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Abstract

Background Asymmetric dimethylarginine (ADMA) is
an endogenous nitric oxide synthase inhibitor, which has
been associated with total and cardiovascular mortality in
various clinical settings. Studies on its structural isomer,
symmetric dimethylarginine (SDMA), are scarce. This
study aimed to determine the associations of both ADMA
and SDMA levels with secondary cardiovascular disease
events and all-cause mortality in patients with stable cor-
onary heart disease (CHD).

Methods In the observational prospective cohort study
KAROLA, 1,148 CHD patients were followed for a median
of 8.1 years. ADMA and SDMA were determined by liquid
chromatography—tandem mass spectrometry. Baseline
ADMA and SDMA levels were categorized in quartiles or
standardized by their respective standard deviation, and
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appropriate hazard ratios and 95 % confidence intervals
(HR [95 % CI]) were estimated in Cox proportional haz-
ards models.

Results 150 patients experienced secondary cardiovas-
cular disease events (CVD) and 121 patients died. After
adjustment for confounders, ADMA was not associated
with the risk of secondary CVD events (HR per standard
deviation increase: 1.02 [95 %CI: 0.86-1.21]), whereas an
association was suggested for SDMA (HR 1.17 [1.00-
1.37]). Higher hazard ratios were observed in all-cause
mortality models (ADMA: HR 1.15 [0.95-1.37]; SDMA:
HR 1.29 [1.09-1.52]).

Conclusions Our results suggest that especially SDMA
might possibly have potential as a risk marker for all-cause
mortality and to a lesser extent for secondary cardiovas-
cular events. Future studies are needed to quantify these
associations more precisely and should, in particular, fur-
ther address the possibility of residual confounding by
impaired kidney function.
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Introduction

Posttranslational methylation of L-arginine residues is an
almost ubiquitous process mediated by a family of protein
arginine N-methyltransferases. During endogenous protein
turnover, asymmetrically and symmetrically methylated
L-arginine residues are released as asymmetric dimethyl-
arginine (ADMA) and its structural isomer, symmetric
dimethylarginine (SDMA) [1]. ADMA and SDMA can be
cleared by the kidney directly or by enzymatic degradation
[2]. However, elimination of SDMA is dominated by renal
clearance, whereas ADMA is predominantly metabolized
by dimethylarginine dimethylaminohydrolases [3].

ADMA and SDMA are structurally related to L-arginine,
which is a key substrate of numerous metabolic and sig-
naling pathways [4, 5]. Among other effects, ADMA can
impair L-arginine-dependent nitric oxide synthases (NOS)
which produce the key signaling molecule nitric oxide
(NO) [6]. ADMA has been shown to be associated with
several cardiovascular risk factors and markers of vascular
disease such as endothelial dysfunction, decreased cerebral
blood flow, and intima-media thickness [7-11]. ADMA has
also been associated with cardiovascular disease and
mortality in the general population, as well as in several
clinical populations, including patients with coronary
artery disease and chronic kidney disease [12—-15]. Besides
being a marker of kidney function, SDMA is thought to
inhibit both cellular and renal uptake of L-arginine, thus
also potentially creating a decrease in NO availability
[16-18].

The association of ADMA with all-cause mortality has
consistently been described in various clinical settings. In
contrast, data on SDMA is less homogeneous and only few
pertinent studies have been published so far; Zoccali et al.
[15]. and Aucella et al. [19] found no association between
SDMA and mortality in patients with terminal renal dis-
ease, whereas SDMA was a risk factor for cardiovascular
morbidity and all-cause mortality in patients with a history
of stroke[20] or subjects undergoing coronary angiography
[21]. Another study in an angiography referral population
found associations of both ADMA and SDMA with mor-
tality, but suggested that further research was needed in
particular with respect to the dose-response relationships
[22].

Patients who suffer from stable coronary heart disease
(CHD) have a high risk of secondary cardiovascular events,
both fatal and non-fatal [23]. Knowledge of the risks
associated with ADMA and SDMA, and of the specific
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underlying pathophysiologic mechanisms, could improve
risk stratification and aid in the development of new
treatments. Therefore, the present study aimed to determine
the association and detailed dose—response relationships of
both ADMA and SDMA levels with secondary cardiovas-
cular events (non-fatal myocardial infarction and stroke, or
cardiovascular disease as the main cause of death) and all-
cause mortality in patients with stable CHD.

Methods
Study population

The KAROLA study (‘Langzeitfolge der KARdiOLogis-
chen Anschlussheilbehandlung’) was set up to investigate
the long-term effects of in-hospital rehabilitation for
patients with stable coronary heart disease. In Germany,
patients suffering from myocardial infarction/acute coro-
nary syndrome, or undergoing cardiac surgery due to cor-
onary heart disease, are entitled to such a specialized
rehabilitation program by law. Details about study design,
inclusion criteria and data collection have previously been
described [24, 25]. In brief, patients were recruited to two
specialized rehabilitation centers between January 1999
and May 2000. Patients admitted to the rehabilitation
program within 3 months after the diagnosis of coronary
heart disease (ICD-9 code 410-414) or administration of
cardiac surgery were eligible to participate in this study.

The study was in accordance with the Declaration of
Helsinki and approved by the ethics boards of the Uni-
versities of Ulm and Heidelberg as well as the physicians’
chambers of Baden-Wiirttemberg and Hessen. All partici-
pants gave written informed consent.

Data collection

Patients filled in a standardized questionnaire both at the
start and end of the rehabilitation program which covered
topics such as medical history and socio-demographic
factors. Additional information was obtained from hospital
records.

A follow-up questionnaire was mailed 1, 3, 4.5, 6 and
8 years after the rehabilitation discharge to the patients and
a separate one to their primary care physicians. Death
certificates including the main cause of death were
obtained from local public health authorities. The primary
end point was defined as secondary cardiovascular disease
(CVD) events (non-fatal myocardial infarction, non-fatal
stroke or cardiovascular disease as the main cause of death
[ICD-9 pos. 390-459, ICD-10 pos. 100-199 and R57.0]).
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Laboratory methods

Baseline blood samples were drawn at discharge in the
participating rehabilitation centers according to a stan-
dardized sampling scheme in a fasting state and stored at
—80 °C until ADMA/SDMA measurements. Other labo-
ratory variables such as blood lipids, C-reactive protein and
creatinine were determined as previously described [25].
ADMA, SDMA and L-arginine were measured by means
of liquid chromatography—tandem mass spectrometry as
previously validated and described in detail [26, 27]. All
laboratory measurements were done in a blinded fashion.

Statistical methods

The study population was first described according to
socio-demographic factors, cardiovascular risk factors, and
ADMA, SDMA and L-arginine levels, which were avail-
able for 1,148 patients. In further analyses, ADMA and
SDMA levels were divided into quartiles, balancing
potential non-linearity of associations against category
sizes. We also explored the ratios of L-arginine to ADMA
and SDMA as exposures, as ratios might physiologically be
more relevant than the amount of L-arginine per se.

Kaplan—Meier plots were used to show the survival during
follow-up by quartiles of ADMA and SDMA. Differences
across strata were assessed by log-rank test. Multivariate
analyses of the relationship between ADMA and SDMA
quartiles and the outcomes were performed by Cox propor-
tional hazards regression estimating hazard ratios and corre-
sponding 95 % confidence intervals (HR [95 % CI]). Log—log
survival plots suggested no relevant violation of the propor-
tional hazards assumption (not shown). In addition to unad-
justed crude models, two models were fitted to address
confounding by adjusting for potential confounding variables
based on subject matter knowledge. The first model included
age at baseline and sex. The second model additionally inclu-
ded body mass index (BMI), total cholesterol/high density
lipoprotein cholesterol ratio, diastolic and systolic blood pres-
sures, glomerular filtration rate estimated by the creatinine-
based CKD-EPI formula (eGFR) [28], smoking status (current/
former/never), history of myocardial infarction, history of
diabetes mellitus, CRP levels (log;o-transformed), and dis-
charge prescription of diuretics or angiotensin-converting
enzyme inhibitors. Twenty-six subjects with missing covari-
able values were excluded from the fully adjusted models. This
fully adjusted model was also used in cubic spline analyses,
which modeled the risk associated with the dimethylarginines
on a continuous scale allowing for non-linearity of the dose—
response relationship. The three quartile cutoffs were used as
‘knots’ of the spline functions in these models [29].

We further explored the associations in secondary
analyses by including ADMA and SDMA together in the

fully adjusted model to investigate their joint relationship
with prognosis. Events were furthermore split into fatal
cardiovascular events, fatal non-cardiovascular events and
non-fatal cardiovascular events to further disentangle the
associations between ADMA, SDMA and our end points.
Finally, we explored the stability of our results when
replacing the more commonly used creatinine-based eGFR
by the cystatin C-based Arnal-Dade estimator of kidney
function, which remains less established yet appears to be
less influenced by body composition (€GFRcys = 74.835/
[cystatin C in mg/1]*?) [30, 31].

Exact confidence intervals for event rates were obtained
using the epitools package of R (version 2.10.0, R Foun-
dation for Statistical Computing). All other analyses were
performed with SAS (version 9.1.3, SAS-institute Inc.).

Results

The baseline characteristics of the study population of
n = 1,148 subjects are displayed in Table 1. The average
age was 59 years and patients were predominantly male. A
substantial proportion (16 %) was obese. The cohort
included many former smokers, with only 5 % reporting
persistent smoking at baseline. Six hundred and eighty-one
patients (59 %) had a history of myocardial infarction. The
median (interquartile range) creatinine-based eGFR was
89.9 (76.0-98.2) ml/min/1.73 m>. The mean plasma con-
centration was 0.57 pmol/l for ADMA and 0.53 pmol/l for
SDMA. ADMA and SDMA levels were correlated with a
Pearson coefficient of 0.46 (p < 0.0001).

Complete follow-up including the reporting of non-fatal
secondary cardiovascular events by the primary care phy-
sician was available for 1,054 (92 %) of the participants
(94 [8 %] subjects with this information missing were
excluded from this analysis). Over a median follow-up of
8.1 years, 150 (14 % of 1,054) secondary CVD events
were observed during a total of 7,133 person-years (inci-
dence rate [95 % confidence interval]: 21.0 [17.8-24.7] per
1,000 py). For the all-cause mortality analyses, outcome
information was available for all subjects, and the 1,148
participants yielded a total of 8,971 person-years, during
which 121 (11 %) subjects died (incidence rate: 13.5
[11.2-16.1] per 1,000 py). Of the 150 secondary CVD
events, 59 were fatal, whereas 91 patients experienced a
non-fatal event (6 of these subsequently died of cardio-
vascular disease). Of the 121 deaths, 56 (46 %) were not
due to cardiovascular disease as a major cause.

Cardiovascular disease events

As displayed in Table 2, a one standard deviation (SD)
increase of ADMA levels was associated with a 14 %
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Table 1 Baseline characteristics of 1,148 patients with stable coro-
nary heart disease

Participant characteristic Descriptives

Male (-), n (%)
Agelyears (), mean £ SD

971 (84.6 %)

58.7 + 8.1

Smoking (-)
Never, n (%)
Formerly, n (%)

356 (31.0 %)
732 (63.8 %)
Currently, n (%) 60 (5.2 %)
History

681 (59.3 %)

197 (17.3 %)

Myocardial infarction (-), n (%)
Diabetes mellitus (9), n (%)

Body mass index/kg/m? (1), Mean + SD 269 £33
Blood pressure
Diastolic/mmHg (1), Mean + SD 73+ 9
Systolic/mmHg (2), Mean + SD 120 + 15
Cholesterol
Total cholesterol/mg/dl (1), Mean £+ SD 170 &+ 34
LDL-cholesterol/mg/dl (17), Mean £+ SD 101 + 30
HDL-cholesterol/mg/dl (2), Mean £+ SD 39.7 £ 11.0
Ratio of total/HDL-cholesterol (2), Mean & SD 4.6 &= 1.5
C-reactive protein/mg/dl (2), Median (IQR) 3.5 (1.2-8.4)

Estimated glomerular filtration rate

Creatinine-based CKD-EPI /ml/min/1.73 m? (7),
Median (IQR)

Cystatin C-based Arnal-Dade /ml/min/1.73 m?
(2), Median (IQR)

Discharge prescription (3)

89.9 (76.0-98.2)

71.9 (60.0-82.4)

Diuretics, n (%)

ACE inhibitors, n (%)
Lipid-lowering drugs, n (%)

277 (242 %)
612 (53.4 %)
888 (77.6 %)
996 (87.0 %)
1,000 (87.3 %)

Beta-blocking drugs, n (%)
Aspirin, n (%)
ADMA/pmol/l (-)
Mean £+ SD
Median (IQR)
SDMA/umol/l (-)
Mean &+ SD
Median (IQR)
L-arginine/pmol/l (-)
Mean £+ SD
Median (IQR)

0.57 £ 0.12
0.56 (0.50-0.64)

0.53 £ 0.16
0.51 (0.43-0.59)

127 + 31
124 (105-144)

Number of subjects with missing data is reported in brackets. Alto-
gether 26 subjects were excluded from the fully adjusted regression
models due to missing values in at least one of the covariables
included in these models

higher risk of secondary cardiovascular events in crude
analyses (hazard ratio [95 % confidence interval] of
HR = 1.14 [0.97-1.33]). When adjusted for potential
confounders, no increase in risk was observed (HR = 1.02
[0.86—-1.21]). A similar pattern was observed for the
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quartile analyses: high levels of ADMA (4th quartile [Q4]
vs. Ist quartile [Q1]) were associated with elevated risk in
the crude model, but this was markedly reduced in the fully
adjusted model (HR = 1.14 [0.70-1.87]).

As also shown in Table 2, a 1 SD increase of SDMA
was associated with a 32 % higher risk of a secondary
CVD event (HR = 1.32 [1.18-1.46]). The reduction of
the estimate in the fully adjusted model (HR = 1.17
[1.00-1.37]) compared to the crude model was less pro-
nounced than for ADMA. In crude analyses, patients in the
fourth quartile had an 86 % higher risk of developing a
secondary CVD event compared to patients in the first
quartile. When adjusted for confounders, the effect esti-
mate was reduced to HR = 1.31 [0.79-2.20].

When ADMA and SDMA were jointly included in the
fully adjusted model, again no effect was observed for
ADMA (41 SD: HR = 0.93 [0.77-1.12]), but an increased
risk still appeared for higher SDMA levels (+1 SD:
HR = 1.21 [1.01-1.44]).

The results described above altogether resembled those
of Kaplan—Meier analyses, in which patients with the
highest levels of SDMA had the largest number of car-
diovascular events (Fig. 1b). The spline estimate likewise
suggested a somewhat higher risk with higher SDMA
(Fig. 2b). In contrast, neither analysis revealed such an
association for ADMA (Figs. la and 2a).

All-cause mortality

The risk of death during follow-up was increased with higher
levels of ADMA (41 SD: HR = 1.32[1.12-1.55]; Table 3).
Adjustment for confounders attenuated this association
(HR = 1.15[0.95-1.37]). Higher levels of ADMA were also
associated with increased risk in the crude quartile analysis
(Q4 vs. Ql: HR = 2.43 [1.42-4.17]), but this risk was
also reduced after adjustment for potential confounders
(HR = 1.52 [0.86-2.68]).

As also shown in Table 3, a 1 SD increase in SDMA
was also associated with an increased risk of mortality
(HR = 1.42 [1.27-1.58]), but in comparison to ADMA,
adjustment for potential confounders attenuated this esti-
mate slightly less (HR = 1.29 [1.09-1.52]). The Q4 versus
QI hazard ratio was similarly affected (crude: HR = 2.46
[1.46-4.16]; fully adjusted: HR = 1.62 [0.91-2.89]).

When ADMA and SDMA were jointly included in the
fully adjusted model, the association with ADMA disap-
peared (+1 SD: HR = 1.01 [0.82-1.24]), whereas the
association with SDMA remained comparable (+1 SD:
HR = 1.28 [1.06-1.55]).

The Kaplan—Meier and spline analyses were in accor-
dance with these results: survival differed across quartiles
of SDMA (Fig. 1d; Piog-rank = 0.0012) and SDMA levels
appeared to be log-linearly related to mortality (Fig. 2d).
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Table 2 Cox regression of ADMA or SDMA as predictors of secondary cardiovascular disease events

Exposure N (events) Incidence/1,000 py Crude model Adjusted model 1 Adjusted model 2
Rate 95 % CI) HR 95 % CI) HR 95 % CI) HR 95 % CI)
ADMA'
Per +1 SD 1.14 (0.97-1.33) 1.10 (0.94-1.30) 1.02 (0.86-1.21)
Quartile 1 274 (32) 16.6 (11.4-23.4) 1 Ref. 1 Ref. 1 Ref.
Quartile 2 265 (38) 21.1 (14.9-28.9) 1.27 (0.79-2.03) 1.21 (0.76-1.95) 1.23 (0.76-1.99)
Quartile 3 261 (38) 21.7 (15.3-29.8) 1.30 (0.82-2.09) 1.23 (0.77-1.98) 1.18 (0.72-1.93)
Quartile 4 254 (42) 25.5 (18.4-34.4) 1.52 (0.96-2.41) 1.39 (0.87-2.23) 1.14 (0.70-1.87)
SDMA
Per +1 SD 1.32 (1.18-1.46) 1.28 (1.15-1.43) 1.17 (1.00-1.37)
Quartile 1 258 (29) 16.2 (10.9-23.3) 1 Ref. 1 Ref. 1 Ref.
Quartile 2 266 (35) 19.7 (13.7-27.4) 1.21 (0.74-1.97) 1.12 (0.69-1.84) 1.24 (0.75-2.07)
Quartile 3 267 (34) 18.3 (12.7-25.5) 1.13 (0.69-1.85) 1.04 (0.63-1.71) 1.16 (0.69-1.93)
Quartile 4 263 (52) 30.5 (22.8-40.0) 1.86 (1.18-2.93) 1.66 (1.04-2.64) 1.31 (0.79-2.20)

Adjusted model 1: controlling for age and sex. Adjusted model 2: additionally controlling for baseline BMI, former/current smoking, history of
myocardial infarction or diabetes mellitus, ratio of total to HDL-cholesterol, diastolic and systolic blood pressure, log;o(CRP), discharge

prescription of diuretics or ACE inhibitors, and CKD-EPI eGFR

T The exact quartile cutoffs used were 0.4957, 0.5600 and 0.6435 pmol/l for ADMA, and 0.4305, 0.5096 and 0.5900 pmol/l for SDMA

The differences in survival by ADMA quartiles were
somewhat less pronounced (Fig. 1¢; Piog-rank = 0.0085).
The spline results were suggestive of a decreased risk of
mortality in subjects with the lowest levels of ADMA, and
the dose-response curve leveled off around the median
(Fig. 2¢).

Fatal secondary CVD, non-fatal secondary CVD
and non-CVD mortality

Table 4 displays the fully adjusted associations between
ADMA or SDMA and fatal secondary CVD events, non-
fatal secondary CVD events and non-CVD mortality.
Higher levels of ADMA or SDMA were associated with
fatal CVD, but neither with non-fatal CVD nor non-CVD
mortality. When ADMA and SDMA were jointly included
in the model for fatal CVD, the association with
ADMA levels almost disappeared (+1 SD: HR = 1.07
[0.82—-1.40]), whereas the hazard ratio for SDMA remained
stable (+1 SD: HR = 1.40 [1.11-1.76]).

Sensitivity to varying adjustments for kidney function

The comparison of hazard ratios obtained in the fully
adjusted models to similar models not adjusting for creat-
inine clearance did not suggest excessive confounding of
our main results by kidney function (data not shown).
However, especially the SDMA estimates were rather
sensitive to adjustment for cystatin C-based instead of
creatinine-based eGFR. More specifically, the hazard ratios
were attenuated to 1.07 [0.91-1.26] per 1 SD increase
(Q4 vs. Q1: HR = 1.05 [0.61-1.78]) for secondary CVD

events, to 1.18 [1.00-1.39] per 1 SD increase (Q4 vs. Ql1:
HR = 1.35 [0.74-2.47]) for all-cause mortality, and to
1.18 [0.96-1.45] per 1 SD increase (Q4 vs. Q1: HR = 1.27
[0.53-3.01]) for fatal secondary CVD events.

Absolute and relative levels of L-arginine

Absolute levels of L-arginine were not associated with
secondary cardiovascular events (41 SD: HR = 1.03
[0.87-1.21]; Q4 vs. Q1: HR = 1.21 [0.75-1.94]) or mor-
tality (+1 SD: HR = 1.15 [0.97-1.38]; Q4 vs. QI:
HR = 1.25 [0.76-2.07]) in our fully adjusted models (not
shown). Likewise, L-arginine levels relative to ADMA
(L-arginine/ADMA ratio) were associated with neither
outcome (+1 SD: HR = 1.00 [0.85-1.18] for secondary
events, HR = 1.00 [0.83-1.21] for all-cause mortality).
When instead taken relative to SDMA (L-arginine/SDMA
ratio), there also was no significant association (+1 SD:
HR = 0.97 [0.80-1.17] for secondary events, HR = 1.00
[0.82—1.23] for all-cause mortality).

Discussion

The findings of this study suggest that SDMA might pos-
sibly constitute an independent risk factor for all-cause
mortality in patients with stable coronary heart disease,
as independent associations remained after covariable
adjustment; the associations found for ADMA were less
pronounced. Associations with secondary cardiovascular
disease events (fatal and non-fatal) were weaker (SDMA)
or even absent (ADMA). The dose-response analyses
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Fig. 1 Kaplan—-Meier plots of time to secondary cardiovascular disease events (a, b) or all-cause mortality (¢, d) by quartiles of ADMA or
SDMA. Line coloring: quartile 1 = black; 2 = blue; 3 = green; 4 = red

showed similar patterns and suggested that the association
of ADMA with all-cause mortality might be non-linear,
which could explain why the associations in corresponding
quartile models were relatively modest.

Pathophysiological mechanisms of ADMA and SDMA

Adverse outcomes associated with ADMA are frequently
attributed to inhibition of NO production, as ADMA is a
competitive inhibitor of the NO-synthesizing enzymes
(NOS). For SDMA, the link to NO synthesis is less evi-
dent, although it has been shown that SDMA can reduce
cellular uptake of L-arginine, the key substrate for NO
synthesis [16]. Therefore, if NO is the main mechanism
through which ADMA and SDMA are associated with
CVD morbidity and mortality, absolute and relative lev-
els of L-arginine levels should also be associated with
CVD morbidity and mortality. However, our results
showed no clear associations for L-arginine levels with
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either outcome. Also, when assuming competitive inhi-
bition of L-arginine-dependent signaling as a main path-
ophysiologic mechanism, one would also expect the
ratios of L-arginine to SDMA or ADMA to be associated
with cardiovascular disease. This likewise was not the
case in our study, which suggests that the mechanisms
through which dimethylarginines are associated with the
risk of CVD mortality might be independent of L-arginine
levels. This interpretation would be in concordance with
observations that L-arginine administration, although
beneficial with respect to intermediate cardiovascular
outcomes, seems not to improve clinical prognosis after
acute myocardial infarction [32]. One explanation gen-
erally could be that NOS rather than L-arginine avail-
ability is the rate-limiting factor in NO production.
However, in our study, SDMA showed stronger associa-
tions with outcomes than ADMA, although SDMA does
not directly inhibit NOS. Alternative mechanisms there-
fore should be considered.
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Table 3 Cox regression of ADMA or SDMA as predictors of all-cause mortality

Exposure N (events) Incidence/1,000 py Crude model Adjusted model 1 Adjusted model 2
Rate 95 % CI) HR 95 % CI) HR 95 % CI) HR 95 % CI)
ADMA
Per +1 SD 1.32 (1.12-1.55) 1.26 (1.07-1.50) 1.15 (0.95-1.37)
Quartile 1 288 (19) 8.2 (5.0-12.8) 1 Ref. 1 Ref. 1 Ref.
Quartile 2 287 (31) 13.8 (9.4-19.7) 1.69 (0.96-3.00) 1.56 (0.88-2.76) 1.40 (0.79-2.49)
Quartile 3 291 (28) 124 (8.2-17.9) 1.51 (0.84-2.70) 1.36 (0.76-2.45) 1.19 (0.65-2.18)
Quartile 4 282 (43) 19.9 (14.4-26.9) 243 (1.42-4.17) 2.07 (1.19-3.59) 1.52 (0.86-2.68)
SDMA
Per +1 SD 1.42 (1.27-1.58) 1.35 (1.20-1.52) 1.29 (1.09-1.52)
Quartile 1 287 (20) 8.8 (5.4-13.6) 1 Ref. 1 Ref. 1 Ref.
Quartile 2 283 (29) 13.1 (8.8-18.8) 1.48 (0.84-2.61) 1.30 (0.73-2.30) 1.39 (0.77-2.51)
Quartile 3 294 (25) 10.7 (6.9-15.8) 1.21 (0.67-2.18) 1.05 (0.58-1.90) 1.23 (0.68-2.24)
Quartile 4 284 (47) 21.8 (16.0-29.0) 2.46 (1.46-4.16) 1.98 (1.16-3.37) 1.62 (0.91-2.89)

Adjusted model 1: controlling for age and sex. Adjusted model 2: additionally controlling for baseline BMI, former/current smoking, history of
myocardial infarction or diabetes mellitus, ratio of total to HDL-cholesterol, diastolic and systolic blood pressure, log;o(CRP), discharge

prescription of diuretics or ACE inhibitors, and CKD-EPI eGFR
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Table 4 Cox regression of ADMA or SDMA as predictors of secondary outcomes

Exposure Fatal CVD event Non-fatal CVD event Non-CVD mortality
HR 95 % CI) HR 95 % CI) HR (95 % CI)
ADMA
Per +1 SD 1.27 (1.00-1.62) 0.87 (0.69-1.09) 0.99 (0.74-1.30)
Quartile 1 1 Ref. 1 Ref. 1 Ref.
Quartile 2 1.91 (0.78-4.68) 1.00 (0.56-1.78) 1.06 (0.49-2.29)
Quartile 3 1.72 (0.68—4.37) 0.93 (0.52-1.69) 0.87 (0.38-1.98)
Quartile 4 2.32 (0.97-5.53) 0.76 (0.40-1.43) 0.99 (0.45-2.17)
SDMA
Per +1 SD 1.43 (1.16-1.76) 091 (0.71-1.17) 1.03 (0.75-1.40)
Quartile 1 1 Ref. 1 Ref. 1 Ref.
Quartile 2 1.46 (0.61-3.51) 1.09 (0.59-2.00) 1.31 (0.59-2.90)
Quartile 3 1.47 (0.62-3.48) 0.97 (0.52-1.81) 1.04 (0.45-2.40)
Quartile 4 2.05 (0.90—4.66) 0.90 (0.46-1.74) 1.21 (0.53-2.77)

Adjusted for age, sex, baseline BMI, former/current smoking, history of myocardial infarction or diabetes mellitus, ratio of total to HDL-
cholesterol, diastolic and systolic blood pressure, log;o(CRP), discharge prescription of diuretics or ACE inhibitors, and CKD-EPI eGFR

Further complexities in the marker—outcome
associations

High levels of both ADMA and SDMA were strong risk
factors for fatal, but not for non-fatal, cardiovascular
events, which actually is in line with recent data from the
Framingham Heart Study Offspring Cohort [12]. This rai-
ses the somewhat counter-intuitive possibility that fatal and
non-fatal cardiovascular events have different etiologies,
but one certainly should be cautious not to over-interpret
these sub-analyses with rather small numbers of events.
Interestingly, recently published analyses in the LURIC
cohort of patients referred for coronary angiography pro-
duced very similar adjusted estimates, especially for all-
cause mortality in the fourth versus first quartile of ADMA
or SDMA [22]. For SDMA, a J-shaped association with
mortality was suggested in that study, which we could not
confirm. Estimates referring to continuous marker variables
were not reported. It is important to note that the LURIC
study design on one hand allowed the inclusion of subjects
without significant coronary artery disease; on the other
hand, it assessed ADMA and SDMA at the time of coro-
nary angiography for indications including “chest pain
and/or noninvasive test results consistent with myocardial
ischemia” [22]. It appears quite possible that such differ-
ences in participant characteristics and measurement tim-
ing could be responsible, e.g., for the discrepant results
regarding SDMA and mortality.

The role of kidney function in the relationship between
dimethylarginines and cardiovascular morbidity and mor-
tality is complex, as impaired renal function may lead to
the accumulation of SDMA and to a smaller extent of
ADMA. The resulting higher dimethylarginine levels could
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then possibly increase cardiovascular risk, but so does
certainly the impaired kidney function per se. Our main
models thus were adjusted for the creatinine-based eGFR,
although the impact of this adjustment was limited. Inter-
estingly, the associations especially for SDMA were
clearly attenuated when we instead used a cystatin C-based
eGFR, which more recently has been suggested as a
potentially superior estimator of kidney function [31, 33].
Taken together, we cannot rule out that residual con-
founding due to imperfect adjustment for kidney func-
tion—which is not fully avoidable due to the imprecision
of any estimate of kidney function—was partially respon-
sible for the remaining observed associations of SDMA
with outcome events.

Limitations

While mortality follow-up was available for all patients,
data on non-fatal secondary cardiovascular events were
based on the reports of the primary care physicians and
incomplete for a few participants, leading to a reduced
sample size in the analyses pertaining to non-fatal cardio-
vascular events. We believe though that the refusal of the
physicians or the inability to reach them was independent
of ADMA or SDMA levels or the outcome of the patient
and that this will not affect the conclusions of our study
except for a reduction in statistical power. Reassuringly,
there were no major differences in baseline characteristics
including dimethylarginines between the participants with
complete versus incomplete follow-up, the most notable
ones being that subjects with incomplete follow-up were on
average 2.5 years younger and had a CKD-EPI eGFR
5.3 ml/min/1.73 m? higher. Since the participants of this
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study volunteered to participate, some selection bias might
have occurred potentially affecting generalizability,
whereas internal validity is not likely to be affected.
Finally, observational studies usually have limited capacity
to draw final conclusions on the causality of the associa-
tions observed. A clinical trial with specific ADMA and
SDMA plasma concentration-lowering drugs could help to
address causal inference, but such drugs are not available
so far. Studies with genetically altered animals could also
help: a recent published study on genetically modified
animals with lower ADMA plasma and tissue levels indi-
cates, for example, that a reduction of ADMA may indeed
improve clinical outcome [34]. It should be noted that our
results cannot be generalized to healthy populations. Fur-
thermore, the patterns of association might crucially depend
on the timing of the marker measurements in relation to the
initial cardiovascular event leading to study inclusion.
Future studies could address these issues by including repeat
ADMA/SDMA assessments, ideally obtaining baseline
measurements already well before the onset of underlying
cardiovascular disease. Such studies preferably would also
be based on a larger number of outcome events in order to
achieve higher statistical power. Whereas the imprecision of
our results was addressed by including confidence intervals
around our estimates throughout the present work, it might
well be that limited robustness is responsible for inconsis-
tencies in this and previous reports.

Conclusions

The current findings seem to suggest that SDMA and to a
lesser extent ADMA might be associated with all-cause
and cardiovascular mortality. Our data indicate that it is
unclear whether reduced NO bioavalability is the causal
mechanism through which they act. Furthermore, the role
of reduced kidney function in the relation between both
ADMA and SDMA and the different cardiovascular out-
comes needs to be further clarified.
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