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Abstract

Objective—Increased plasma concentrations of the endogenous nitric oxide (NO) synthase
inhibitor, asymmetric dimethylarginine (ADMA\), decreased arginine bioavailability, and
mitochondrial dysfunction have been reported in adult sepsis. We studied whether ADMA,
arginine, and carnitine metabolism (a measure of mitochondrial dysfunction) are altered in
pediatric sepsis and whether these are clinically useful biomarkers.

Design—Prospective, observational study
Setting—Pediatric intensive care unit at an academic medical center

Patients—Ninety patients < 18 years-old—30 with severe sepsis or septic shock compared with
thirty age-matched febrile and thirty age-matched healthy controls.

Interventions—None.

Measurements and Main Results—Plasma ADMA and whole blood arginine, citrulline,
ornithine, and acylcarnitine:free carnitine (AC:FC) ratio were measured daily for septic patients
and once for controls using tandem mass spectrometry. Plasma ADMA concentration (median,
IQR umol/L) on day 1 was lower in severe sepsis and septic shock (0.38, 0.30-0.56) compared
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with febrile (0.45, 0.40-0.59) and healthy (0.60, 0.54-0.67) controls (p<0.001), though decreased
ADMA was predominantly found in neutropenic patients. Day 1 arginine was lower in septic (10,
IQR 7-20 umol/L) compared with healthy patients (32, IQR 23-40; p<0.001), and the
arginine:ornithine ratio was decreased in sepsis, indicating increased arginase activity (an
alternative pathway for arginine metabolism). The arginine: ADMA and AC:FC ratios did not
differ between septic and control patients. ADMA was inversely correlated with organ dysfunction
by PELOD score (r=—0.50, p=0.009), interleukin-6 (r=—0.55, p=0.01), and interleukin-8 (r=—0.52,
p=0.03) on admission. Arginine, arginine:ADMA, and AC:FC were not associated with organ
dysfunction or outcomes.

Conclusions—ADMA was decreased in pediatric sepsis and was inversely associated with
inflammation and organ dysfunction. This suggests that inhibition of NO synthase by ADMA
accumulation is unlikely to impact sepsis pathophysiology in septic children despite decreased
arginine bioavailability. We did not find an association of ADMA with altered carnitine
metabolism, nor were ADMA, arginine, and AC:FC useful as clinical biomarkers.
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INTRODUCTION

The sepsis syndrome remains a major problem in pediatrics, with nearly 42,000 hospital
admissions and $2 billion in health care costs in the United States annually (1). To improve
outcomes and target therapies in pediatric sepsis, we must better understand biochemical
changes underlying the septic response, as well as developmental differences specific to
children.

The nitric oxide (NO) pathway has long been recognized in the pathogenesis of sepsis, with
effects on cardiovascular, immune, and mitochondrial function, though its precise role
remains poorly understood (2). NO is synthesized from L-arginine by a family of NO
synthase (NOS) isoforms (3). In sepsis, an up-regulation of inducible NOS leads to an
increase in systemic NO production (2). However, attempts to inhibit NOS did not improve
organ function and led to increased mortality (4—6). Moreover, decreased activity of
constitutive NOS isoforms may cause areas of NO deficiency and contribute to endothelial,
microcirculatory, and organ dysfunction (7). Blood arginine concentration and de novo
arginine synthesis are also decreased in sepsis (8—10), which may further limit NO
bioavailability (11).

Endogenous NOS inhibitors, such as asymmetric dimethylarginine (ADMA), may further
influence NO availability in sepsis, and their importance has been increasingly recognized in
disorders of endothelial dysfunction (12). ADMA is synthesized by methylation of arginine
residues on proteins, released into circulation during protein turnover, and degraded by
dimethylarginine dimethylaminohydrolase (DDAH) with renal and hepatic elimination (12).
ADMA competitively inhibits all NOS isoforms and competes with arginine for intracellular
transport via the y+ cationic transporter (12). Thus, accumulation of ADMA restricts NO
synthesis and impairs NO-mediated endothelial and vascular function (13). In adults with
sepsis and organ dysfunction, elevated plasma ADMA is associated with an increased risk of
mortality (13-15). Furthermore, low arginine combined with elevated ADMA may
additively limit NO production, and a low arginine: ADMA ratio has been linked to vascular
dysfunction in rats (16) and adults with septic shock (13). However, there are no data on the
role of ADMA in pediatric sepsis. We hypothesized that plasma ADMA would be increased
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in children with sepsis and would be associated with severity of organ dysfunction,
inflammation, and adverse outcomes.

ADMA has also been linked to mitochondrial dysfunction (17), an important mechanism of
organ failure in sepsis (18). ADMA causes uncoupling of the NOS dimer, resulting in
increased superoxide-mediated formation of peroxynitrite, nitration of mitochondrial
proteins, and diminished ATP production (19, 20). In animal models, altered carnitine
metabolism, specifically an elevated blood acylcarnitine:free carnitine (AC:FC) ratio, is
reflective of intra-mitochondrial increases in the ratio of acyl-coenzyme A (acyl-CoA) to
free CoA (21, 22). Alterations in these ratios are associated with decreased oxidative
respiration and have been linked to impaired NO signaling (21). We therefore hypothesized
that increased ADMA in pediatric sepsis would result in an elevated AC:FC ratio as a
measure of mitochondrial dysfunction and would be associated with reduced NOS activity
and greater organ dysfunction.

The objective of this study was to determine changes in plasma ADMA, arginine
bioavailability, and carnitine metabolism in pediatric severe sepsis and septic shock, and to
investigate the utility of ADMA, arginine, and AC:FC as potential biomarkers in pediatric
sepsis.

MATERIALS AND METHODS

This prospective, observational study was performed in a 42-bed pediatric intensive care
unit (PICU) at an academic medical center between May 2009 and December 2010. The
study was approved by the local institutional review board and informed consent/assent was
obtained.

Patient Population

Consecutively admitted patients to the PICU who were < 18 years-old and met criteria for
severe sepsis or septic shock as defined by the International Pediatric Consensus Conference
(23) were eligible (septic patients). Exclusion criteria were cardiac arrest before admission,
treatment with inhaled NO or sildenafil, supplementation with arginine, citrulline, or
carnitine, a metabolic, urea cycle, or mitochondrial disorder, chronic renal or hepatic
impairment, unrepaired cyanotic heart disease or single-ventricle anatomy, major surgery
within the previous 72 hours, transfer from another facility with ongoing sepsis >24 hours,
and prior study enrollment. Age-matched control patients from the same hospital were
enrolled into two groups: 1) febrile (temperature = 38.5°C) patients evaluated for infection
without severe sepsis or shock (febrile controls) and 2) afebrile patients without evidence of
an active infectious or inflammatory condition (e.g. patients undergoing endoscopy for
chronic abdominal pain with normal results; healthy controls). Although various medical
conditions have been reported to affect plasma ADMA levels, only disorders also listed for
septic patients (e.g. chronic kidney injury) were used to exclude controls.

Data Collection

Clinical data were abstracted from the medical record onto a standardized form, and
included comorbid conditions, source of infection, routine laboratory results, daily
maximum inotrope score (IS) (24), mechanical ventilation, length of stay (LOS), nutritional
source, and vital status. Organ dysfunction was classified using consensus criteria (23) and
monitored for 28 days. Pediatric Index of Mortality (P1M)-2 score (25) and daily Pediatric
Logistic Organ Dysfunction (dPELOD) scores (26) were calculated. To determine the
association of ADMA with recovery from inotrope-dependent shock, septic patients were
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classified as having “rapid recovery” if IS was <5 or “slow recovery” if IS remained > 5 on
day 3 or later.

Study Measurements

For septic patients, blood was collected within 24 hours of admission (day 1), and then daily
for seven days or PICU discharge, whichever came first, for measurement of ADMA, NO
pathway intermediates (arginine and citrulline), ornithine, and carnitine profile. Arginine is
the amino acid substrate for NOS, citrulline is produced in a stoichiometric 1:1 relationship
with NO, and ornithine is the byproduct of arginine metabolism by the enzyme arginase.
Interleukin (IL)-6, IL-8, and C-reactive protein (CRP) were measured as markers of
inflammation. Brain natriuretic peptide (BNP) was measured as a marker of cardiac
dysfunction. If consent could not be obtained within 24 hours of admission, study labs were
measured on discarded blood from the earliest clinical samples drawn on day 1. Due to
limited availability of discarded blood and the requirement that blood draws be timed with
clinical sampling, not all study labs were measured on every day. If renal replacement
therapy was initiated, no further blood was collected since hemodialysis lowers plasma
ADMA concentration (27). For control patients, a single measurement of ADMA, arginine,
citrulline, ornithine, and carnitine profile was performed.

Blood specimens were processed upon collection in the main hospital laboratory. CRP and
BNP were measured in plasma using a Beckman DxC600 and Siemens Centaur analyzer,
respectively. Remaining samples were then stored at —70°C for batched analysis. Plasma
ADMA was measured by tandem mass spectrometry (LC-MS/MS) as previously described
(28), except that ADMA-d; was incorporated as the internal standard, sample supernatant
was dried to completion and reconstituted in mobile phase, and a Phenomenex Luna Silica
column was used. From serum, 1L-6 was measured using an enzyme-linked immunosorbent
assay (R&D Systems, Minneapolis, MN), and IL-8 using an electrochemiluminescent
detection system (Meso-Scale Discovery, Gaithersburg, MD). Whole blood for arginine,
citrulline, orthinine, AC, and FC was collected on filter paper, dried and stored at —70°C,
and measured by LC-MS/MS (29). Acylcarnitine values were combined sum of short,
medium, and long chain AC groups, and the AC: FC ratio was calculated as previously
described (22).

Outcome Measures

The primary outcome was the difference in plasma ADMA concentration between septic
patients and febrile and healthy controls. Sample size calculation based on two studies of
plasma ADMA in critically ill adults (14, 15) determined that 30 septic patients, 30 febrile
controls, and 30 healthy controls were needed to detect a difference in ADMA of 0.3 umol/L
with an alpha of 0.05 and 80% power. Secondary outcomes were differences in NO pathway
intermediates and AC:FC between groups and the association of ADMA, arginine, and
AC:FC with measures of organ dysfunction, inflammation, and clinical outcome. Three
ratios were also analyzed—arginine:ADMA as a marker of arginine availability to NOS
(13), citrulline:arginine as a surrogate for NOS activity (30), and arginine:ornithine as a
measure of arginase activity (31).

Statistical Analysis

Statistical analysis was performed using Statistical Package for the Social Sciences (SPSS
Version 12.1, Chicago, IL) and SAS 9.2 (SAS institute Inc., Cary, NC). Since data were not
normally distributed, we reported medians with interquartile range (IQR) and used
Wilcoxon rank-sum or Kruskal-Wallis tests to compare continuous and chi-square or
Fisher’s exact test for dichotomous variables. Longitudinal changes of repeated
measurements in septic patients were analyzed using linear mixed modeling with a random
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intercept. Associations of ADMA, arginine, arginine:ADMA, and AC:FC with measures of
organ dysfunction, inflammation, and outcome were tested using Spearman’s coefficient (r)
with Bonferroni correction for multiple comparisons. The area under the receiver operating
characteristic (AUROC) curve determined the utility of ADMA to differentiate septic
children from febrile controls and septic patients with rapid versus slow recovery. A post-
hoc analysis of patients with neutropenia (absolute neutrophil count < 500 thous/pL) was
performed after an association of ADMA with white blood cell count (WBC) was observed
using two-way ANOVA. P-values <0.05 were considered significant.

Of the 1789 patients consecutively admitted to the PICU, 85 (4.8%) met criteria for severe
sepsis or septic shock. Thirty-seven of these patients were excluded, with 30 (63%) of the
remaining 48 eligible septic patients consenting to enrollment (Figure 1). Thirty age-
matched febrile and 30 age-matched healthy control patients were also enrolled. Patient
characteristics are shown in Table 1. There was no difference in age, gender, or ethnicity
between groups. Septic patients had higher PIM-2 and PELOD scores and a longer hospital
LOS (all p<0.001).

ADMA, NO pathway intermediates, and arginine:ADMA ratio

The plasma ADMA concentration (median, IQR pmol/L) on day 1 was lower in septic
patients (0.38, 0.30-0.56) compared with febrile (0.45, 0.40-0.59) and healthy (0.60, 0.54—
0.67) controls (p<0.001; Table 2). Arginine and citrulline on day 1 were also significantly
different across the three groups (Table 2). However, arginine and citrulline (median, IQR
umol/L) were only lower in septic patients (arginine: 10, 7-20; citrulline: 8, 4-10) compared
with healthy controls (arginine: 32, 23-40; citrulline: 16, 13-19; both p<0.001); there was
no difference compared with febrile controls (both p>0.05).

There was no difference between groups in the day 1 arginine:ADMA or citrulline:arginine
ratios, though septic patients had a lower arginine:ornithine ratio than febrile and healthy
control patients (p=0.03), suggesting increased arginase activity in septic patients (Table 2).
Day 2 results for septic patients were also compared with control groups and yielded similar
results (Table 2). Plasma ADMA increased over the study period in septic patients
(p<0.0001), but there were no significant changes in arginine, arginine:ADMA, or
arginine:ornithine (Figure 2) or citrulline:arginine (p=0.90) over time.

As an indirect measure of the effects of ADMA on NOS activity, we examined the
relationship with ADMA levels and citrulline:arginine ratio. There was a non-significant
inverse relationship between plasma ADMA and citrulline:arginine ratio for septic patients
on day 1 (r;=—0.32, p=0.31). A similar trend was noted on days 3 through 6 with
significance reached on day 4 (p=0.03), though this became non-significant after correction
for multiple comparisons. For both febrile and healthy controls, no association was observed
between ADMA and citrulline:arginine (both p>0.05).

There was a significant interaction between ADMA and WBC (p=0.01, two-way ANOVA).
In the 13 septic patients who presented with neutropenia, all of whom had known
malignancies, the plasma ADMA concentration (median, IQR pumol/L) on day 1 (0.30, 0.27-
0.36) was lower than in the septic patients without neutropenia (0.51, 0.39-0.63; p<0.001)
and remained lower through day 4. When neutropenic patients were excluded, day 1 ADMA
in the septic patients did not differ from febrile controls (p=0.67) but remained lower than
healthy controls (p=0.04). Although red blood cells may provide an important source for
circulating ADMA (32) and could serve as a reservoir in non-neutropenic patients less likely
to have concurrent anemia, ADMA was not correlated with hemoglobin in either septic
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(r=0.09, p=0.65) or febrile patients (r=—0.28, p=0.14; no data for healthy controls). Further
comparisons between septic patients with and without neutropenia are shown in Table 3.

Other than higher arginine levels in septic patients receiving enteral nutrition on day 2
(enteral: 33, IQR 9-46; parenteral: 10, IQR 8-14; none: 9, IQR 7-21 pmol/L; p=0.04) and
day 3 (p=0.07), there was no effect of nutrition on ADMA, arginine, or arginine:ADMA.

ADMA, arginine, and arginine:ADMA as clinical biomarkers

The AUROC curve for ADMA to differentiate between septic and febrile patients was 0.65
(95% CI1 0.50-0.80). The ADMA cut-point of < 0.50 umol/L yielded a sensitivity of 69%
(95% CI 56, 81%), specificity of 37% (95% CI 24, 47%), positive-predictive value of 49%
(95% CI 40, 57%), and negative-predictive value of 58% (95% CI 40, 75%) to diagnose
sepsis.

In septic patients, day 1 plasma ADMA concentration was inversely associated with day 1
PELOD score (rs=—0.50, p=0.009), IL-6 (r¢=—0.55, p=0.01), and IL-8 (rs=—0.52, p=0.03)
and was directly associated with WBC (rs=0.76, p=0.001). A significant association between
daily ADMA and WBC was also found through study day 4 (data not shown). Day 1 plasma
ADMA was not correlated with age, PIM-2 score, IS, hepatic or renal function, BNP,
lactate, CRP, LOS, or inotrope- or ventilator-free days (Table 4). Neither arginine nor
arginine:ADMA on day 1 were associated with measures of organ dysfunction,
inflammation, or clinical outcomes (Table 4). After correction for multiple comparisons in
Table 4, only the association between ADMA and WBC remained significant at the p<0.003
level. The rise in ADMA observed in septic patients over study period was not associated
with changes in dPELOD, CRP, IL-6, IL-8, IS, LOS, or inotrope- or ventilator-free days (all
p>0.05). There were no differences between the 11 (37%) septic patients with a rapid versus
those with a slow recovery from hemodynamic support with vasoactive infusions for day 1
ADMA (median 0.33, IQR 0.29-0.45 vs 0.41, 0.35-0.59 pymol/L; p=0.24), day 2 ADMA
(0.44, 0.33-0.56 vs 0.43, 0.36-0.56 pmol/L; p=0.93), or change in ADMA over time
(p>0.05). Similarly, there were no differences between septic patients with rapid versus slow
recovery for day 1 or day 2 arginine, arginine:ADMA, or arginine:ornithine (all p>0.05).
However, there was a trend towards a decrease in both the arginine concentration and
arginine:ADMA ratio in septic patients with ongoing need for vasoactive infusions on day 3
and a corresponding increase in the citrulline:arginine ratio (Figure 3). For prediction of
rapid recovery, the AUROC curve for ADMA on day 1 was 0.68 (95% CI 0.45, 0.90).

ADMA and carnitine metabolism

There were no differences in the AC:FC ratio, as a measure of mitochondrial dysfunction,
on day 1 between septic patients and febrile and healthy controls (Table 2). Septic patients
in the highest ADMA quartile did have a higher median AC:FC ratio on all study days
compared to those in the lowest ADMA quartile, including day 1 (1.35, IQR 0.72-3.12 vs
0.44, 1QR 0.41-2.16, p=0.57) and day 2 (1.80, IQR 0.82-2.7 vs 0.67, IQR 0.56-0.82,
p=0.15); however, these differences did not reach significance. There was also no significant
association of AC:FC with arginine:ADMA on any study day after correction for multiple
comparisons. A trend towards an inverse association between AC:FC and citrulline:arginine
was seen on day 1 (rs=—0.53, p=0.08) and on all subsequent study days, with significance
reached on study days 3 (rs=—0.50, p=0.01) and 5 (r¢=—0.71, p<0.001). There was no
association between the daily AC:FC ratio or changes in this ratio and dPELOD score
(p>0.05 on all study days).
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DISCUSSION

The principal findings of this study is that plasma ADMA, a key regulatory mechanism of
NO homeostasis, is decreased and the arginine:ADMA ratio is unchanged in pediatric severe
sepsis and septic shock. These findings contrast with studies of septic shock in adults, in
which plasma ADMA was increased and arginine:ADMA was decreased (13-15). Similar to
prior investigations, we found evidence for decreased arginine bioavailability, including
lower blood arginine levels and lower arginine:ornithine ratios (suggesting increased
arginase activity) in septic children. Low initial plasma ADMA levels were associated with
increased organ dysfunction and inflammation, although not with adverse outcomes. There
was no association between changes in ADMA over time and organ dysfunction, or between
ADMA and AC:FC as a measure of mitochondrial dysfunction.

Accumulation of ADMA inhibits NO-mediated vasodilatation, promotes platelet and
leukocyte interactions with endothelial cells, and increases reactive oxygen species through
uncoupling of the NOS dimer (17, 33). Increased ADMA has been proposed as an important
mechanism of endothelial and vascular dysfunction in several disease states (28, 34-36). In
critically ill adults, escalating plasma ADMA has been associated with increased mortality
(14, 15). We hypothesized that a similar increase in plasma ADMA would occur in children
with sepsis as a potential mechanism leading to organ dysfunction and adverse outcomes. In
contrast, we found plasma ADMA to be decreased in pediatric sepsis with concurrent
neutropenia and unchanged without neutropenia. In addition, despite previous studies
showing ADMA to be decreased in moderate illness but increased with higher severity (13,
37), we observed a stepwise decline from healthy to febrile to septic patients indicating a
“dose-response” decrease in ADMA with increasing illness severity. These findings suggest
that inhibition of NO signaling through ADMA accumulation may be less likely to play a
major role in the pathophysiology of sepsis in younger patients than has been postulated for
adults (33).

Several important developmental differences could account for lower plasma ADMA levels
in septic children compared with older patients, including decreased protein catabolism (less
ADMA synthesis), reduced incidence of renal or hepatic dysfunction (enhanced ADMA
clearance), and a lower rate of microangiopathic hemolysis (less red blood cell-related
ADMA release). The presence of hepatic failure in particular has been suggested as a
primary determinant of increased ADMA in septic adults (14, 33). Alternatively, the lower
prevalence of pre-existing vascular pathology, such as hypertension and atherosclerosis, in
younger patients may predispose to less ADMA accumulation (38). For example, plasma
ADMA was unchanged after lipopolysaccharide (LPS) administration to “healthy young
men” without preexisting cardiovascular disease (39). It is also possible that children with
sepsis are better able to maintain ADMA homeostasis through a preserved feedback loop,
whereby a decrease in NO leads to increased DDAH activity, faster metabolism of ADMA,
and a subsequent increase in NOS activity (40). Thus, low plasma ADMA may reflect,
rather than cause, decreased NO production in younger individuals.

Several physiological mechanisms may underlay the decrease in plasma ADMA observed in
our septic patients. The acute inflammatory response characteristic of the early phase of
sepsis may enhance DDAH activity and, thus, suppress ADMA levels. Although LPS and
tumor necrosis factor-a appear to inhibit DDAH in vitro (40, 41), their effect /in vivo
remains unclear. While endotoxin decreased DDAH activity in a mouse model of acute lung
injury (19), several clinical studies have shown plasma ADMA levels to be unchanged in the
setting of acute inflammation (42), sepsis without shock (13), and moderate malaria (37), as
well as reduced or unchanged following experimental administration of LPS (39, 43). In
addition, our study is consistent with others demonstrating an inverse association of ADMA
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with inflammatory markers (e.g. IL-6) and a rise in ADMA once the infectious/
inflammatory process subsides (42, 44). Other potential explanations for the low ADMA
concentrations include increased cellular uptake by the y+ transporter in sepsis (45), altered
activity of the methyltransferase enzymes that produce ADMA, and decreased substrate
availability (i.e. diminished arginine).

Impairment of arginine homeostasis can also impact NO signaling (46), and the low blood
arginine and citrulline in this study is consistent with previous reports in sepsis (8-10).
Decreased arginine stems primarily from diminished de novo synthesis from citrulline,
increased consumption from up-regulation of inducible NOS and arginase (8, 9, 47), and
enhanced uptake via the y+ transporter (45). Although we did not find a difference in the
citrulline:arginine ratio to support increased NOS activity, we did find indirect evidence of
increased arginase activity (decreased arginine:ornithine ratio). Furthermore, the net effect
of altered arginine bioavailability on NOS synthesis may be better determined by the
arginine:ADMA ratio (13). There was a trend toward a lower ratio in septic patients
compared to healthy controls, and in those with slow versus rapid recovery, but these
differences were not significant.

In vitro studies have shown that ADMA-induced uncoupling of the NOS dimer leads to a
decrease in NO production with a concurrent increase in reactive oxygen species and protein
nitration that contribute to mitochondrial dysfunction (17, 19, 20), an important mechanism
for sepsis-related organ dysfunction. This process may be accelerated in the presence of
arginine deficiency (17). An increase in blood AC:FC as a surrogate for increased intra-
mitochondrial acyl-CoA:CoA and mitochondrial dysfunction has been shown in pre-clinical
(22) and clinical studies (29). Alterations in carnitine metabolism have also been linked to
impaired NO signaling (21). This potential linkage between ADMA-induced NOS
uncoupling leading to increased superoxide, altered carnitine metabolism, and deceased
mitochondrial function has not previously been studied in pediatric sepsis. Although we did
not find a difference in carnitine metabolism between study groups, or an association of
AC:FC with ADMA, there was a suggestion that increased AC:FC may be associated with
decreased NOS activity on all study days. This may reflect a connection between NOS
uncoupling and mitochondrial dysfunction and merits further study.

Ideally, measurement of plasma ADMA or arginine:ADMA ratio would serve as a clinically
relevant biomarker for impaired endothelial, microvascular, and mitochondrial function and
identify those septic patients at highest risk for multi-organ failure and poor outcomes.
While day 1 ADMA was inversely associated with organ dysfunction and the inflammatory
cytokines, IL-6 and IL-8, we did not find evidence to support measurement of initial
ADMA, arginine, or AC:FC to predict adverse clinical outcomes. Despite its potential for
regulating NO-mediated hemodynamic changes, neither the initial nor changes in ADMA
were able to predict the degree of hemodynamic support or recovery from inotrope-
dependent shock. However, we did observe a slight decrease in arginine: ADMA in septic
patients with “slow recovery” from vasoactive infusion therapy suggesting that following
changes in ADMA relative to arginine may have clinical utility in pediatric sepsis.

The strongest association we found between ADMA and the inflammatory response was
with WBC, an unexpected finding. This led to a post-hoc analysis in which we found
neutropenic patients with sepsis to have lower ADMA levels than non-neutropenic patients.
In conjunction with previous studies (48), these findings suggest differential regulation of
the NO pathway in neutropenia. Alternatively, the higher IL-6 and IL-8 concentrations
observed in neutropenic patients may have led to greater suppression of ADMA if increased
inflammation does enhance DDAH activity. Although there were no differences in PIM-2
score, IS, CRP, or inotrope- or ventilator-free days, the low levels of 1L-6 and IL-8 may also
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indicate a selectively reduced severity of illness in our non-neutropenic patients. Thus, these
findings require further exploration in a larger, planned analysis.

There are several limitations to this study. Given the small sample size and lack of
standardized treatment, differences in outcomes and the impact of nutrition could have been
underestimated, and we cannot exclude the possibility that a subset of septic children may
have increased ADMA. We also used the citrulline:arginine and arginine:ornithine ratios as
surrogates for NOS and arginase activity, respectively. While a precedent exists (30, 31),
these amino acids are not specific for a particular enzymatic reaction. Therefore, the absence
of a strong inverse relationship between ADMA and citrulline:arginine in this study does not
necessarily preclude an effect of altered ADMA on NO synthesis. Future studies
incorporating measures of NO bioactivity are necessary to fully establish the effect of
altered arginine and ADMA on NOS activity in pediatric sepsis. Finally, while the observed
decrease in ADMA between groups was small, Cardounel et al. (49) has shown that changes
in plasma ADMA of ~0.5 pmol/L have large effects on intracellular NOS inhibition,
supporting the physiological importance of even slight changes in circulating ADMA.

CONCLUSIONS

We found that plasma ADMA, in contrast to adult studies, was decreased in pediatric severe
sepsis and septic shock (primarily with neutropenia), and that the arginine:ADMA ratio was
unchanged. This suggests that, despite diminished arginine bioavailability, ADMA
accumulation and inhibition of NOS may be less likely to play a prominent role in the
pathophysiology of pediatric sepsis and sepsis-related organ and mitochondrial dysfunction.
While we did not find ADMA, arginine, or AC:FC ratio to be clinically useful biomarkers,
this study helps to define the natural history of ADMA and arginine metabolism in pediatric
sepsis and highlights a potentially important developmental difference between pediatrics
and adults.
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1789 PICU admissions screened
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l

85 patients with
severe sepsis or septic shock

1704 patients excluded

l

48 septic patients eligible

14 not approached
4 refused consent

37 patients not eligible:

* 7 receiving iNO or sildenafil

* 3 receiving arginine or carnitine

* 5 metabolic or mitochondrial disorder

+ 9 chronic renal or hepatic dysfunction

* 1 cyanotic heart disease

* 1 major surgery within 72 hrs

* 5 presented in cardiac arrest

* 5 previously enrolled

* 1 septic for >24 hours prior to admission

30 septic patients with informed
consent and enrolled

Figure 1.
Patient screening and study enrollment

30 age-matched febrile controls
30 age-matched healthy controls
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Longitudinal analysis in septic patients Data are presented in box-plot analysis with central
line indicating the median and grey box indicating the interquartile range. Longitudinal
changes over time for septic patients were significant for asymmetric dimethylarginine (A,
p<0.0001), but not for arginine (B, p=0.48), arginine:ADMA ratio (C, p=96), or

arginine:ornithine ratio (D, p=0.82).
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Arginine concentrations and related ratios in septic patients with rapid versus slow recovery
from hemodynamic support A progressive decline in arginine concentration (A) and the
arginine:ADMA ratio (B) and an increase in the citrulline:arginine ratio (C) were observed
for septic patients with an ionotrope score (IS) > 5 on day 3 (“slow recovery”) compared
with septic patients with IS <5 on day 3 (“rapid recovery”); however the differences on day
3 did not reach significance for arginine (p=0.17), arginine:ADMA (p=0.28), or
citrulline:arginine (p=0.07).
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Table 1
Patient characteristics?
Characteristic Septic FebrileControls Healthy Controls
n=30 n=30 n=230
Age (years) 7.2(24-154) 9.2 (1.8-15.7) 8.2 (3.5-14.6)
Gender, % male 50 40 70
Ethnicity, n (%)
White, non-hispanic 9 (30) 8 (27) 17 (57)
Black 6 (20) 6 (20) 4(13)
Hispanic 14 (47) 13 (43) 5(17)
Asian 0 1(3) 3(10)
Middle Eastern 0 1(3) 0
Indian 1(3) 0 0
Other/Unknown 0 1(3) 1(3)
Comorbid Conditions, n (%)
None 4 (14) 15 (50) 3(10)
Asthma 1(3) 0 1(3)
Cerebral palsy 3(10) 0 0
Malignancy 16 (53) 3(10) 0
Bone marrow transplant 5(17) 0 0
Neutropenia 13 (43) 2(6) 0
Hematologic (benign) 1(3) 3(10) 0
Gastrointestinal 0 0 19 (64)0
Liver transplant 2(6) 0 1(3)
Obstructive sleep apnea 0 0 4(13)
Other 3(10) 9 (30) 2(7)
Type of Infection, n (%)
Viral 8 (27)¢ 12 (40) na
Bacterial 16 (53)64 11 (37)¢ na
Fungal 1(3) 2(6) na
Unknown 7(23)¢ 5(17) na
PIM-2 6.8 (1.5-9.6) 1.0 (0.5-1.6) 0.8 (0.8-0.9)
PELOD, day 1 20 (11-21) 0 (0-0) 0 (0-0)
Hospital LOS (days) 11 (8-18) 1(1-4) 1(1-1)
Hospital mortality, n (%) 2(7) 0 0

na = not applicable; PIM-2, Pediatric Index of Mortality-2 score; PELOD, Pediatric Logistic Organ Dysfunction score; LOS, length of stay
aMedian values (interquartile range), unless indicated
bAII patients underwent endoscopy for chronic abdominal pain with normal findings

2 patients diagnosed with concurrent viral and bacterial infections (influenza A and staphylococcus aureus, respiratory syncytial virus and
streptococcus pneumoniae)

dl4/16 septic patients and 6/11 febrile controls had = 1 positive culture for a bacterial pathogen
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e . . . . .
Includes patients with “culture-negative” severe sepsis and septic shock
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Study measurements (day 1) in septic patients with and without neutropenia?

Table 3

L aboratory? Septic with Neutropenia  Septic without Neutropenia pP
n=13 n=17
ADMA (umol/L) 0.30 (0.27-0.36) 0.51 (0.39-0.63) <0.001
Arginine (umol/L) 13 (6-20) 8 (7-34) 0.76
Citrulline (umol/L) 6 (5-10) 10 (4-13) 0.88
Ornithine (umol/L) 30 (20-61) 22 (11-64) 0.76
Arg:ADMA 41.9 (17.3-67.5) 19.7 (14.3-53.9) 0.53
Citr:Arg 0.54 (0.50-1.22) 0.51 (0.40-0.86) 0.34
Arg:0rn 0.33 (0.17-0.48) 0.48 (0.39-0.88) 0.20
AC:FC 0.44 (0.38-1.78) 1.35 (0.96-2.58) 0.40
IL-6 (pg/mL) 618 (257-5547) 13 (0-134) 0.001
IL-8 (pg/mL) 1115 (33-6419) 9 (7-61) 0.006

Page 19

ADMA, asymmetric dimethylarginine; Arg:ADMA, arginine:asymmetric dimethylarginine ratio; Citr:Arg, citrulline:arginine ratio; Arg:Orn,
arginine:ornithine ratio; AC:FC, acylcarnitine:free carnitine ratio; IL, interleukin; AC:FC, acylcarnitine:free carnitine ratio

a. . . - - . .
Median values (interquartile range), unless indicated; neutropenia = absolute neutrophil count < 500 thous/pL)

b . . .
Comparisons made using Fisher’s exact test

1duasnuey Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Pediatr Crit Care Med. Author manuscript; available in PMC 2013 July 01.



Page 20

Weiss et al.

‘17 ‘a103s uonaunysA@ uebiQ ansiBo dureIpad ‘013d ‘9103s Z-All[eLIOIA JO Xapu| duIeIpad ‘Z-Id ‘o1rel auluibrejAyiawip siswwAse:auluibie ‘YINQV:by auluibrejAyiswip sulswwAse ‘YINAY

£00°0>d 1 Bunse) sjdn|nw Joj UO1281100 panaIng

(82) (0T x uissaidosen) + (0T x suounjiw) + (00T x auuydauids/-lou) + suiweingop + auiwredop = 8103s adoJjou|

q

san|en T Aep 0] Jajal Amc UOITBUILLIBAP JO JUBIDII300 pue (S1) JUSID14J309 UOITR|1I0D Yuel m.:mEngmw

‘Ae1s Jo y1bus] ‘SO ‘ula104d 9AI9BAI-D ‘d¥D IUN0J |39 POO|q aNYM ‘DG ‘apndad d11ainiileu ulelq ‘dNg ‘eselajsurijoulwe auluefe

750 T20- €0 820~ ST0 620~
8v0 220~ Y0 SZO0- IS0  ZT0-
650 8T0 6.0 600 620 920
980 900 950 6T0 880 220
S0 920 20 220 €00  250-
T€0 2€0 0S0 220 100  SS0-
0T 100 290 9T0 150  STO-
SZ0 9g0- SL0 0To- 91000> g
180 100- 8.0 20  ¥I0 680
€20 2v0- 080 600- 6.0 100
980 900 250 TZ0 920 €20
950 120 20 €50  ¥20  920-
080 600 6£0 080 920 SO
760 €00- 180 800- 090  TTO-
IE€0 620 L0 TTO0- 6000 0S0-
780 800 60 200 €0 200~
d S1 d Sl d S1
VvNav:biy auub Iy vINaV

sAep 9a14-101R[UBA
sAep 9a.4-ado.iou|
SO [endsoH
SO1 N2l
SWI0dINQO IO
8-upinapioI|
9-upinajieI|

dddo

odM
uorewiwe juy
a1e10e]

dNg

auluneal)
ulgniijiq [ejoL
17V

g®10%s adoanou|

aoad
¢-INId
UorpunsAQ Uebio

2S1Uaited 211das Ul SWO2INO [BIIUID pue ‘UoITeLIWRJUI ‘UOIIoUNYSAP UeBIO YlIMm SJuawainseaw Apnis JO UOIRIJ0SSY

NIH-PA Author Manuscript

v alqel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Pediatr Crit Care Med. Author manuscript; available in PMC 2013 July 01.



