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Abstract

Background: Nitric oxide (NO) regulates processes involved in sepsis progression, including vascular and immune
function. NO is generated by nitric oxide synthases (NOS) from L-arginine. Cellular L-arginine uptake is inhibited by
symmetric dimethylarginine (SDMA) and asymmetric dimethylarginine (ADMA) is a competitive inhibitor of NOS.
Increased inhibitor blood concentrations lead to reduce NO bioavailability. The aim of this study was to determine
whether plasma concentrations of SDMA and ADMA are markers for sepsis survival.

Method: This prospective, single center study involved 120 ICU patients with sepsis. Plasma SDMA and ADMA were
measured on admission (day 1), day 3 and day 7 by mass spectrometry together with other laboratory markers. The
sequential organ failure assessment (SOFA) score was used to evaluate sepsis severity. Survival was documented
until day 28. Groups were compared using the Mann-Whitney U test, chi-squared test or non-parametric analysis of
variance (ANOVA). Mortality was assessed using Kaplan-Meier curves and compared using the log-rank test. Specific
risk groups were identified using a decision tree algorithm.

Results: Median plasma SDMA and ADMA levels were significantly higher in non-survivors than in survivors of
sepsis: SDMA 1.14 vs. 0.82 μmol/L (P = 0.002) and ADMA 0.93 vs. 0.73 μmol/L (P = 0.016). ANOVA showed that
increased plasma SDMA and ADMA concentrations were significantly associated with SOFA scores. The 28-day
mortality was compared by chi-square test: for SDMA the mortality was 12% in the lower, 25% in the intermediate
and 43% in the 75th percentile (P = 0.018); for ADMA the mortality was 18–20% in the lower and intermediate but
48% in the 75th percentile (P = 0.006). The highest mortality (61%) was found in patients with plasma SDMA > 1.34
together with ADMA levels > 0.97 μmol/L.

Conclusions: Increased plasma concentrations of SDMA and ADMA are associated with sepsis severity. Therefore,
our findings suggest reduced NO bioavailability in non-survivors of sepsis. One may use individual SDMA and
ADMA levels to identify patients at risk. In view of the pathophysiological role of NO we conclude that the vascular
system and immune response are most severely affected when SDMA and ADMA levels are high.
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Background
Sepsis is a life-threatening dysregulated host response to
infection [1]. Disease severity may be indicated by the
sepsis-related organ failure assessment (SOFA) score
which defines organ dysfunction by a subset of clinical
findings and laboratory markers [1, 2]. Despite improve-
ments in sepsis treatment, such as fluid resuscitation
and early antibiotics, the in-hospital mortality remains
high and in Germany up to 24% of patients with sepsis
die [3, 4]. The high mortality rate, however, follows
variable phases of sepsis severity and physicians face a
diagnostic and prognostic challenge: Patients with sepsis
are difficult to identify and the course of sepsis is often
unpredictable [5].
Analysis of the signaling molecule nitric oxide (NO)

may provide a promising approach to the identification
of high-risk cases because changes in NO levels relate to
both circulatory failure and infection control [6, 7]. First,
endothelial-derived NO dilates blood vessels via activa-
tion of guanylate cyclase, which induces relaxation of
vascular smooth muscle cells by increasing intracellular
3,5-cyclic guanosine monophosphate (cGMP) concentra-
tion. On the one hand, excessive production of NO may
cause severe hypotension with loss of systemic vascular
resistance (SVR) and consequently reduced organ perfu-
sion. On the other hand, NO is essential for maintaining
microvascular function since it regulates the supply and
distribution of oxygen and nutrients throughout all tis-
sues [8]. In this context, NO maintains microvascular
homeostasis by dilating and regulating vascular tone, red
blood cell deformability, and leukocyte and platelet
adhesion to endothelial cells [8].
Second, NO is essential to the innate immunological

response to pathogens as indicated by extensive studies
of innate immunity involving monocytes and macro-
phages [6]. NO is a free radical and has immediate anti-
microbial effects including disruption of bacterial target
structures and inhibition of bacterial metabolism [9–11].
NO is generated by three tissue-specific NO synthases
(NOS) termed endothelial (eNOS), neural (nNOS) and
inducible NOS (iNOS), the latter being expressed in im-
mune tissue [12]. Two non-proteinogenic amino acids
inhibit NO formation via interference with the NOS
substrate arginine: high concentration of symmetric
dimethylarginine (SDMA) inhibits cellular arginine up-
take and asymmetric dimethylarginine (ADMA) com-
petes for catalytic substrate conversion [13]. SDMA is
metabolized in the kidneys by alanine-glyoxylate amino-
transferase 2 (AGXT2) and is closely associated with
renal function [14]. This is one reason why SDMA may
serve as a reliable marker for renal failure [15, 16].
ADMA levels are controlled by two cleaving enzymes,
dimethylarginase-dimethylalaminohydrolase-1 and 2
(DDAH1 and 2), of which DDAH2 is predominantly

expressed in immune cells [15, 17]. Interestingly, in
studies of polymicrobial sepsis in mice, global knockout
of DDAH2 is associated with 12% 120-h survival com-
pared to 53% survival in wild-type animals, underlining
the important immunosuppression effect of ADMA in
sepsis [18]. Further, we have shown that plasma ADMA
levels are increased whereas DDAH2 expression in per-
ipheral blood monocytes (PBMC) is reduced in patients
with sepsis [19].
With this background of plasma SDMA levels depend-

ing on renal function and plasma ADMA levels depend-
ing on DDAH2 activity in immune cells, we sought to
investigate whether plasma concentrations of SDMA
and ADMA are associated with sepsis survival and could
be useful markers to identify patients at high risk.

Methods
Study population
From February 2012 until December 2013, we enrolled
120 patients (> 18 years old) with sepsis admitted to the
intensive care units (ICU) of the University Medical
Center Hamburg-Eppendorf (Hamburg, Germany) after
informed consent had been obtained from patients or
their legal representatives. The local Research Ethics
Committee approved the study protocol (Hamburg
Chamber of Physicians, reference PV3927). The study
was registered in http://www.clinicaltrials.org under the
reference NCT01632059. Inclusion criteria were diag-
nosed infection, a clinical syndrome pathognomonic for
an infection or the suspicion of infection. The available
sepsis criteria from the American College of Chest Phy-
sicians/Society of Critical Care Medicine were originally
used to identify patients with sepsis [20]. Following pub-
lication of the consensus Sepsis-3 guidelines (which were
not available during the study) we generated
sepsis-related organ failure assessment (SOFA) scores
for all patients to meet the latest sepsis criteria. Exclu-
sion criteria were age < 18 years, other forms of shock,
pregnancy or moribund disease status.

Clinical evaluations and assays
SOFA scores were calculated on admission (day 1) and
on day 3 and day 7, if patients stayed at least 3 days in
the ICU. Within the first 24 h after inclusion, basic
demographic and clinical data were recorded. Blood was
drawn to measure plasma SDMA and ADMA and to
determine other clinical parameters including leukocyte
counts, creatinine (crea), lactate, C-reactive protein
(CRP), procalcitonin (PCT) and interleukin-6 (IL-6).
All routine clinical assays were performed at the
Department of Clinical Chemistry at the University
Hospital Hamburg-Eppendorf (Hamburg, Germany).
All blood samples were processed identically and plasma
SDMA and ADMA concentrations were determined by
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liquid chromatography (LC)-tandem mass spectrometry
(MS) analysis as described previously [21, 22]. Briefly,
25 μL aliquots of plasma were spiked with stable
isotope-labeled ADMA, which served as the internal
standard. Proteins were precipitated with 100 μL of
methanol, filtered through a 0.22 μm hydrophilic mem-
brane (Multiscreen HTS™, Millipore, Molsheim, France),
derivatized with butanolic 1 N HCl, and analyzed by
LC-tandem MS (Varian 1200 MS, Agilent Technologies,
Santa Clara, USA). Quantification was performed by cal-
culation of peak area ratios and calibration with known
concentrations of analytes in dialyzed EDTA plasma. The
analytical range of the method was validated for 0.05–
4 μmol/L and the coefficient of variation was ≤ 7.5% both
for ADMA and for SDMA [21, 22].

Statistical analysis
The primary variables were SDMA and ADMA concen-
trations in plasma (expressed in micromole per liter).
These and other continuous variables are reported as
median and interquartile range (IQR). Differences be-
tween groups were tested for significance using either
the Mann-Whitney U test for two groups or the
Kruskal-Wallis test (non-parametric analysis of variance
(ANOVA)) for more than two groups and trend analysis.
Spearman’s rank correlation was used to assess pairwise
correlations. Survival analyses were performed compar-
ing three groups: (I) lower (≤ 25th percentile), (II) inter-
mediate (> 25–75th percentile) and (III) upper quartiles
(> 75th percentile) of baseline plasma concentrations
both of SDMA and of ADMA. Mortality was assessed
using Kaplan-Meier curves and 28-day-survival was
compared using the chi-squared test. We further have
used the quick, unbiased, efficient statistical tree
(QUEST) method, which is a tree-building method for
nominal dependent variables that avoids bias inherent in
other methods in favor of predictors with many

categories. It is based on the chi-square test for categor-
ical or the F test for continuous variables, and produces
binary node splits. Here, the significance level for node
splitting was set to 0.05 and parent groups had a mini-
mum size of 10 patients while child nodes had to have
at least 5 patients. Included independent variables were
day-1 values of SDMA in quartiles and ADMA in quar-
tiles. The method has been described by Loh and Shih
and recently reviewed by other researchers [23, 24]. A
detailed method description is also available in the IBM
manual for SPSS (2013): IBM SPSS Statistics for Win-
dows, Version 22.0. Armonk, NY: IBM Corp., Manual
IBM SPSS Decision Trees 24. For all analyses, a P value
<0.05 was considered to be statistically significant and
all calculations were performed using SPSS version 24
(IBM SPSS Inc. Cary, NC, USA) and Graph Pad version
7 for Mac (GraphPad Software, La Jolla CA, USA).

Results
Plasma SDMA and ADMA concentrations were mea-
sured in 120 patients diagnosed with sepsis and admitted
to the ICU. During follow up, plasma samples from 106
patients at day 3 and from 71 patients at day 7 were
obtained before discharge or death (Table 1). A total of
31 patients (26%) died within 28 days; for further
analysis, the cohort was divided into 28-day survivors
and non-survivors. There was no difference between
groups in basic demographic data, age and gender, cause
of sepsis (medical or surgical) or the species detected or
gram positivity or negativity (Table 1). However,
non-survivors had a higher SOFA score than survivors
(Table 1, P = 0.006).

Plasma SDMA and ADMA levels were higher in non-
survivors
We measured plasma concentrations of SDMA and
ADMA together with various other inflammatory and

Table 1 Baseline characteristics of the study population

Characteristic All patients Survivors
28 days

Non-survivors
28 days

P valueb

Admission day 1, n (%) 120 (100) 89 (74) 31 (26) N/A

ICU day 3, n (% from day 1) 106 (88) 78 (88) 28 (90) N/A

ICU day 7, n (% from day 1) 71 (59) 56 (63) 15 (50) N/A

Age, yearsa 63 (53–74) 63 (53–74) 68 (51–75) 0.392b

Male/female, n (%) 86/34 (72/38) 62/17 (70/30) 24/7 (77/23) 0.903

Medical/surgical admission, n (%) 64/56 (53/67) 43/46 (48/52) 21/10 (68/32) 0.062

Gram+/gram- bacteria, n (%)
(n = 94)

46/36 (49/38) 37/25 (53/36) 9/11 (38/46) 0.250c

SOFA scorea 10 (7–14) 9 (6–13) 12 (8–17) 0.006

ICU Intensive Care Unit, SOFA sepsis related organ failure assessment score, N/A not applicable
aData are presented as median (interquartile range, IQR)
bNon-parametric Mann-Whitney U test comparing 28-day survivors with non-survivors
cChi-squared test comparing 28-day survivors with non-survivors
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sepsis severity markers. Median plasma SDMA and
plasma ADMA concentrations were significantly in-
creased in non-survivors at day 1, 3 and 7 (Fig. 1): on
admission (day 1) the median plasma concentration of
SDMA was increased by 40% (P = 0.002) and of ADMA
by 27% (P = 0.016) in non-survivors. Table 2 provides an
overview of all variables for day 1: procalcitonin (PCT),

CRP and IL-6 were significantly higher in non-survivors
(Table 2). The laboratory markers included in the SOFA
score (creatinine and bilirubin) were significantly higher
(Table 2; P < 0.01) but platelet counts were significantly
lower in non-survivors (Table 2; P < 0.01). Variables were
analyzed for their association with plasma SDMA and
ADMA using Spearman’s rank correlation test (Table 3).
Plasma SDMA and plasma ADMA concentrations corre-
lated positively with creatinine, bilirubin and lactate. In
addition, plasma SDMA correlated positively with PCT
and negatively with the platelet count.

Plasma SDMA and ADMA concentrations are associated
with severity of sepsis
The comprehensive SOFA score is the gold standard for
evaluating sepsis severity. We used the SOFA score to
create five sub-groups reflecting increasing disease se-
verity. ANOVA showed a significant association between
plasma SDMA and ADMA levels and SOFA scores
(Fig. 2). The highest median SDMA and ADMA concen-
trations occurred in severely sick patients with SOFA
scores > 15. Accordingly, in this group of 23 patients, 14
(61%) did not survive sepsis.

Low levels of plasma SDMA and ADMA are predictive of
sepsis survival
We plotted mortality curves to demonstrate cumulative
survival by subgroup. We divided the cohort according
to plasma SDMA and ADMA concentrations into three
groups: plasma levels ≤ 25th percentile, between the 25
and 75th percentile (intermediate) and > 75th percentile.
Figure 3 shows Kaplan-Meier mortality curves for
SDMA (Fig. 3a) and ADMA (Fig. 3b) in those three
groups. Most patients died within 14 days after ICU
admission. Survival was significantly different (P = 0.004)
between sub-groups based on SDMA concentrations
(Fig. 3a). Within 28 days 12% of patients with plasma
SDMA concentrations ≤ 0.65 μmol/L died, but 43% of
those with plasma SDMA levels > 1.34 μmol/L died
(Fig. 3a); 25% of patients between those extremes
(25–75th percentile) died. There was no significant
difference in mortality rate in the low (20%) and
interquartile group (18%, P = 0.715) when ADMA
levels were analyzed (Fig. 3b). However, the mortality
rate in the upper 75% quartile was 48% (P = 0.004).
Specific risk groups were identified using a decision

tree model (QUEST) taking plasma SDMA and ADMA
concentrations as markers to identify patients at risk.
We combined the findings presented in Kaplan-Meier
curves in a decision tree to classify (I) low, (II) inter-
mediate and (III) high-risk patients on ICU admission
(Fig. 3c). In a first step, knowledge of SDMA level alone
can help to define risk groups, as patients with SDMA ≤
1.34 μmol/L are considered as having intermediate risk:

a

b

Fig. 1 Plasma concentrations of symmetric (SDMA) and asymmetric
dimethylarginine (ADMA) in sepsis survivors and non-survivors.
a SDMA and (b) ADMA levels in 28-day survivors and non-survivors
were compared on admission (day 1), day 3 and day 7. a SDMA levels
were significantly higher in non-survivors than in survivors on all days.
b ADMA levels were significantly higher on admission and on day 3 in
non-survivors. The 28-day survivors (circles) and non-survivors (dots)
were compared using the non-parametric Mann-Whitney U test. Plots
show median and interquartile range (IQR). ns, non-significant
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18 out of 90 patients (20%) in this category died. In the
intermediate-risk group we identified low-risk patients
when SDMA levels were ≤ 0.65 μmol/L and median-risk
patients when SDMA levels were between 0.65 and
1.34 μmol/L, with 12% and 25% mortality. Patients with
the highest SDMA concentrations > 1.34 μmol/L are at
high risk and mortality in these patients reached 43%.
However, in these patients ADMA concentrations may
help to identify those with the very highest risk. When
plasma SDMA concentrations were > 1.34 μmol/L
together with ADMA concentrations > 0.97 μmol/L,
mortality was 61%, whereas with ADMA concentrations
≤ 0.97 μmol/L the chances of surviving sepsis were
median.

Discussion
The aim of this study was to determine whether plasma
SDMA and plasma ADMA concentrations are associated
with sepsis survival and are useful markers to stratify

risk levels. We found that elevated levels of SDMA and
ADMA in non-survivors were associated with disease
severity. The occurrence of high plasma SDMA together
with high plasma ADMA levels identified individuals at
risk of a poor outcome who might need the highest
priority of care.
The most important factors affecting sepsis outcome

are circulatory failure and a disturbed host response [1].
NO is an important signaling molecule with regulatory
functions in both the circulatory and immune systems.
We were therefore interested to determine whether
plasma concentrations of SDMA and ADMA, which are
direct and indirect inhibitors of NOS, are altered in
sepsis and hypothesized that increased levels might con-
tribute to lower NO bioavailability.
Physiologically, NO regulates blood pressure and is the

most important vasodilatator. Reduced NO levels are re-
sponsible for progression of a variety of conditions asso-
ciated with hypertension such as coronary heart disease

Table 2 Laboratory parameters on admission to ICU, day 1

Parameter All patients Survivors
28 days

Non-survivors
28 days

P valuea

SDMA, μmol/L 0.93 (0.65–1.34) 0.82 (0.60–1.15) 1.14 (0.88–1.52) 0.002*

ADMA, μmol/L 0.77 (0.60–0.97) 0.73 (0.60–0.90) 0.93 (0.63–1.34) 0.016*

Leukocytes, ×109/L 12.6 (7.5–18.9) 12.8 (9.4–19.2) 12.3 (6.2–18.2) 0.205

C-reactive protein, mg/L 186.5 (124.0–243.8) 182.0 (97.5–248.0) 195.0 (130.0–243.0) 0.516

Procalcitonin, μg/L 2.25 (0.70–8.25) 1.49 (0.51–6.66) 6.29 (1.19–19.64) 0.003*

Interleukin-6, ng/L 241 (79–614) 216 (61–554) 278 (111–1000) 0.075

Lactate, mmol/L 1.1 (0.8–1.8) 1.0 (0.8–1.5) 1.2 (0.9–2.4) 0.081

Creatinine, mg/dL 1.2 (0.8–2.3) 0.6 (0.7–1.9) 1.7 (1.1–2.6) 0.009*

Bilirubin, mg/dL 0.7 (0.3–1.5) 0.6 (0.3–1.0) 1.4 (0.6–3.2) < 0.001*

Platelets, ×109/mL 183 (93–280) 199 (124–290) 107 (40–274) 0.005*

Data are presented as median (interquartile range, IQR)
SDMA symmetric dimethylarginine, ADMA asymmetric dimethylarginine
aNon-parametric Mann-Whitney U test comparing 28-day survivors with non-survivors
*Statistically significant

Table 3 Spearman’s rank correlation between SDMA, ADMA and various laboratory parameters

Parameter SDMA
rho (95% CI)

P value ADMA
rho (95% CI)

P value

Leucocytes 0.05 (− 0.14 to 0.23) 0.612 0.07 (− 0.12 to 0.25) 0.447

C-reactive protein 0.12 (− 0.07 to 0.29) 0.208 −0.08 (− 0.26 to 0.11) 0.405

Procalcitonin 0.47 (0.31 to 0.60) <0.0001* 0.08 (−0.11 to 0.26) 0.415

Interleukin-6 0.09 (−0.10 to 0.27) 0.349 0.02 (−0.17 to 0.20) 0.844

Lactate 0.24 (0.05 to 0.40) 0.0066* 0.23 (0.05 to 0.40) 0.007*

Creatinine 0.72 (0.62 to 0.80) <0.0001* 0.20 (0.02 to 0.37) 0.289

Bilirubin 0.26 (0.08 to 0.42) 0.0041* 0.19 (0.003 to 0.36) 0.039*

Platelets −0.20 (−0.37 to −0.017) 0.027* −0.17 (− 0.34 to 0.02) 0.072

Spearman’s rho correlation coefficient is presented with 95% confidence interval (95% CI)
(*statistically significant)
SDMA symmetric dimethylarginine, ADMA asymmetric dimethylarginine
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and chronic renal failure. Reduced NO levels have been
attributed to an increase in SDMA and ADMA concen-
trations, which are established risk markers for cardio-
vascular mortality [25, 26]. Furthermore, ADMA
infusions in humans result in increased systemic vascu-
lar resistance (SVR) and mean arterial pressure (MAP)
[27]. In contrast, one hallmark of sepsis and septic shock
is loss of SVR and MAP with subsequent alterations in
cardiac output (CO) and reduced tissue perfusion [28].
This leads to the hypothesis that, in sepsis, NO produc-
tion is unregulated and may be responsible for vascular
failure [29, 30]. We have previously shown that NO bio-
availability is reduced in sepsis; this is indicated by low

NOS substrate levels but high levels of the NOS inhibi-
tor ADMA; we are now able to provide data for SDMA
[19]. The theory that low NO levels pertain to sepsis se-
verity is supported by a randomized clinical trial in
which a NOS inhibitor was tested to stabilize
hemodynamic derangements in septic patients. Intraven-
ous administration of the non-selective NOS inhibitor
L-NG-methyl-L-arginine hydrochloride (546C88) has
been compared with placebo. The 546C88 increased
SVR but other hemodynamic parameters such as CO
and oxygen delivery were blunted. In the long term, ad-
ministration of 546C88 was associated with higher sepsis
mortality and despite macrocirculatory improvements
during treatment, the drug was not associated with
favorable sepsis outcomes [31, 32].
How can we explain the apparently contradictory roles

of NOS? Inhibition of NOS in the macrocirculation may
improve signs of hypotension and loss of SVR but inhib-
ition in the microcirculation may impair capillary
exchange resulting in organ dysfunction [12]. Thus, the
effect of NO is ambivalent in sepsis. However, the pro-
tective effect of NO on the microvascular exchange
seems to predominate [33–37].
SDMA is transported efficiently by the hCAT-2B

transporter into cells and exchanged against intracellular
L-arginine, resulting in cellular L-arginine depletion in
vitro [38]. Although we cannot exclude the possibility
that SDMA concentrations, e.g. in the microcirculation,
are higher than plasma concentration and may influence
NO synthesis locally; this depletion mechanism requires
very high SDMA concentrations, i.e. 5 mM, much higher
than those observed in our study [38]. Moreover SDMA,
may amplify its diagnostic role as a marker for organ
function as elimination depends entirely on renal func-
tion, which is extremely sensitive to the septic assault.
Acute kidney injury (AKI) occurs in over 40% of patients
[39, 40]. Considering this important effect, one may
argue that early detection of septic AKI is of great im-
portance. The SOFA score includes a variety of clinical
parameters among which creatinine (Crea) reflects renal
function [41]. However, serum Crea as a renal marker in
sepsis is questionable because of the well-known prob-
lem that serum Crea levels are influenced by various fac-
tors that are altered in critical illness and supported by
experimental data in mice showing that Crea levels are
reduced after induction of sepsis, which may mask early
detection of AKI [42, 43]. However, SDMA is a very
established and superior marker for kidney function
[44]. In a meta-analysis involving over 2100 patients, the
coefficient of correlation between SDMA and inulin
clearance (the gold standard for measuring kidney func-
tion) was 0.85 (95% CI 0.76–0.91) [16]. In this context,
one may consider that SDMA is not only a molecule
cleared by the kidneys but that SDMA accumulation

b

a

Fig. 2 Plasma symmetric dimethylarginine (SDMA) and asymmetric
dimethylarginine (ADMA) in different sepsis severity groups. Patients
were grouped according to their individual sequential organ failure
assessment (SOFA) score and SDMA concentrations (a) and ADMA
concentrations (b) are shown for day 1. Both SDMA and ADMA levels
showed a trend towards increasing levels in patients with higher SOFA
scores. Groups were compared using the Kruskal-Wallis test for trend
analysis. Plots show median and interquartile range (IQR)
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reflects the degree of renal failure, and high concen-
trations potentially may inhibit NOS to a greater ex-
tent [34]. In sepsis, this relationship may reflect
sustained and disturbed microcirculatory exchange
with consequent impairment of organ function. We
have observed those associations and shown that
SDMA concentrations correlate not only with Crea
but also with liver failure (bilirubin), the collapse of
coagulation as represented by platelet counts and the
SOFA score (Table 3, Fig. 2). Moreover, our results
are supported by those of two previous studies involv-
ing 223 and 67 patients with sepsis, respectively, in
which SDMA levels were elevated and associated with
higher mortality [45, 46]. The positive correlation be-
tween SDMA and PCT might be explained by the
fact that PCT elimination is prolonged in patients
with renal dysfunction [47]. Creating risk groups on
the basis of SDMA levels seems an appropriate tool

to identify patients needing early and high priority of
care such as hemodialysis or intensified hemodynamic
monitoring (Fig. 3).
Beside the important role of NO levels in circulation,

reduced levels of NO might be deleterious for the im-
mune response in sepsis and increased NOS inhibitor
levels may contribute to this. It has long been observed
that iNOS knockout (removing the predominant NOS in
immune tissue) is associated with poor survival in mice
with sepsis [48]. This effect is reversed by transplant-
ation of wild-type bone marrow to iNOS knockout mice
[49]. Increased release of cytokines such as TNF-α to-
gether with better survival was observed in mice with
pneumonia when iNOS was restored this way [49]. To-
gether with the discovery that mouse macrophages pro-
duce large amounts of nitrite (NO2-) and nitrate (NO3-)
upon bacterial lipopolysaccharide (LPS) stimulation, it
has been suggested that decreased NO levels impair the

a b

c

Fig. 3 Survival of patients with sepsis in quartile groups of plasma symmetric (SDMA) and asymmetric dimethylarginine (ADMA) concentration.
Mortality curves were calculated for 28-day survival and three groups were compared: patients with SDMA levels (a) or ADMA levels (b) ≤ 25th
percentile, between 25th and the 75th percentile (interquartile) and > 75th percentile. a The three groups differed significantly (P = 0.004): patients
with SDMA levels > 1.34 μmol/L had the highest mortality and patients with SDMA levels ≤ 0.65 μmol/L the lowest mortality. b There was no
difference in mortality between patients in the interquartile and≤ 25th percentile (P = 0.715); however, patients with ADMA levels > 75th
percentile had the highest mortality compared to other groups (P = 0.022). c Decision tree to identify patient risk. Out of 120 patients, 31 died
(26%). First decision knot: (1) patients were identified as having intermediate risk, when SDMA levels were≤ 1.34 μmol/L. This group was further
risk stratified by SDMA levels; (2) low-risk patients had levels ≤ 0.65 and median-risk patients had levels between 0.65 and 1.34 μmol/L. Mortality
increased to 43% when SDMA levels were > 1.34 μmol/L, indicating high risk. At this step ADMA levels may help to identify patients with the
highest risk of not surviving sepsis; (3) plasma ADMA concentrations > 0.97 μmol/L were associated with a 61% mortality rate
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innate immune response under septic conditions [50].
The reduced ability of monocytes to release
pro-inflammatory cytokines after stimulation with LPS
indicates the immunosuppressive phase of sepsis in
humans and has been suggested as a standard tool to
identify immunosuppressed patients [51, 52]. In sum-
mary, it seems that manipulation of NO metabolism ei-
ther by knocking out iNOS or by high levels of NOS
inhibitors such as ADMA is associated with sepsis sever-
ity and mortality [19]. ADMA levels were associated
with mortality in two studies of 267 patients with sepsis
and 255 critically ill patients, and in a small population
of patients with sepsis the odds ratio for 28-day mortal-
ity in the upper quartile was 20.8 [45, 53, 54].
While SDMA levels depend on renal function, ADMA

clearance is directly linked to the immune system and
levels are controlled by DDAH1 and DDAH12 activity,
of which DDAH2 is predominantly expressed in immune
cells [15, 17]. Circulating ADMA levels are genetically
determined by promoter polymorphism in a regulatory
gene encoding DDAH2 polymorphism and have been in-
vestigated by other research groups. In a series of 47 pa-
tients with severe sepsis, high ADMA concentration was
associated with the DDAH2 -449G polymorphism [55].
Interestingly, we have previously shown an association
between decreasing DDAH2 expression in peripheral
blood monocytes (PBMC) and disease severity [19]. This
is in line with animal experiments in DDAH2 knockout
mice in which the 120-h survival rate was only 12%
compared to 53% in wild-type animals after cecal
ligation and puncture [18]. The authors attributed this
phenotype to impaired macrophage function as
monocyte-specific deletion of DDAH2 results in a
similar pattern of increased severity to that seen in
animals globally deficient in DDAH2. The DDAH2
knockout in macrophages was associated with a signifi-
cantly higher bacterial load in plasma and in the periton-
eum. NO production in activated mouse macrophages is
DDAH2-dependent with reduced intracellular NO levels
within the cell, which impairs motility and phagocytosis
in these cells [18].
Increased SDMA and ADMA levels directly correlate

with sepsis severity and mortality. We have used this
information to suggest a risk classification (Fig. 1 and
Fig. 3). Among our patients, 17% died when SDMA
levels were ≥ 1.34 and ADMA levels were ≤ 0.97; the
highest mortality however (67%) was observed when
ADMA levels were > 0.98 μmol/L (Fig. 3). One may
hypothesize that NOS inhibitors reflect two essential
pathophysiological steps in sepsis: vascular failure and
immunosuppression. Thinking about sepsis markers it is
important to combine markers for both vascular func-
tion and for immunity. Analyzing the NO metabolism is
a promising approach in this context.

This was a prospective observational study and there-
fore had certain limitations. The study was carried out at
a single center and involved relatively small numbers of
patients. Future studies involving larger cohorts should
eliminate potential selection bias and further statistical
adjustments such as for estimated glomerular filtration
rate (eGFR) should be made possible. We observed that
the two direct and indirect endogenous NOS inhibitors
SDMA and ADMA were associated with mortality and
disease severity, which may indicate disturbances in NO
metabolism. The gold standard for analysis of NO
metabolism would be its direct measurement in blood.
This currently seems impossible, in particular in an ICU
setting, due to the short half-life of the NO molecule.
Therefore, we can only speculate that ADMA and
SDMA may influence NO metabolism in septic patients.
Experimental studies are required, to explain why
SDMA and ADMA are increased in sepsis and how this
may influence NO metabolism especially in the
microcirculation. Another limitation is that we cannot
exclude the possibility that dialysis may influence SDMA
and ADMA levels. However, we observed high SDMA
and ADMA concentration in non-survivors, which
warrants follow-up studies addressing the question, e.g.
as to whether patients would benefit from early
SDMA-guided renal replacement therapy. To date it has
not been shown that dialysis improves sepsis outcome
[56, 57]. Furthermore, it would be interesting to know if
increased ADMA levels are associated with other
acquired changes in sepsis-induced immunosuppression
such as downregulation of monocytic HLA-DR recep-
tors. Nevertheless, we believe that our observations
warrant follow-up studies with larger patient groups to
confirm the power of SDMA and ADMA to indicate
sepsis outcome and severity.

Conclusion
In patients with sepsis, the concentrations of SDMA and
ADMA are increased. We suggest a risk classification
according to SDMA and ADMA levels. Due to the bio-
logical elimination process of SDMA and ADMA one
may speculate that SDMA accumulates with severity of
renal failure and ADMA with severity of immune dys-
function and one may consider SDMA and ADMA as
markers to indicate vascular failure and immune dysreg-
ulation in sepsis, respectively.

Abbreviations
ADMA: Asymmetrical dimethylarginine; AGXT2: Alanine-glyoxylate
aminotransferase 2; AKI: Acute kidney injury; ANOVA: One-way analysis of
variance; CLP: Cecal ligation and puncture; CO: Cardiac output;
Crea: Creatinine; CRP: C-reactive protein; DDAH1 and 2: Dimethylarginase-
dimethylalaminohydrolase-1 and 2; eNOS: Endothelial nitric oxide synthases;
ICU: Intensive Care Unit; IL-6: Interleukin-6; iNOS: Inducible nitric oxide
synthases; LPS: Lipopolysaccharide; MAP: Mean arterial pressure;
nNOS: Neural nitric oxide synthases; NO: Nitric oxide; NOS: Nitric oxide

Winkler et al. Critical Care  (2018) 22:216 Page 8 of 10



synthases; PBMC: Peripheral blood monocytes; PCT: Procalcitonin;
QUEST: Quick, unbiased, efficient statistical tree; SDMA: Symmetrical
dimethylarginine; SOFA: Sepsis-related organ failure assessment;
SVR: Systemic vascular resistance

Acknowledgements
The technical assistance of Anna Steenpaß and Mariola Kastner is gratefully
acknowledged.

Funding
This study was supported by internal institutional funds from the Center for
Anesthesiology and Intensive Care Medicine, University Medical Center
Hamburg-Eppendorf, Germany.

Availability of data and materials
The datasets used and analyzed during the current study are available from
the corresponding author on reasonable request.

Authors’ contributions
RHB and SK initiated the study. MSW wrote the first and final version of the
manuscript. GR, OH, AN and MSW recruited and followed up patients. ES and
RHB measured SDMA and ADMA in blood samples. MSW, SL, GR and AN
analyzed and interpreted the results. SK, RHB, ES and AN participated in the
design of the clinical study and together with SL assisted in analysis of the
data and preparation of the manuscript. SK and RHB contributed equally to
this manuscript as last authors. All authors approved the final version.

Ethics approval and consent to participate
The local ethics committee, Hamburg Chamber of Physicians, has approved
our study protocol (reference number PV3927). All study participants or their
legal representatives gave their informed consent.

Competing interests
The authors declare that they have no competing interests.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Anesthesiology, University Medical Center
Hamburg-Eppendorf, Martinistr. 52, 20246 Hamburg, Germany. 2Department
of Intensive Care Medicine, University Medical Center Hamburg-Eppendorf,
Martinistr. 52, 20246 Hamburg, Germany. 3Institute of Medical Biometry and
Epidemiology, University Medical Center Hamburg-Eppendorf, Martinistr. 52,
20246 Hamburg, Germany. 4Department of Internal Medicine II, Asklepios
Klinik Nord-Heidberg, Tangstedter Landstr. 400, 22417 Hamburg, Germany.
5Institute of Clinical Pharmacology and Toxicology, University Medical Center
Hamburg-Eppendorf, Martinistr. 52, 20246 Hamburg, Germany. 6Center for
Anesthesiology and Intensive Care Medicine, University Medical Center
Hamburg-Eppendorf, Martinistr, 52 20246 Hamburg, Germany.

Received: 3 December 2017 Accepted: 7 June 2018

References
1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer

M, Bellomo R, Bernard GR, Chiche JD, Coopersmith CM, et al. The third
international consensus definitions for Sepsis and septic shock (Sepsis-3).
JAMA. 2016;315(8):801–10.

2. Shankar-Hari M, Phillips GS, Levy ML, Seymour CW, Liu VX, Deutschman CS,
Angus DC, Rubenfeld GD, Singer M. Developing a new definition and
assessing new clinical criteria for septic shock: for the third international
consensus definitions for Sepsis and septic shock (Sepsis-3). JAMA. 2016;
315(8):775–87.

3. Fleischmann C, Thomas-Rueddel DO, Hartmann M, Hartog CS, Welte T,
Heublein S, Dennler U, Reinhart K. Hospital incidence and mortality rates of
sepsis. Dtsch Arztebl Int. 2016;113(10):159–66.

4. Chaudhary T, Hohenstein C, Bayer O. The golden hour of sepsis: initial
therapy should start in the prehospital setting. Med Klin Intensivmed
Notfmed. 2014;109(2):104–8.

5. Delano MJ, Ward PA. The immune system's role in sepsis progression,
resolution, and long-term outcome. Immunol Rev. 2016;274(1):330–53.

6. Bogdan C. Nitric oxide synthase in innate and adaptive immunity: an
update. Trends Immunol. 2015;36(3):161–78.

7. Lundberg JO, Gladwin MT, Weitzberg E. Strategies to increase nitric oxide
signalling in cardiovascular disease. Nat Rev Drug Discov. 2015;14(9):623–41.

8. Bateman RM, Sharpe MD, Ellis CG. Bench-to-bedside review: microvascular
dysfunction in sepsis–hemodynamics, oxygen transport, and nitric oxide.
Crit Care. 2003;7(5):359–73.

9. Jones-Carson J, Laughlin J, Hamad MA, Stewart AL, Voskuil MI, Vazquez-
Torres A. Inactivation of [Fe-S] metalloproteins mediates nitric oxide-
dependent killing of Burkholderia mallei. PLoS One. 2008;3(4):e1976.

10. Richardson AR, Payne EC, Younger N, Karlinsey JE, Thomas VC, Becker LA,
Navarre WW, Castor ME, Libby SJ, Fang FC. Multiple targets of nitric oxide in
the tricarboxylic acid cycle of Salmonella enterica serovar typhimurium. Cell
Host Microbe. 2011;10(1):33–43.

11. Savidge TC, Urvil P, Oezguen N, Ali K, Choudhury A, Acharya V, Pinchuk I,
Torres AG, English RD, Wiktorowicz JE, et al. Host S-nitrosylation inhibits
clostridial small molecule-activated glucosylating toxins. Nat Med.
2011;17(9):1136–41.

12. Forstermann U, Sessa WC. Nitric oxide synthases: regulation and function.
Eur Heart J. 2012;33(7):829–37. 837a-837d

13. Boger RH. The emerging role of asymmetric dimethylarginine as a novel
cardiovascular risk factor. Cardiovasc Res. 2003;59(4):824–33.

14. Luneburg N, Lieb W, Zeller T, Chen MH, Maas R, Carter AM, Xanthakis V,
Glazer NL, Schwedhelm E, Seshadri S, et al. Genome-wide association study
of L-arginine and dimethylarginines reveals novel metabolic pathway for
symmetric dimethylarginine. Circ Cardiovasc Genet. 2014;7(6):864–72.

15. Tain YL, Hsu CN. Toxic Dimethylarginines: asymmetric Dimethylarginine
(ADMA) and symmetric Dimethylarginine (SDMA). Toxins (Basel). 2017;9(3):E92.

16. Kielstein JT, Salpeter SR, Bode-Boeger SM, Cooke JP, Fliser D. Symmetric
dimethylarginine (SDMA) as endogenous marker of renal function - a meta-
analysis. Nephrol Dial Transplant. 2006;21(9):2446–51.

17. Tran CT, Fox MF, Vallance P, Leiper JM. Chromosomal localization, gene
structure, and expression pattern of DDAH1: comparison with DDAH2 and
implications for evolutionary origins. Genomics. 2000;68(1):101–5.

18. Lambden S, Kelly P, Ahmetaj-Shala B, Wang Z, Lee B, Nandi M, Torondel B,
Delahaye M, Dowsett L, Piper S, et al. Dimethylarginine
dimethylaminohydrolase 2 regulates nitric oxide synthesis and
hemodynamics and determines outcome in polymicrobial sepsis.
Arterioscler Thromb Vasc Biol. 2015;35(6):1382–92.

19. Winkler MS, Kluge S, Holzmann M, Moritz E, Robbe L, Bauer A, Zahrte C, Priefler
M, Schwedhelm E, Boger RH, et al. Markers of nitric oxide are associated with
sepsis severity: an observational study. Crit Care. 2017;21(1):189.

20. Levy MM, Fink MP, Marshall JC, Abraham E, Angus D, Cook D, Cohen J, Opal
SM, Vincent JL, Ramsay G. 2001 SCCM/ESICM/ACCP/ATS/SIS international
sepsis definitions conference. Intensive Care Med. 2003;29(4):530–8.

21. Atzler D, Mieth M, Maas R, Boger RH, Schwedhelm E. Stable isotope dilution
assay for liquid chromatography-tandem mass spectrometric determination
of L-homoarginine in human plasma. J Chromatogr B Analyt Technol
Biomed Life Sci. 2011;879(23):2294–8.

22. Schwedhelm E, Maas R, Tan-Andresen J, Schulze F, Riederer U, Boger RH.
High-throughput liquid chromatographic-tandem mass spectrometric
determination of arginine and dimethylated arginine derivatives in human
and mouse plasma. J Chromatogr B Analyt Technol Biomed Life Sci.
2007;851(1–2):211–9.

23. Loh W, Shih Y. Split selection methods for classification trees. Stat Sin.
1997;7(4):815–40.

24. Song YY, Lu Y. Decision tree methods: applications for classification and
prediction. Shanghai Arch Psychiatry. 2015;27(2):130–5.

25. Boger RH, Maas R, Schulze F, Schwedhelm E. Asymmetric dimethylarginine
(ADMA) as a prospective marker of cardiovascular disease and mortality–an
update on patient populations with a wide range of cardiovascular risk.
Pharmacol Res. 2009;60(6):481–7.

26. Siegerink B, Maas R, Vossen CY, Schwedhelm E, Koenig W, Boger R,
Rothenbacher D, Brenner H, Breitling LP. Asymmetric and symmetric
dimethylarginine and risk of secondary cardiovascular disease events and
mortality in patients with stable coronary heart disease: the KAROLA follow-
up study. Clin Res Cardiol. 2013;102(3):193–202.

27. Kielstein JT, Impraim B, Simmel S, Bode-Boger SM, Tsikas D, Frolich JC,
Hoeper MM, Haller H, Fliser D. Cardiovascular effects of systemic nitric oxide

Winkler et al. Critical Care  (2018) 22:216 Page 9 of 10



synthase inhibition with asymmetrical dimethylarginine in humans.
Circulation. 2004;109(2):172–7.

28. Landry DW, Oliver JA. The pathogenesis of vasodilatory shock. N Engl J
Med. 2001;345(8):588–95.

29. De Cruz SJ, Kenyon NJ, Sandrock CE. Bench-to-bedside review: the role of
nitric oxide in sepsis. Expert Rev Respir Med. 2009;3(5):511–21.

30. Boger RH. Live and let die: asymmetric dimethylarginine and septic shock.
Crit Care. 2006;10(6):169.

31. Lopez A, Lorente JA, Steingrub J, Bakker J, McLuckie A, Willatts S, Brockway M,
Anzueto A, Holzapfel L, Breen D, et al. Multiple-center, randomized, placebo-
controlled, double-blind study of the nitric oxide synthase inhibitor 546C88:
effect on survival in patients with septic shock. Crit Care Med. 2004;32(1):21–30.

32. Watson D, Grover R, Anzueto A, Lorente J, Smithies M, Bellomo R,
Guntupalli K, Grossman S, Donaldson J, Le Gall JR, et al. Cardiovascular
effects of the nitric oxide synthase inhibitor NG-methyl-L-arginine
hydrochloride (546C88) in patients with septic shock: results of a
randomized, double-blind, placebo-controlled multicenter study (study no.
144-002). Crit Care Med. 2004;32(1):13–20.

33. Spronk PE, Ince C, Gardien MJ, Mathura KR, Oudemans-van Straaten HM,
Zandstra DF. Nitroglycerin in septic shock after intravascular volume
resuscitation. Lancet. 2002;360(9343):1395–6.

34. Bode-Boger SM, Scalera F, Kielstein JT, Martens-Lobenhoffer J, Breithardt G,
Fobker M, Reinecke H. Symmetrical dimethylarginine: a new combined
parameter for renal function and extent of coronary artery disease. J Am
Soc Nephrol. 2006;17(4):1128–34.

35. Hernandez G, Bruhn A, Ince C. Microcirculation in sepsis: new perspectives.
Curr Vasc Pharmacol. 2013;11(2):161–9.

36. De Backer D, Creteur J, Preiser JC, Dubois MJ, Vincent JL. Microvascular
blood flow is altered in patients with sepsis. Am J Respir Crit Care Med.
2002;166(1):98–104.

37. Trzeciak S, Dellinger RP, Parrillo JE, Guglielmi M, Bajaj J, Abate NL, Arnold RC,
Colilla S, Zanotti S, Hollenberg SM, et al. Early microcirculatory perfusion
derangements in patients with severe sepsis and septic shock: relationship
to hemodynamics, oxygen transport, and survival. Ann Emerg Med. 2007;
49(1):88–98. 98 e81–82

38. Closs EI, Basha FZ, Habermeier A, Forstermann U. Interference of L-arginine
analogues with L-arginine transport mediated by the y+ carrier hCAT-2B.
Nitric Oxide. 1997;1(1):65–73.

39. Bagshaw SM, George C, Bellomo R, Committee ADM. Early acute kidney
injury and sepsis: a multicentre evaluation. Crit Care. 2008;12(2):R47.

40. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR.
Epidemiology of severe sepsis in the United States: analysis of incidence,
outcome, and associated costs of care. Crit Care Med. 2001;29(7):1303–10.

41. Vincent JL, Moreno R, Takala J, Willatts S, De Mendonca A, Bruining H,
Reinhart CK, Suter PM, Thijs LG. 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. 1996;22(7):707–10.

42. Bjornsson OG, Jonsson A. Wet beri-beri in an alcoholic after gastrectomy. Br
J Clin Pract. 1979;33(4):119–21.

43. Doi K, Yuen PS, Eisner C, Hu X, Leelahavanichkul A, Schnermann J, Star RA.
Reduced production of creatinine limits its use as marker of kidney injury in
sepsis. J Am Soc Nephrol. 2009;20(6):1217–21.

44. Schwedhelm E, Boger RH. The role of asymmetric and symmetric
dimethylarginines in renal disease. Nat Rev Nephrol. 2011;7(5):275–85.

45. Mortensen KM, Itenov TS, Haase N, Muller RB, Ostrowski SR, Johansson PI, Olsen
NV, Perner A, Se-Jensen P, Bestle MH. High levels of Methylarginines were
associated with increased mortality in patients with severe Sepsis. Shock. 2016;
46(4):365–72.

46. Iapichino G, Umbrello M, Albicini M, Spanu P, Bellani G, Polli F, Pavlovic R,
Cugno M, Fermo I, Paroni R. Time course of endogenous nitric oxide
inhibitors in severe sepsis in humans. Minerva Anestesiol. 2010;76(5):325–33.

47. Meisner M, Lohs T, Huettemann E, Schmidt J, Hueller M, Reinhart K. The plasma
elimination rate and urinary secretion of procalcitonin in patients with normal
and impaired renal function. Eur J Anaesthesiol. 2001;18(2):79–87.

48. Cobb JP, Hotchkiss RS, Swanson PE, Chang K, Qiu Y, Laubach VE, Karl IE,
Buchman TG. Inducible nitric oxide synthase (iNOS) gene deficiency
increases the mortality of sepsis in mice. Surgery. 1999;126(2):438–42.

49. Yang S, Porter VA, Cornfield DN, Milla C, Panoskaltsis-Mortari A, Blazar BR,
Haddad IY. Effects of oxidant stress on inflammation and survival of iNOS

knockout mice after marrow transplantation. Am J Physiol Lung Cell Mol
Physiol. 2001;281(4):L922–30.

50. Stuehr DJ, Marletta MA. Mammalian nitrate biosynthesis: mouse
macrophages produce nitrite and nitrate in response to Escherichia coli
lipopolysaccharide. Proc Natl Acad Sci U S A. 1985;82(22):7738–42.

51. Munoz C, Carlet J, Fitting C, Misset B, Bleriot JP, Cavaillon JM. Dysregulation
of in vitro cytokine production by monocytes during sepsis. J Clin Invest.
1991;88(5):1747–54.

52. Winkler MS, Rissiek A, Priefler M, Schwedhelm E, Robbe L, Bauer A, Zahrte C,
Zoellner C, Kluge S, Nierhaus A. Human leucocyte antigen (HLA-DR) gene
expression is reduced in sepsis and correlates with impaired TNFalpha
response: a diagnostic tool for immunosuppression? PLoS One. 2017;12(8):
e0182427.

53. Koch A, Weiskirchen R, Kunze J, Duckers H, Bruensing J, Buendgens L,
Matthes M, Luedde T, Trautwein C, Tacke F. Elevated asymmetric
dimethylarginine levels predict short- and long-term mortality risk in
critically ill patients. J Crit Care. 2013;28(6):947–53.

54. Davis JS, Darcy CJ, Yeo TW, Jones C, McNeil YR, Stephens DP, Celermajer DS,
Anstey NM. Asymmetric dimethylarginine, endothelial nitric oxide
bioavailability and mortality in sepsis. PLoS One. 2011;6(2):e17260.

55. O'Dwyer MJ, Dempsey F, Crowley V, Kelleher DP, McManus R, Ryan T. Septic
shock is correlated with asymmetrical dimethyl arginine levels, which may
be influenced by a polymorphism in the dimethylarginine
dimethylaminohydrolase II gene: a prospective observational study. Crit
Care. 2006;10(5):R139.

56. Dennen P, Douglas IS, Anderson R. Acute kidney injury in the intensive care
unit: an update and primer for the intensivist. Crit Care Med. 2010;38(1):
261–75.

57. Ympa YP, Sakr Y, Reinhart K, Vincent JL. Has mortality from acute renal
failure decreased? A systematic review of the literature. Am J Med.
2005;118(8):827–32.

Winkler et al. Critical Care  (2018) 22:216 Page 10 of 10


	Abstract
	Background
	Method
	Results
	Conclusions

	Background
	Methods
	Study population
	Clinical evaluations and assays
	Statistical analysis

	Results
	Plasma SDMA and ADMA levels were higher in non-survivors
	Plasma SDMA and ADMA concentrations are associated with severity of sepsis
	Low levels of plasma SDMA and ADMA are predictive of sepsis survival

	Discussion
	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Competing interests
	Publisher’s Note
	Author details
	References

