in patients
with low ADMA (Figure 3).

Thirty-five patients in our study reached an
L-arginine/ ADMA ratio of 150 or above,
which was associated with low cardiovascular
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Figure 3. Incidence (absolute number of patients) of the primary endpoint in patients with high or low
ADMA, stratified according to supplementation group. High and low ADMA denotes ADMA levels above or
below the median as determined pre-operatively. The primary endpoint was a combined cardiovascular
endpoint comprising death from any cause, myocardial infarction or acute coronary syndrome, decom-
pensated congestive heart failure, severe arrhythmia, major thrombosis, or embolism (cerebrovascular or
pulmonary) during the period from the beginning of surgery until 30 days after surgery. *p < 0.05 for the
incidence of the primary endpoint between the groups with high and low ADMA, respectively.

ADMA, asymmetric dimethylarginine.

risk in previous prospective studies.'?
Additionally, 75% of these patients (N = 26)
were treated with L-arginine/L-citrulline,
while only nine of these patients (25%)
received placebo (p=0.006).

Discussion

The present study has two key findings.
First, elevated ADMA is a risk factor for
major cardiovascular complications that
occur in the perioperative period. The pre-
diction of perioperative risk by ADMA sig-
nificantly adds to the risk prediction that is
obtained using the currently applied routine
risk scores. Second, pre-operative supple-
mentation  with  L-arginine/L-citrulline
enhances the plasma L-arginine/ ADMA
ratio, which might contribute to diminished
cardiovascular risk. Although still a trend,
this possible risk reduction becomes more
apparent in patients with elevated ADMA,
indicating a possible role for disrupted NO
metabolism in the pathophysiology of peri-
operative cardiovascular complications.

A broad range of biomarkers relating
to organ dysfunction and traditional

cardiovascular risk factors has been investi-
gated to identify patients who are at risk of
perioperative  cardiovascular  complica-
tions.”” Among them are troponin T?* and
B-type natriuretic peptide.?’ In the clinical
routine, renal function markers, coagula-
tion tests, and blood cell count are the
main clinical laboratory values that were
considered, in addition to standardized clin-
ical scoring systems such as the ASA score
and the RCRI.>?!

We have previously reported that
patients with high ADMA at the time of
surgery are at increased risk of major car-
diovascular events in the peri- and postop-
erative period.'” In that study, 402 surgical
patients were included with a mean baseline
ADMA of 0.84+0.2 pmol/L. ADMA was
identified as an independent risk predictor
with an odds ratio of 1.33 (1.12-1.59) per
0.1 pmol/L increase in ADMA concentra-
tion in a fully adjusted model. Our present
data fully support these findings in a slight-
ly younger cohort of patients with higher
risk based on the pre-operative ASA and
RCRI scores. Patients with ADMA above
the median (0.61 pmol/L) had a
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significantly elevated risk of experiencing
the primary endpoint (OR=2.52 (1.03-
6.16; p<0.04) compared with those with
an ADMA concentration below the
median. Taken together, these two studies
strongly support the hypothesis that high
circulating  ADMA concentrations may
contribute to the pathophysiology of
major perioperative cardiovascular compli-
cations. Since publication of our previous
study, other investigators have reproduced
our finding in various other populations. In
a prospective study of 100 pediatric patients
who underwent cardiac surgery involving
cardio-pulmonary bypass (CABG), elevat-
ed pre-operative ADMA was significantly
associated with length of hospital stay,
length of intensive care unit (ICU) treatment,
and prolonged mechanical ventilation.*
Another study with 158 adult patients who
were undergoing CABG surgery showed that
postoperative myocardial infarction and
early perioperative mortality were signifi-
cantly associated with high pre-operative
ADMA concentration.®’ The latter group
later extended their findings in a prospective
cohort study of 191 consecutive on-pump
and off-pump CABG patients.>> They con-
firmed that elevated ADMA at baseline was
associated with an elevated risk of postoper-
ative morbidity and mortality.

ADMA is an endogenous, competitive
inhibitor of NO synthesis.’ Previous studies
from our group showed that ADMA is
significantly associated with impaired
endothelium-dependent  vasodilation in
human subjects in a manner that is revers-
ible with L-arginine.*® Using stable isotope-
labeling techniques, we further showed that
there is an inverse correlation between
ADMA concentration and the rate of
conversion of  '"Ny-L-arginine into
">N-nitrate by NO synthase, both in vitro
and in vivo.*** Our present study strongly
suggests that ADMA-mediated inhibition
of nitric oxide synthesis may be one
major underlying cause of perioperative

cardiovascular event rate and mortality,
which is consistent with the previous pub-
lished studies that are cited above. This
hypothesis is further supported by the
occurrence of post-operative dysfunction
of endothelium-dependent, NO-mediated
vasodilation after major colon cancer sur-
gery.”® In that study, endothelial dysfunc-
tion significantly correlated with the
L-arginine/ADMA ratio. A large array of
prospective studies analyzed the role of
ADMA as a predictor of cardiovascular
events and mortality across a broad risk
spectrum, ranging from advanced cardio-
vascular and metabolic disease, end-stage
renal disease, and ICU-treated patients
with multi-organ failure to population-
based cohorts (for review cf.*”-3®).

The present study is the first to report
L-arginine and ADMA concentrations
over time during the perioperative period
in non-cardiac surgery patients. We found
that the L-arginine concentration sharply
decreased from baseline to day 1 after sur-
gery and recovered slowly after the surgery.
There was also a concurrent increase in
ADMA concentration from baseline to the
day of surgery, followed by a decrease
after surgery. The antagonistic changes in
L-arginine and ADMA concentrations
may contribute to unfavorable outcomes
after surgery because a reduction in
L-arginine and an increase in ADMA
both negatively affect NO production rate.
Thus, the L-arginine/ADMA ratio was
used as a marker of substrate availability
for NO synthase.’**° The L-arginine/
ADMA ratio was identified as an indepen-
dent risk marker of total mortality in the
population-based Framingham Offspring
cohort.'? Additionally, a low L-arginine/
ADMA ratio is associated with endothelial
dysfunction after major colon surgery.’®

Being a semi-essential amino acid,
L-arginine plasma concentration largely
depends on dictary intake. The periopera-
tive decrease in L-arginine may, thus, be a
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result of strict fasting in the immediate peri-
operative period. A recent study in patients
who were undergoing colorectal surgery
found similar decreases in L-arginine and
increases in ADMA concentrations during
the perioperative period.** In another
perioperative clinical trial, Visser and co-
workers assessed the effects of defined, con-
sistent perioperative enteral and parenteral
nutrition compared with no-nutrition con-
trol in patients who were undergoing
CABG.*' They observed a significantly
enhanced myocardial L-arginine/ADMA
ratio and improved myocardial glucose
metabolism in the two nutrition groups.
Consistent with these results, our present
data suggest that maintaining the
L-arginine/ADMA ratio at a normal
level might contribute to the reduction
in major perioperative complications. The
L-arginine/ADMA ratio reference levels in
a healthy population were determined to be
74.3 (95% CI 71.1-77.3) to 225 (95% CI
222-228) pmol/L.?> Compared with these
values, the median of the baseline L-argi-
nine/ADMA ratio in the present study
was at the low end of the reference range,
and a significant number of patients
(n=81) were far below this value on the
day of surgery. The L-arginine/ADMA
ratio alone is a marker of cardiovascular
risk, as shown in the population-based, pro-
spective Framingham Offspring cohort.'?
In that study, there was a significant
decrease in the total mortality risk for
patients with an L-arginine/ADMA ratio
above the population mean (149.4 +44.4).
In our present study, only 35 patients
reached an L-arginine/ADMA ratio >150
on the day of surgery, among whom
26 patients (75%) were treated with
L-arginine/L-citrulline. This resulted in a
significantly  higher L-arginine/ ADMA
ratio on the day of surgery, and it may pro-
vide an explanation for the trend towards
fewer major perioperative events in the
L-arginine/L-citrulline group among

patients with high ADMA levels. Our
study was not powered to show the clinical
superiority of L-arginine/L-citrulline sup-
plementation over placebo; therefore, the
results of this pilot study need confirmation
in a formal clinical trial.

The benefit of supplementation with
L-arginine has been debated, based upon
controversial results of clinical trials.
However, many studies that produced neg-
ative results had an insufficient increase in
L-arginine plasma concentration during
L-arginine supplementation,** which was
possibly related to the conversion of
L-arginine to ornithine by arginase® and
the short half-life of L-arginine, which was
determined to be only 1 hour;'*** this
necessitated multiple daily doses to observe
a constant effect throughout the day. In our
present study, we used a combination of
L-arginine  plus  L-citrulline  because
L-citrulline was shown to cause a prolonged
increase in plasma L-arginine concentra-
tion.'>'® The extended increase in L-argi-
nine plasma concentration after taking a
combination of L-arginine and L-citrulline
allows for twice daily administration (RB,
unpublished  observations).  Consistent
with pathophysiological considerations,
L-arginine supplementation was shown to
improve NO-mediated vascular function
primarily in subjects with high ADMA
levels.*>* This assumption is corroborated
by the results of the present study, which
show a favorable trend with L-arginine/
L-citrulline supplementation in patients
with elevated ADMA concentration only.

It is an intriguing hypothesis that only
a few days of pre-operative L-arginine/
L-citrulline supplementation generate a
trend towards an improved outcome
during a period of 30 days after surgery.
The only significant difference in the
L-arginine/ADMA ratio was on the day
of surgery; before and after surgery, both
groups were almost identical. Therefore,
this short time window may be sufficient
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to reduce the perioperative complication
rate, given that the intake protocol ensures
a long enough intake duration of the study
product.

The high variability and the predomi-
nantly short intake period for the study
product between the pre-surgery visit and
the day of surgery was the major flaw in
this proof-of-concept pilot study. This was
because we could not modify the routine
clinical workflows in this study, and clinical
processes tended to continuously shorten
the pre-operative period. The median
intake of L-arginine/L-citrulline was 18
(14-32) g, which roughly corresponds to a
mean of only six to seven doses. However,
we speculate that a defined period of
L-arginine/L-citrulline supplementation
before surgery might significantly contrib-
ute to reducing the risk of major perioper-
ative complications that are associated with
high ADMA levels.
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