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Tryptophan is an essential amino acid and is the precursor of many important
metabolites and neurotransmitters. In malnutrition, the availability of tryptophan
is reduced, potentially putting patients at increased risks. Herein, we investigated
the prognostic implications of the tryptophan metabolism in a secondary
analysis of the Effect of Early Nutritional Support on Frailty, Functional
Outcomes, and Recovery of Malnourished Medical Inpatients Trial (EFFORT),
a randomized, controlled trial comparing individualized nutritional support to
usual care in patients at risk for malnutrition. Among 238 patients with available
measurements, low plasma levels of metabolites were independently associated
with 30-day mortality with adjusted hazard ratios (HR) of 1.77 [95% CI 1.05-2.99,
p 0.034] for tryptophan, 3.49 [95% CI 1.81-6.74, p <0.001] for kynurenine and
2.51 [95% Cl 1.37-4.63, p 0.003] for serotonin. Nutritional support had more
beneficial effects on mortality in patients with high tryptophan compared to
patients with low tryptophan levels (adjusted HR 0.61 [95% CI 0.29-1.29] vs.
HR 1.72 [95% CI 0.79-3.70], p for interaction 0.047). These results suggest that
sufficient circulating levels of tryptophan might be a metabolic prerequisite for
the beneficial effect of nutritional interventions in this highly vulnerable patient
population.
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1 Introduction

Malnutrition is frequent in medical inpatients with a prevalence
of more than 30% and is strongly associated with an increased risk for
mortality, morbidity, functional decline, and impairments in quality
of life (1-3). The Effect of Early Nutritional Support on Frailty,
Functional Outcomes, and Recovery of Malnourished Medical
Inpatients Trial (EFFORT) and other trials demonstrated that early
individualized nutritional support improves clinical outcomes in
patients at risk for malnutrition (4-6). Still, recent data suggest that
individual response to nutrition treatment may vary and that not all
patients show clinical benefit when nutritional support is initiated. In
fact, several novel analyses have found disease-related conditions and
blood biomarkers that identified patients with a strong benefit from
nutritional support (7-9). For example, patients with high levels of
inflammation have shown to benefit less from nutritional support
compared to patients with moderate or low inflammation levels (8).
These findings are consistent with previous trials conducted in
critically ill patients (10, 11). To further personalize and improve the
efficiency of nutritional support, metabolites from different metabolic
pathways, including amino acids, may also serve as biomarkers to
predict treatment response.

Herein, tryptophan, an essential amino acid whose dietary
intake is necessary for protein synthesis, and its metabolites are
potential nutritional biomarkers. Tryptophan is the precursor of
neurotransmitters, such as serotonin and melatonin, and other
physiologically important metabolites involved in redox reactions or
the citrate cycle (12). Deficient protein intake results in low
tryptophan plasma levels and thus low tryptophan availability (13,
14). Furthermore, tryptophan level is known to decrease with age
(15). About 95% of tryptophan is metabolized to kynurenine by the
rate-limiting enzymes tryptophan-2,3-dioxygenase (TDO) and
indoleamine-2,3-dioxygenase (IDO) (16, 17). IDO is localized in
extrahepatic tissue and is induced, e.g., by interferon-gamma.
Initially, this was thought to be a defense mechanism for reducing
the availability of tryptophan to intracellular parasites, cancer cells,
or pathogens (18, 19). However, recent studies have demonstrated
that IDO activity inhibits T cell proliferation and like this modulates
inflammatory response (20). Tumor cells take advantage of this
mechanism by expressing IDO and thus suppress antitumor
immunity (21). Activation of the tryptophan/kynurenine pathway
with high IDO activity has been observed in several clinical
conditions, such as infection, inflammation, and malignant disease
and may contribute to disease severity and adverse clinical outcomes
(22-24). Less than 5% of tryptophan is metabolized to serotonin and
other neurotransmitters. Tryptophan hydroxylase (TPH) catalyzes
the oxygenation of tryptophan to 5-hydroxytryptophan (5-HTP)
which, in a second step, is decarboxylated to serotonin. In addition
to central effects as a neurotransmitter, serotonin leads to
vasoconstriction and endothelial hyperpermeability in the periphery
(25). Accordingly, activation of the serotonin pathway was found in
several diseases including chronic obstructive pulmonary disease
(COPD), coronary artery disease and sepsis and each time associated
with severity and outcomes (22, 26, 27). Yet, today, little is known
about the role of tryptophan and its metabolites in malnutrition.
Herein, we investigated the association of tryptophan metabolites
with clinical outcomes and the response to nutritional therapy
among patients at risk for malnutrition.
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2 Methods
2.1 Study design

This is a secondary analysis of EFFORT, a multicenter, pragmatic,
randomized, controlled clinical trial comparing individualized
nutritional support to usual care in patients at risk for malnutrition
(6). The study was conducted in eight Swiss hospitals between April
2014 and February 2018. The Ethics Committee of Northwest and
Central Switzerland (EKNZ) approved the study protocol in January
2014 (registration ID 2014_001). The trial was registered at
ClinicalTrial.gov (NCT02517476) in August 2015.

2.2 Patient population

The EFFORT trial enrolled 2,088 patients. Inclusion criteria
were: age > 18 years, Nutritional Risk Screening [NRS 2002; (28)]
total score of >3 points and an expected hospital stay of more than
4 days. The NRS 2002 includes assessment of the patient’s nutritional
status (based on weight loss, body mass index, and food intake),
disease severity, and age. All patients or their authorized
representatives provided written informed consent. Patients initially
admitted to intensive care or surgical units were excluded. Other
exclusion criteria were inability of oral food intake, nutritional
support on admission, anorexia nervosa, acute pancreatitis, acute
liver failure, cystic fibrosis, terminal condition, stem-cell
transplantation, and after gastric bypass surgery.

In this secondary analysis, we included patients from the Medical
University Clinic at the Cantonal Hospital Aarau with available
measurements of tryptophan, serotonin, and kynurenine.

2.3 Study intervention

Patients were randomly assigned (1:1) to receive either
individualized nutritional support (intervention group) or usual
hospital food (control group). In the intervention group, nutritional
support was initiated as soon as possible after randomization but
within 48 h after hospital admission. Individualized nutritional goals
were defined for each patient upon hospital admission by a trained
registered dietitian based on a previous consensus protocol following
international guidelines, detailed elsewhere (29, 30). The intervention
started with oral nutritional support. However, if less than 75% of
caloric and protein targets were reached within 5days; nutritional
support was escalated to enteral or parenteral feeding. Every 24-48h,
the nutritional intake was re-assessed. Patients in the control group
received standard hospital food without nutritional consultation or
recommendation for additional nutritional support.

2.4 Analysis of blood biomarkers

Blood samples were systematically collected upon study inclusion
for later measurement of biomarkers by drawing a venous blood
sample into BD Vacutainer Serum Separator Tubes. Samples were
immediately processed, i.e., sent to the laboratory and centrifugated,
frozen in aliquots, and stored under temperature control at —80°C
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until further analysis. Admission plasma metabolites were analyzed
from February to April 2019 by liquid chromatography coupled to
tandem mass spectrometry (LC-MS/MS). An Ultimate 3000 HPLC
(Thermo Fisher, San Jose, United States) system coupled to a Sciex
5500 quadrupole linear ion trap mass spectrometer (Sciex, Darmstadt,
Germany) and the AbsoluteIDQ® p180 kit (BIOCRATES Life Sciences
AG, Innsbruck, Austria) were used (31-33). An inter-laboratory
assessment of the commercially available kit for targeted metabolomics
showed reliability of the metabolomics assay (34). Measurement
variation was monitored via three different quality control levels as
provided by the kit manufacturer (Biocrates, Innsbruck, Austria)
which were analyzed in the same way as the samples. Variation was
within of the manufacturer’s specifications and no relevant batch
effects were observed with the final measurements. One questionable
plate was rerun after a technical issue with the chromatographic
instrument had been identified.

The ratio of kynurenine to tryptophan was used as a sensitive
indicator of IDO activity (22, 35). The same principle was applied to
calculate activity of TPH (ratio of serotonin to tryptophan).

2.5 Endpoints

The primary outcome was 30-day all-cause mortality. Secondary
endpoints were all-cause mortality within 180days and adverse
clinical outcomes within 30days including all-cause mortality,
admission to the intensive care unit, hospital readmission after
discharge, major complications (including nosocomial infection,
respiratory failure, major cardiovascular event, acute renal failure, or
gastro-intestinal failure), and a decline in functional status of >10%
measured by the Barthel index. The scores of Barthel index range from
0 to 100 points. Higher scores indicate better performance of daily
activities. Follow-up interviews at day 30 and 180 were conducted
with blinding to group assignment. Mortality during follow-up was
verified by relatives or the patient’s family doctor.

2.6 Statistical analysis

All statistical analyses were performed using Stata 17. A p value of
<0.05 was considered to indicate statistical significance. Due to the
limited sample size, we did not adjust for multiple testing. Optimal cut
off values for each metabolite were calculated using ROC analysis
according to the Liu method (36) for 30-day mortality because no
reference values in this patient population was available.

Continuous variables were expressed as mean values with the
corresponding standard deviation (SD) and categorical variables
as percentages or numbers. We compared frequencies using
Pearson’s chi-squared test and continuous variables using a
two-sample t-test. We used logistic regression models for binary
outcomes reporting odds ratios (OR) and linear regression models
for continuous outcomes reporting coefficients (Coef) with the
corresponding 95% confidence interval (CI). For time-to-event
data we used cox regression models reporting hazard ratios (HR).
We adjusted for comorbidities, age, sex, randomization group, and
NRS 2002 total score. Age adjusted Charlson Comorbidity Index
(CCI) (37) was used to quantify comorbidities and age for each
patient. Kaplan Meier curves were used to graphically represent the
survival rate.
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3 Results
3.1 Patient characteristics

From the initial cohort including 2,088 patients, metabolite
measurements were performed in samples of 238 patients from one
study center participating in this sub-study. Of these 238 patients, 116
were assigned to the intervention group and 122 to the control group
(Figure 1).

In total, we had 238 tryptophan, 236 kynurenine, and 213 serotonin
measurements in our cohort. Calculated cut off values based on the
ROC curve analysis were 36.2 pmol/L for tryptophan, 3.4 pmol/L for
kynurenine, 0.25pmol/L for serotonin, 66.6 for IDO, and 4.3 for
TPH. The mean value of tryptophan was 41.1 pmol/L (SD 16.5) and 93
patients (39.1%) had tryptophan levels below the calculated cut off value
(36.2pmol/L). The mean patient age was 73 years and 57.6% of patients
were male. Per inclusion criteria, all patients were at risk for malnutrition
with NRS 2002 total scores of 3 (N=62, 26.1%), 4 (N=80, 33.6%), or
above 5 (N=96, 40.3%). Most patients were polymorbid and the most
common diagnoses at admission were cancer (N=75, 31.5%), infection
(N=65,27.3%), and cardiovascular disease (N=24, 10.1%). The 30-day
(N=58). Additional baseline
characteristics of the overall population and stratified according to

all-cause mortality was 24.4%

tryptophan levels are shown in Table 1.

3.2 Association of nutritional parameters
and inflammation with tryptophan
metabolites

In a first step, we investigated the association of nutritional
parameters and inflammation with tryptophan metabolites
(Supplementary Table 1). Higher body mass index was positively
associated with tryptophan levels in a linear regression model (Coef
3.52 [95% CI 1.16-5.88, p 0.004]). Furthermore, disease severity was
associated with low tryptophan plasma levels (<36.2 pmol/L) in a
logistic regression model (OR 2.12 [95% CI 1.26-3.56, p 0.005]). No
correlation was found with inflammation (assessed by CRP) or
nutritional risk based on the NRS 2002 total score.

3.3 Association of tryptophan metabolites
with mortality and clinical outcomes

Next, to understand prognostic implications, we investigated the
association of tryptophan and its metabolites with clinical outcomes
(Table 2). Low plasma levels of all metabolites were associated with an
increased risk of 30-day mortality in a multivariate cox regression
model with adjusted HRs of 1.77 [95% CI 1.05-2.99, p 0.034] for
tryptophan, 3.49 [95% CI 1.81-6.74, p <0.001] for kynurenine, and
2.51 [95% CI 1.37-4.63, p 0.003] for serotonin (Figure 2). Likewise,
low values of the calculated enzymes TPH and IDO were associated
with 30-day mortality in a univariate model with HRs of 2.41 [95% CI
1.39-4.17, p 0.002] for TPH and 1.73 [95% CI 1.03-2.90, p 0.038] for
IDO. These results remained consistent in an adjusted model for TPH,
but not for IDO.

Regarding the long-term outcome, low plasma levels of
tryptophan, kynurenine, and serotonin were associated with increased
mortality after 180 days with adjusted HRs of 1.74 [95% CI 1.16-2.61,
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FIGURE 1
Study flow chart.

p 0.007] for tryptophan, 1.77 [95% CI 1.17-2.69, p 0.007] for
kynurenine, and 1.63 [95% CI 1.06-2.51, p 0.026] for serotonin.
Regarding the combined endpoint of adverse events, we found
significant association with low values of kynurenine (adjusted OR
3.15[95% CI 1.72-5.77, p<0.001]) but not with other metabolites.

3.4 Association of tryptophan metabolites
with response to nutritional support

To understand whether the treatment response to nutritional
support would differ according to admission tryptophan levels,

Frontiers in Nutrition 04

we compared clinical outcomes based on the initial randomization
(intervention vs. control) in patients stratified by high or low levels of
tryptophan and its metabolites. The nutritional support intervention
showed a trend toward a beneficial effect and lower risk of 30-day
mortality in patients with high tryptophan levels (adjusted HR 0.61
[95% CI 0.29-1.29, p 0.195]), but not in patients with low tryptophan
levels (adjusted HR 1.72 [95% CI 0.79-3.70, p 0.169]) (Figure 3). This
difference in effect was significant in interaction analysis (p for
interaction 0.047). Similar analyses with the other metabolites and
enzymes under investigation (kynurenine, serotonin, IDO, and TPH)
did not show similar results regarding the effectiveness of the response
to nutritional therapy (Figure 4).
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TABLE 1 Baseline characteristics.

10.3389/fnut.2024.1335242

Overall High tryptophan levels Low tryptophan levels
(>36.2 umol/L) (<36.2 pmol/L)
Sociodemographic
Patient number, n (%) 238 145 (60.9%) 93 (39.1%)
Male sex, n (%) 137 (57.6%) 87 (60.0%) 50 (53.8%) 0.34
Age, mean (SD) 73.4 (13.5) 73.8 (13.1) 72.7 (14.3) 0.57
Nutritional assessment, mean (SD)
Body mass index (kg/m?) 24.3 (5.0) 24.6 (5.1) 23.7 (4.7) 0.18
Mean body weight (kg) 68.7 (14.9) 70.2 (15.3) 66.3 (14.0) 0.05
Height (cm) 168.1 (8.6) 168.9 (8.6) 166.9 (8.5) 0.078
NRS 2002 total score, 1 (%) 0.78
3 points 62 (26.1%) 40 (27.6%) 22 (23.7%)
4 points 80 (33.6%) 47 (32.4%) 33 (35.5%)
>5 points 96 (40.3%) 58 (40.0%) 38 (40.9%)
Musclefunction, mean (SD)
Handgrip strength (kg) 23.7 (11.6) 24.3 (11.5) 22.9 (11.6) 0.47
Admission diagnosis, n (%)
Infection 65 (27.3%) 33 (22.8%) 32 (34.4%) 0.049
Cancer 75 (31.5%) 39 (26.9%) 36 (38.7%) 0.056
Cardiovascular disease 24 (10.1%) 18 (12.4%) 6 (6.5%) 0.14
Frailty 13 (5.5%) 8 (5.5%) 5(5.4%) 0.96
Lung disease 11 (4.6%) 11 (7.6%) 0 (0.0%) 0.007
Gastrointestinal disease 13 (5.5%) 10 (6.9%) 3(3.2%) 0.22
Neurological disease 4 (1.7%) 3(2.1%) 1(1.1%) 0.56
Renal disease 15 (6.3%) 11 (7.6%) 4 (4.3%) 0.31
Metabolic disease 6 (2.5%) 4 (2.8%) 2(2.2%) 0.77
Other 3(1.3%) 2 (1.4%) 1(1.1%) 0.84
Comorbidity, n (%)
Hypertension 139 (58.4%) 92 (63.4%) 47 (50.5%) 0.049
Malignant disease 113 (47.5%) 65 (44.8%) 48 (51.6%) 0.31
Chronic kidney disease 81 (34.0%) 49 (33.8%) 32 (34.4%) 0.92
Coronary heart disease 54 (22.7%) 35 (24.1%) 19 (20.4%) 0.51
Diabetes 43 (18.1%) 28 (19.3%) 15 (16.1%) 0.53
Congestive heart failure 45 (18.9%) 31(21.4%) 14 (15.1%) 0.22
COPD 28 (11.8%) 19 (13.1%) 9(9.7%) 0.42
Peripheral arterial disease 26 (10.9%) 16 (11.0%) 10 (10.8%) 0.95
Stroke 27 (11.3%) 16 (11.0%) 11 (11.8%) 0.85
Dementia 11 (4.6%) 8 (5.5%) 3(3.2%) 0.41

Groups based on high or low tryptophan plasma levels. We compared frequencies using Person’s chi-squared test and continuous variables using a two-sample t-test.
COPD, Chronic obstructive pulmonary disease; NRS 2002, Nutritional Risk Screening 2002. The values in bold indicate that they are statistically significant (p value of <0.05).

4 Discussion

In this secondary analysis of a one-center subset from a large,
multicenter, randomized, controlled clinical trial, we investigated the
prognostic implications of tryptophan pathway metabolites regarding
clinical outcomes and response to nutritional support among patients
at nutritional risk. This study has several key findings. First, the
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availability of tryptophan was in general reduced in our malnourished
patient cohort. Second, low levels of tryptophan were associated with
disease severity, but not with nutritional intake or nutritional risk
based on the NRS 2002 total score. Third, low levels of tryptophan,
kynurenine, and serotonin were also associated with an increased risk
in 30-day and 180-day mortality, respectively. This suggest that these
metabolites provide prognostic information in patients at nutritional

frontiersin.org


https://doi.org/10.3389/fnut.2024.1335242
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Ritz etal.

10.3389/fnut.2024.1335242

TABLE 2 Prognostic value of tryptophan metabolites to predict clinical outcomes.

All-cause mortality Low plasma levels High plasma levels HR* (95% ClI) p value
30-day all-cause mortality
Tryptophan 28/93 (30.1%) 30/145 (20.7%) 1.77 (1.05-2.99) 0.034
Kynurenine 47/139 (33.8%) 11/97 (11.3%) 3.49 (1.81-6.74) <0.001
Serotonin 41/119 (34.5%) 14/94 (14.9%) 2.51 (1.37-4.63) 0.003
IDO 32/101 (31.7%) 26/135 (19.3%) 1.59 (0.94-2.69) 0.084
TPH 35/96 (36.5%) 20/117 (17.1%) 2.52 (1.45-4.38) 0.001
180-day all-cause mortality
Tryptophan 48/93 (51.6%) 54/145 (37.2%) 1.74 (1.16-2.61) 0.007
Kynurenine 67/139 (48.2%) 34/97 (35.1%) 1.77 (1.17-2.69) 0.007
Serotonin 59/119 (49.6%) 33/94 (35.1%) 1.63 (1.06-2.51) 0.026
IDO 45/101 (44.6%) 56/135 (41.5%) 1.15(0.77-1.71) 0.499
TPH 46/96 (47.9%) 46/117 (39.3%) 1.46 (0.97-2.20) 0.073
3-year all-cause mortality
Tryptophan 60/93 (64.5%) 83/145 (57.2%) 1.41 (1.00-1.98) 0.049
Kynurenine 87/139 (62.6%) 55/97 (56.7%) 1.50 (1.06-2.12) 0.021
Serotonin 77/119 (64.7%) 52/94 (55.3%) 1.35 (0.95-1.93) 0.093
IDO 61/101 (60.4%) 81/135 (60.0%) 1.09 (0.77-1.53) 0.634
TPH 62/96 (64.6%) 67/117 (57.3%) 1.31 (0.93-1.86) 0.127
Other clinical outcomes Low plasma levels High plasma levels OR* (95% ClI) p value
Adverse events within 30-day
Tryptophan 40/93 (43.0%) 53/145 (36.6%) 1.39 (0.97-1.00) 0.247
Kynurenine 68/139 (48.9%) 24/97 (24.7%) 3.15(1.72-5.77) <0.001
Serotonin 53/119 (44.5%) 32/94 (34.0%) 1.47 (0.82-2.65) 0.200
DO 45/101 (44.6%) 47/135 (34.8%) 1.4 (0.82-2.53) 0.200
TPH 44/96 (45.8%) 41/117 (35.0%) 1.56 (0.87-2.79) 0.140
Major complications within 30-day
Tryptophan 9/93 (9.7%) 13/145 (9.0%) 1.11 (0.45-2.72) 0.826
Kynurenine 16/139 (11.5%) 6/97 (6.2%) 1.99 (0.75-5.33) 0.169
Serotonin 12/119 (10.1%) 7194 (7.5%) 1.32 (0.49-3.52) 0.585
IDO 10/101 (9.9%) 12/135 (8.9%) 1.12 (0.46-2.74) 0.805
TPH 11/96 (11.5%) 8/117 (6.8%) 1.66 (0.64-4.34) 0.300
Barthel decline >10%
Tryptophan 29/93 (31.2%) 36/145 (24.8%) 1.58 (0.84-2.97) 0.157
Kynurenine 48/139 (34.5%) 17/97 (17.5%) 2.78 (1.40-5.53) 0.003
Serotonin 40/119 (33.6%) 20/94 (21.3%) 1.73 (0.88-3.39) 0.109
IDO 35/101 (34.7%) 30/135 (22.2%) 1.82(0.97-3.43) 0.062
TPH 33/96 (34.4%) 27/117 (23.1%) 1.73 (0.90-3.33) 0.101

Groups based on high or low metabolite plasma levels. Data are number of events (%).

*HR and *OR were adjusted for comorbidity, age, sex, randomization group and nutritional risk Screening 2002 total score.
CI, Confidence interval; HR, Hazard ratio; IDO, Indoleamine 2,3-dioxygenase; OR, Odds ratio; and TPH, Tryptophan hydroxylase. The values in bold indicate that they are statistically

significant (p value of <0.05).

risk that is independent from their nutritional status. Finally, although
patients with low tryptophan levels had higher risk for mortality,
nutritional support appeared to have the smallest effects in these
patients as compared to patients with higher tryptophan levels.

Our data differ from previously conducted studies in pneumonia,
COPD, and sepsis, where an activation of the kynurenine and
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serotonin pathways was associated with adverse outcomes (22, 24, 38).
Metabolic pathways are complex and can be influenced by several
clinical conditions. The selection of our rather heterogenous medical
patient cohort at risk for malnutrition with various underlying
diseases might explain these differences. Deficient protein intake leads
to low tryptophan plasma levels and hence its availability. Although
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we could not demonstrate an association of tryptophan with the NRS
2002 total score, tryptophan levels were low in our patient cohort
compared to healthy volunteers in France (median tryptophan levels
40.1 vs. 62.7pumol/L) (15). Also, in comparison to a study with a
COPD patient cohort with similar age distribution and comorbidities,
tryptophan levels were lower in our malnourished patient cohort (40.1
vs. 50.3 pmol/L) (24). This supports the hypothesis of low tryptophan
levels due to malnutrition, and thus its decreased availability for the
subsequent metabolic pathways, likely leading to a general
downregulation of the involved enzymes. Furthermore, tryptophan
levels depend on age and decrease over time (15). This may have an
influence on tryptophan levels in our rather older patient population.
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Several underlying conditions can also influence tryptophan levels
and the activity of the enzymes. High IDO activity and thus activation
of the kynurenine pathway was associated with inflammation and
malignant disease in previous studies (21, 22). In our study, we found
an association between infectious diseases and low tryptophan levels,
probably due to an activation of the kynurenine pathway and IDO
activity. However, no association was found with levels of
inflammation (CRP). Due to the sample size, we did not further
explore effects in subgroup analyses regarding the underlying diseases
and outcomes.

An important and new finding of this study was that, although
low tryptophan levels were associated with higher mortality,

frontiersin.org


https://doi.org/10.3389/fnut.2024.1335242
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org

Ritz et al. 10.3389/fnut.2024.1335242
Intervention group Control group HR* (95% CI) p-value p interaction
n (%) n (%)
Overall B E— 0.97 (0.58-1.63) 0.90
Tryptophan
High (36.2 umol/L) 72 (30.3%) 73 (30.7%) —_— 0.61 (0.29-1.29) 0.19
Low (<36.2 umol/L) 44 (18.5%) 49 (20.6%) —_— 1.72 (0.79-3.70) 0.17 0.047
Kynurenine
High (3.4 pumol/L) 47 (19.9%) 50 (21.2%) * 1.06 (0.32-3.54) 0.92
Low (<3.4 umol/L) 68 (28.8%) 71 (30.1%) —_—— 0.93 (0.51-1.68) 0.80 0.991
Serotonin
High (20.25 pmol/L) 46 (21.6%) 48 (22.5%) 0.90 (0.31-2.63) 0.85
Low (<0.25 umol/L) 59 (27.7%) 60 (28.2%) _ 0.74 (0.40-1.39) 0.35 0.932
IDO
High (266.6) 69 (29.2%) 66 (28.0%) —————— 1.13 (0.52-2.46) 0.75
Low (<66.6) 46 (19.5%) 55 (23.3%) _— 0.87 (0.42-1.79) 0.70 0.487
TPH
High (>4.3) 55 (25.8%) 62 (29.1%) 0.84 (0.34-2.10) 0.71
Low (<4.3) 50 (23.5%) 46 (21.6%) R S 0.79 (0.40-1.57) 0.51 0.929
T T T
0.25 1 2 4
-— _—
Nutrition support Nutrition support
reduces mortality increases mortality
FIGURE 4
Hazard ratio plot for 30-day all-cause mortality, subgroup analysis for response to nutritional support. Data are presented in a logarithmic scale. *HR
were adjusted for comorbidity, age, sex, randomization group, and Nutritional Risk Screening 2002 total score. HR, Hazard ratio; IDO, Indoleamine
2,3-dioxygenase; and TPH, Tryptophan hydroxylase.

nutritional support in those patients with low tryptophan levels was
less effective in improving outcomes compared to patients with higher
levels. This finding is comparable with data observed in critically ill
patients, where only little benefit from full-replacement feeding could
be shown in several clinical trials (10, 11). In fact, high nutritional
intake during severe illness has been suggested to reduce autophagy,
a mechanism important for cell detoxication during illness, which
may explain lack of effect in these patients (39). Similarly, in our
patient cohort, low tryptophan levels may identify patients with severe
disease and high metabolic stress in whom reaching protein and
caloric goals may not translate to clinical benefit. Whether low
tryptophan levels are a consequence or cause of the observed poor
outcomes and thus specific nutritional intervention including
tryptophan could have beneficial effects in this highly vulnerable
patient population, needs to be further investigated. To the best of our
knowledge, there are no treatment studies answering the question of
whether tryptophan supplementation or modification of the
tryptophan/kynurenine pathway have an impact on survival.

This secondary analysis has several strengths and limitations. The
main strength of this study includes the well characterized patient
cohort, the randomized design, and the prospectively collected short-
and long-term outcomes. Thus, we were able to adjust our analysis for
potential confounders including comorbidities and nutritional
parameters. We had consistent results also after adjusting for those
confounders. To our knowledge, this is the first analysis based on a
randomized, controlled clinical trial to examine the prognostic value of
tryptophan metabolites and their role as predictors for the effectiveness
of nutritional support. However, we are aware of the limitations in our
analysis. Metabolite measurements were only available in a small subset
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of the original patient cohort, and blood samples were collected from
one study center only. This limits the power and external validity of the
analysis. In light of the limited sample size and the exploratory nature
of this study, we also did not adjust for multiple testing. Given the
exploratory nature of this secondary analysis, this study should
be considered hypothesis generating rather than definitive. There are
also limitations regarding the used metabolomic kit. So far, it has been
mainly used for research purposes and lacks well validated reference
values. Due to internal validation, results can differ between laboratories
and comparison of the measured values are only possible to a limited
extend. Furthermore, the enzymes IDO and TPH could not
be measured and were therefore estimated through the ratio of
kynurenine/ serotonin to tryptophan, making them vulnerable to
errors. Since plasma levels of tryptophan metabolites were only
measured upon study inclusion, no statement could be made regarding
the influence of nutritional therapy on the metabolites.

In conclusion, our data suggest that levels of tryptophan,
kynurenine, and serotonin are low in patients at nutritional risk, and
strongly associated with mortality and adverse outcomes. However,
nutritional support for patients with tryptophan levels below a
calculated cut point was less effective in improving these outcomes.
This may be due to an association of disease severity in patients with
low tryptophan levels. Whether specific nutritional interventions
including tryptophan may have beneficial effects in this highly
vulnerable patient population needs to be analyzed. Further
prospective studies are required to validate our results, evaluate the
impact of nutritional support on levels of tryptophan metabolites, and
whether therapeutic modulations of these pathways have positive
effects on outcomes.
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