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Brain Kynurenine Pathway and Functional 
Outcome of Rats Resuscitated From 
Cardiac Arrest
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Roberta Affatato , PhD; Claudia Fracasso , MBiol; Daria De Giorgio , MBiol; Carlo Perego , BS; 
Francesca Motta, MBiol; Alice Passoni , MBiol; Lidia Staszewsky , MD; Deborah Novelli , PhD;  
Aurora Magliocca , MD, PhD; Silvio Garattini , MD; Roberto Latini , MD; Giuseppe Ristagno , MD, PhD; 
Marco Gobbi , PhD

BACKGROUND: Brain injury and neurological deficit are consequences of cardiac arrest (CA), leading to high morbidity and 
mortality. Peripheral activation of the kynurenine pathway (KP), the main catabolic route of tryptophan metabolized at first 
into kynurenine, predicts poor neurological outcome in patients resuscitated after out-of-hospital CA. Here, we investigated 
KP activation in hippocampus and plasma of rats resuscitated from CA, evaluating the effect of KP modulation in preventing 
CA-induced neurological deficit.

METHODS AND RESULTS: Early KP activation was first demonstrated in 28 rats subjected to electrically induced CA followed by 
cardiopulmonary resuscitation. Hippocampal levels of the neuroactive metabolites kynurenine, 3-hydroxy-anthranilic acid, and 
kynurenic acid were higher 2 hours after CA, as in plasma. Further, 36 rats were randomized to receive the inhibitor of the first 
step of KP, 1-methyl-DL-tryptophan, or vehicle, before CA. No differences were observed in hemodynamics and myocardial 
function. The CA-induced KP activation, sustained up to 96 hours in hippocampus (and plasma) of vehicle-treated rats, was 
counteracted by the inhibitor as indicated by lower hippocampal (and plasmatic) kynurenine/tryptophan ratio and kynurenine 
levels. 1-Methyl-DL-tryptophan reduced the CA-induced neurological deficits, with a significant correlation between the neu-
rological score and the individual kynurenine levels, as well as the kynurenine/tryptophan ratio, in plasma and hippocampus.

CONCLUSIONS: These data demonstrate the CA-induced lasting activation of the first step of the KP in hippocampus, show-
ing that this activation was involved in the evolving neurological deficit. The degree of peripheral activation of KP may predict 
neurological function after CA.

Key Words: cardiac arrest ■ cardiopulmonary resuscitation ■ indoleamine 2,3-deoxygenase ■ kynurenine pathway  
■ neurological deficit

Mortality is high after cardiac arrest (CA) as a con-
sequence of the “post-CA syndrome,” a com-
plex pathophysiological process following the 

return of spontaneous circulation (ROSC). It is char-
acterized by myocardial dysfunction with circulatory 

shock, systemic inflammation with activation of the 
clotting system, and brain injury.1

Cardiovascular failure accounts for most deaths in the 
first 3 days after ROSC, while brain injury accounts for later 
deaths in two thirds of patients after out-of-hospital CA 
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and in approximately a quarter of patients after in-hospital 
CA.2 As many as 30% of CA survivors experience perma-
nent brain damage, and as many as two thirds of resusci-
tated patients are discharged from hospital with variable 
degrees of neurological dysfunction3 including seizures, 
myoclonus, memory impairment, cognitive dysfunction, 
fatigue, emotional behavior, posttraumatic stress symp-
toms, and difficulties in managing daily activities.4–8

Brain injury after CA is caused by the brain’s vulner-
ability to the ischemic/reperfusion insult,9 which leads to 
a complex cascade of cellular and molecular events, eg, 
activation of microglia and astrocytes, infiltration of cir-
culating macrophages, excitotoxicity, cytokines release, 
disrupted calcium homeostasis, free radical formation, 
and pathological protease cascades,1,10 exacerbating 
the ischemic/reperfusion injury. To predict the functional/

neurological outcome a multimodal approach, which also 
includes the analysis of circulating biomarkers, is needed 
due to the complexity and interplay events occurring in 
the post-CA phase.11–13 Thus, a better understanding of 
the underlying pathological molecular mechanisms is 
required to identify new, specific prognostic biomarkers 
and develop targeted therapeutic approaches.

The kynurenine pathway (KP) is emerging as one of the 
potential key components of brain injury after CA.14 KP is 
the major pathway of catabolism of the essential amino-
acid tryptophan, which is converted first into kynurenine 
(through the intermediate L-formylkynurenine) by the rate-
limiting enzyme indoleamine 2,3-dioxygenase (IDO)15,16 (the 
pathway is schematically shown in Figure S1). IDO is widely 
expressed in a variety of human tissues, as well as in circu-
lating macrophages and dendritic cells, and is stimulated 
by proinflammatory cytokines, lipopolysaccharides, and 
free radicals.17 KP activation has been described in vari-
ous clinical conditions, including cardiovascular diseases,18 
cancer,19 diabetes,20 infections,21 depression,22 schizophre-
nia,23 neurodegenerative disorders,24 sepsis,25,26 and after 
cardiac bypass and thoracic surgery.27 We recently found 
early and prolonged activation of peripheral KP in patients 
resuscitated from out-of-hospital CA, related to the severity 
of post–CA shock, early death in the intensive care unit, and 
12-month poor long-term outcome.28 Activation of KP has 
also been implicated in situations causing neurological in-
jury in patients in the intensive care unit29 and in the adverse 
prognosis in patients with stroke30 and trauma.31

Several downstream metabolites of kynurenine have 
important activities in the brain.32 Some have neurotoxic/
excitotoxic properties such as 3-hydroxyanthranilic acid 
(3-HAA) that auto-oxidize, leading to cerebral oxidative 
stress,12 and quinolinic acid, which acts as a potent 
agonist of N-methyl-d-aspartate (NMDA) receptors.32 
The main neuroprotective metabolite is kynurenic acid 
(KYNA), which is an antagonist at NMDA receptors,33,34 
AMPA receptors,35 alpha 7 nicotinic acetylcholine re-
ceptors,36 and the aryl hydrocarbon receptor agonist.37

The present study investigated the activation of KP in 
CA-induced brain injury, measuring tryptophan for the 
first time and the KP metabolites kynurenine, KYNA, 
and 3-HAA directly in the hippocampus and in plasma 
of rats resuscitated from CA at different times post-
ROSC. As proof of concept, we then checked the effect 
of the competitive IDO inhibitor, 1-methyl-DL-tryptophan 
(1-DL-MTRP), in preventing KP-induced neurological 
deficit in a more severe experimental model of CA.

METHODS
Data Availability
The data that support the findings of this study are 
available from the corresponding author upon reason-
able request.

CLINICAL PERSPECTIVE

What Is New?
•	 Kynurenine pathway is an emerging key compo-

nent of postcardiac arrest syndrome, affecting 
brain injury and survival after cardiac arrest.

•	 This study demonstrates early, prolonged acti-
vation of the kynurenine pathway in the blood 
and brain after successful resuscitation and its 
involvement in the evolving neurological deficits.

What Are the Clinical Implications?
•	 The study results point to new neuroprognostic 

biomarkers and therapeutic targets for cardiac 
arrest–induced brain injury.

Nonstandard Abbreviations and Acronyms

1-DL-MTRP	 1-methyl-DL-tryptophan
3-HAA	 3-hydroxyanthranilic acid
5-HT	 5-hydroxytryptamine
Arg1	 arginase 1
CA	 cardiac arrest
IDO	 indoleamine 2,3-dioxygenase
IL1β	 interleukin 1 beta
NMDA	 N-methyl-d-aspartate
KP	 kynureninepathway
KYNA	 kynurenic acid
NDS	 neurological deficit score
PR	 post–return to spontaneous 

circulation
RM	 repeated measures
ROSC	 return to spontaneous 

circulation
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Animal Care
Procedures involving animals were conducted at the 
Istituto di Ricerche Farmacologiche Mario Negri IRCCS, 
which adheres to the principles set out in the following 
laws, regulations, and policies governing the care and 
use of laboratory animals: Italian Governing Law (D.lgs 
26/2014; Authorisation n.19/2008-A issued March 6, 
2008, by the Ministry of Health); Mario Negri Institutional 
Regulations and Policies providing internal authoriza-
tion for persons conducting animal experiments (Quality 
Management System Certificate – UNI EN ISO 9001:2015 
– Reg. N° 6121); the National Institutes of Health Guide for 
the Care and Use of Laboratory Animals (2011 edition), 
and EU directives and guidelines (EEC Council Directive 
2010/63/UE). The study also followed the ARRIVE crite-
ria.38 A minimum of 9 rats per timing of measurements 
had been planned; the number of animals was reduced 
to a minimum necessary in order to be able to appreciate 
a significant difference of 50%, with a power of 0.8 and 
an error of probability of 0.05 (free software G*Power) tak-
ing into account the variability, in terms of KP metabolites 
levels, previously observed.14

Aim No. 1: Systemic and Central KP 
Activation After CA and Cardiopulmonary 
Resuscitation
The experimental design is illustrated in Figure 1A. The 
aim of this study was to investigate the systemic and 
central (ie, hippocampus) activation of the KP after CA 
followed by cardiopulmonary resuscitation (CA/CPR). 
In parallel, evaluation of the hemodynamic response 
was examined. A full description of the methods for 
animal preparation, CA/CPR procedure, and measure-
ments are given in Data S1.

Animal Preparation

Male Sprague-Dawley ex-breeder rats (weight, 481±6 g; 
n=37) (Envigo) were used for the study. Thirty-two rats 
were anesthetized and instrumented for hemodynamic 
measurements and induction of CA, as previously re-
ported.39 CA/CPR was performed in 28 rats, while CA 
was not induced in 4 rats, which were included in the 
sham group. Five naive (nonoperated) rats were used as 
additional controls. Sham and naive rats were used for 
hippocampal analysis, as described in the Results section.

Experimental Procedures

We used an established model of electrically induced 
CA/CPR.39 Briefly, animals were subjected to 7 min-
utes of untreated CA and 5 minutes of CPR, includ-
ing mechanical chest compression, ventilation with 
oxygen, and defibrillation. Blood samples were serially 
collected from the femoral artery cannula in 3K-EDTA 

tubes 15 minutes before CA (pre-CA), and 10 minutes 
and 2 hours after ROSC. Rats were then euthanized 
with an intraperitoneal injection of pentobarbital sodium 
(150 mg/kg), and the brain was carefully removed, dis-
sected to isolate hippocampal region, and immediately 
frozen in liquid N2 before storage at −80 °C.

Measurements

Hemodynamics were recorded as previously de-
scribed.39 Briefly, ECG, aortic pressure, and right 
atrial pressure were continuously monitored for up to 
2  hours after ROSC on a personal computer–based 
data acquisition system supported by CODAS hard-
ware and software (DataQ). Coronary perfusion pres-
sure was calculated in the same time range as the 
difference between time-coincident diastolic aortic 
and right atrial pressures.

Aim No. 2: Effect of IDO Inhibitor on CA-
Induced KP Activation and Neurological 
Deficit
The experimental design is illustrated in Figure  1B. 
The aim of this study was to investigate whether pre-
treatment with 1-DL-MTRP, an inhibitor of the enzyme 
IDO-1, interferes with KP activation after CA/CPR and 
prevents neurological injury. A full description of the 
methods for animal preparation, CA/CPR procedure, 
and measurements are given in Data S1.

Animal Preparation and 
Pharmacological Treatment

Male Sprague-Dawley ex-breeder rats (weight, 
480±5 g; n=42) (Envigo) were used. Six rats were used 
as naive controls and 36 were anesthetized and instru-
mented for hemodynamic measurements and induc-
tion of CA.39 Before the induction of anesthesia, the 36 
rats were randomized using no transparent envelopes 
and assigned into 2 experimental groups:

1.	 Treatment group (1-DL-MTRP, n=17), receiving 2 
equal doses of the IDO inhibitor 1-DL-MTRP by 
gavage, 16 and 2  hours before CA; 1-D-MTRP 
(Sigma Aldrich Italia) and 1-L-MTRP (Sigma Aldrich 
Italia) were dissolved in 1% carboxymethylcellulose 
and given orally by gavage to a final dose of 
800  mg/kg of racemate.

2.	Control group (vehicle, n=19), receiving an equal 
volume of 1% carboxymethylcellulose in deionized 
water by gavage, 16 and 2 hours before CA.

Experimental Procedures

Animals were subjected to 8 minutes of untreated CA 
and 8  minutes of CPR, including mechanical chest 
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compression, ventilation with oxygen, and defibrillation. 
This is a longer and more severe CA experimental model 
than that used for aim no. 1, with the intent to exacerbate 
KP activation. The CA/CPR procedure was performed by 
investigators blinded to the 2 experimental groups. Four 
hours after ROSC, all of the catheters and the endotra-
cheal tubes were removed. The animals were returned 
to their cages and were observed up to 96 hours after 
resuscitation. Animals were given ampicillin (50 mg/kg 
intramuscular) and buprenorphine (0.16 mg/kg) to pre-
vent infection and pain. Blood samples were serially col-
lected from the femoral artery cannula in 3K-EDTA tubes 
15 minutes pre-CA, and 2 and 96 hours post-ROSC (PR 
2 hours and PR 96 hours). At 96 hours, rats were eu-
thanized with an intraperitoneal injection of pentobarbital 
sodium (150 mg/kg), and the brain was removed, dis-
sected to isolate hippocampus and cortex, and immedi-
ately frozen in liquid N2 before storage at −80 °C.

Measurements

ECG, aortic pressure, and right atrial pressure were 
continuously monitored for up to 4 hours post-ROSC, 
as described for aim no. 1. Myocardial function was as-
sessed at 4 and 96 hours post-ROSC by transthoracic 
monodimensional, bidimensional, pulse, color, and 
tissue Doppler echocardiography (Aloka SSD-5500). 

Left ventricular ejection fraction and the septum mitral 
inflow ratio (ie, the ratio of the early transmitral pulsed 
Doppler inflow velocity to peak early diastolic mitral an-
nulus velocity by tissue Doppler) were measured and 
calculated to evaluate LV systolic and diastolic func-
tion, respectively. For echocardiographic analysis at 
96 hours, rats were anesthetized with intraperitoneal 
thiopental 50 mg/kg and, if necessary, 10 mg/kg re-
call doses. Plasma high-sensitivity cardiac troponin T 
(hs-cTnT) concentration was assayed at pre-CA and 4 
and 96 hours post-ROSC with an electrochemiolumi-
niscence assay (ECLIA, Elecsys 2010 analyzer; Roche 
Diagnostics) following manufacture instructions.

Neurological Assessment

Neurological deficit score (NDS)39 was used to assess 
neurologic recovery 24, 48, 72, and 96 hours post-ROSC. 
In brief, the test, ranging from 0 (normal) to 500 (brain 
death), rated level of consciousness, respiration, motor 
and sensory functions, and overall behavior. The score 
was decided by collaborators blinded to the study groups.

Inflammatory Gene Expression

Total RNA was extracted form brain cortex with a 
commercial kit (Pure Link RNA Mini Kit, Ambion) and 

Figure 1.  Experimental designs.
Experimental designs adopted for (A) aim no. 1 and (B) aim no. 2. *Blood (0.6 mL) drawn for measurement of plasma 1-methyl-DL-
tryptophan, kynurenine pathway metabolites, and plasma high-sensitivity cardiac troponin T. BL=baseline (before cardiac arrest [pre-
CA]). AP indicates arterial pressure; CPR, cardiopulmonary resuscitation; Echo, transthoracic echocardiography; NDS, neurological 
deficit score; RAP, right atrial pressure; ROSC, return of spontaneous circulation; and VF, ventricular fibrillation.
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processed for real-time reverse transcription polymer-
ase chain reaction analysis of gene expression lev-
els for interleukin 1 beta (IL1β) and Arginase 1 (Arg1). 
Glyceraldehyde 3-phosphate dehydrogenase (Gapdh) 
was used as the reference gene, and primer sets were 
designed to span exon junctions (https://www.ncbi.
nlm.nih.gov/tools/​prime​r-blast/).

KP Metabolites and Serotonin 
Measurements in Plasma and 
Hippocampus by High-Performance 
Liquid Chromatography-Tandem Mass 
Spectrometry
Blood samples were centrifuged at 2000g for 15 min-
utes at 4 °C and plasma was stored at −80 °C until 
analysis. On the day of analysis, hippocampi were 
thawed, accurately weighed, and homogenized in 
5 volumes of H2O/acetonitrile (1:2, v/v). Plasma and 
hippocampal levels of 1-DL-MTRP (aim no. 2), tryp-
tophan (aims no. 1 and no. 2) and its metabolites, 
kynurenine (aims no. 1 and no. 2), KYNA (aim no. 1), 
3-HAA (aim no. 1), and 5-hydroxytryptamine (5-HT; 
aim no. 2 in hippocampus) were measured using high-
performance liquid chromatography coupled with tan-
dem mass spectrometry. Briefly, deuterated internal 
standards were added to plasma and hippocampal 
homogenate; plasma samples were then mixed with 
cold methanol and incubated at −20 °C for protein pre-
cipitation before centrifugation; an appropriate volume 
of hippocampal homogenate was centrifuged directly. 
After centrifugation, supernatant was dried under N2 
and the residue was resuspended and injected into 
the high-performance liquid chromatography system. 
Separation was performed following a gradient elu-
tion and mass spectrometric analysis was done with 
a triple quadrupole mass spectrometer in positive ion 
mode and multiple reaction monitoring mode, meas-
uring the fragmentation products of the deprotonated 
pseudomolecular ions. A full description of the high-
performance liquid chromatography coupled with tan-
dem mass spectrometry methods used for aims no. 1 
and no. 2 is given in Data S1.

Statistical Analysis
The GraphPad Prism program (GraphPad Software) 
was used for data processing and statistical analy-
sis. A 1-sample Kolmogorov–Smirnov Z normality 
test was used to inspect normal distribution of the 
data. Continuous variables were analyzed by 1-way 
repeated-measures (RM) ANOVA followed by Tukey 
multicomparison test for normally distributed data; 
non-normally distributed data were analyzed with 
Kruskal-Wallis test (for non-RM) or Friedman test (for 
RM) followed by Dunn multicomparison test. T test or 

Mann-Whitney U test (2-tailed P value, 95% CI), respec-
tively, was used for comparison between 2 groups of 
normally and non-normally distributed data. Two-way 
ANOVA followed by Sidak multiple comparisons test 
was used: variables non-normally distributed were 
corrected by logarithmic (natural log) transformation 
before 2-way ANOVA with Sidak multiple comparisons 
test. Ordinary (non-RM) or RM 2-way ANOVA were 
used when appropriate, as reported in the legends of 
the figures and tables.

When the dependent variable was categorical, 
Fisher exact test was used. Spearman rank correlation 
coefficient was used to analyze correlations between 
variables. P<0.05 was considered significant.

RESULTS
Aim no. 1: Survival and Resuscitation 
Outcome
CA was induced in 28 rats, 23 of which (82%) were 
successfully resuscitated. Table  S1 reports hemody-
namic variables and plasma levels of hs-cTnT.

Each rat developed marked post-ROSC hemo-
dynamic instability during the 2-hour observation, as 
expected. Heart rate was significantly reduced 10 min-
utes post-ROSC compared with baseline (P<0.0001 
versus pre-CA) then returned to pre-CA values 
(Table S1). Systolic atrial pressure, mean arterial pres-
sure, diastolic arterial pressure, and coronary perfu-
sion pressure remained low for 2  hours post-ROSC 
(P<0.0001, Table S1).

Circulating levels of hs-cTnT reflected the develop-
ment of postresuscitation myocardial injury. Median 
plasma levels of hs-cTnT were significantly higher at 
10 minutes (P<0.0001) and 2 hours (P=0.0002) post-
ROSC compared with pre-CA levels (Table S1).

Aim no. 1: CA/CPR Alters KP Metabolites 
Levels in Plasma and Hippocampus
The effect of CA on plasma tryptophan and kynurenines 
is reported in Table 1. Ten-minute post-ROSC trypto-
phan levels were 12% lower (P=0.0059) and kynurenine 
levels were 36% higher (P=0.0001). The early activation 
of the tryptophan→kynurenine step of the KP is high-
lighted by the significant increases of the kynurenine/
tryptophan ratio (P<0.0001). Regarding downstream 
KP metabolites, KYNA levels showed a 5-fold incre-
ment (P<0.0001), while 3-HAA levels decreased slightly 
but not significantly. Two hours post-ROSC, kynure-
nine levels were still higher than pre-CA (P=0.0012), 
suggesting that the tryptophan→kynurenine step re-
mained activated (1.3-fold increase of kynurenine/tryp-
tophan ratio, P=0.0007 versus pre-CA). At the same 
time, KYNA levels were still high (P=0.0035 versus 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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pre-CA), although with a tendency to decrease from 
the 10-minute post-ROSC values (P=0.0550).

KP values were preliminarily analyzed in the 
hippocampus of naive and sham rats (Table  S2). 
Hippocampal levels of tryptophan and kynurenines 
metabolites were not significantly altered by surgical 
procedures alone (anesthesia and instrumentation as 
described in the Methods section); naive and sham rats 
were therefore pooled and considered as controls for 
subsequent analyses. Two hours post-ROSC, hippo-
campal tryptophan levels had risen 60% (P<0.0001), in 
contrast with the decrease in plasma. The effect of CA 
on hippocampal kynurenine levels was even greater 
(+159%, P<0.0001), with an increase of the kynurenine/
tryptophan ratio (+36%, P=0.0145). Median KYNA and 
3-HAA levels also increased by 186% (P=0.0001) and 
36% (P<0.0001), respectively.

Aim no. 2: Effect of IDO Inhibition
The 2 oral doses of 800 mg/kg of 1-DL-MTRP given 
16 and 2 hours before CA resulted in similar plasma 
concentrations at 15  minutes pre-CA and 2  hours 

post-ROSC, with an average of 34 µg/mL (range, 20–
40 µg/mL), which declined slightly to 21 µg/mL on av-
erage 96 hours post-ROSC (Figure S2A). At this last 
time, hippocampal concentrations of the drug were 
11.4  µg/g on average (Figure  S2B), with a tissue-to-
plasma ratio of ≈0.54.

Effects on Survival, Hemodynamic, and 
Myocardial Function
Treatment with 1-DL-MTRP had no effect on body 
weight, heart rate, hemodynamics, or circulating 
biomarkers in the 2 groups pre-CA (Table 2). There 
were no differences in coronary perfusion pressure 
during CPR (Table  2), reflecting adequate stand-
ard chest compression quality in both groups. The 
duration of CPR and the number of defibrillations 
delivered to achieve ROSC were lower in animals 
treated with 1-DL-MTRP than those given vehicle; 
however, these differences were not statistically 
significant (Table 2). Pretreatment with 1-DL-MTRP 
had no effect on the number of successfully resus-
citated animals (1-DL-MTRP 88%, vehicle 84%) and 

Table 1.  Plasma and hippocampal KP activation after CA/CPR

Plasma Hippocampus

Metabolite Median [quartile 1–quartile 3] Metabolite Median [quartile 1–quartile 3]

Tryptophan, µg/mL Tryptophan, µg/g

Pre-CA 17.00 [13.95–20.63] Controls 5.05 [4.80–5.20]

PR 10 min 14.65 [13.00–18.05]*

PR 2 h 15.59 [13.73–16.87] PR 2 h 8.09 [7.60–8.98]||

Kynurenine, µg/mL Kynurenine, µg/g

Pre-CA 0.561 [0.374–0.690] Controls 0.052 [0.042–0.076]

PR 10 min 0.704 [0.541–0.957]†

PR 2 h 0.700 [0.493–0.886]† PR 2 h 0.134 [0.096–0.169]||

Kynurenine/tryptophan ratio Kynurenine/tryptophan ratio

Pre-CA 0.030 [0.023–0.040]

PR 10 min 0.051 [0.039–0.061]† Controls 0.011 [0.009–0.015]

PR 2 h 0.044 [0.036–0.065]† PR 2 h 0.015 [0.013–0.020]$

KYNA, ng/mL KYNA, ng/g

Pre-CA 10.04 [7.92–4.77] Controls 2.43 [2.08–3.25]

PR 10 min 57.03 [39.16–116.2]†

PR 2 h 17.80 [11.18–40.43]† PR 2 h 6.95 [5.75–10.83]||

3-HAA, ng/mL 3-HAA, ng/g

Pre-CA 2.137 [1.733–2.526] Controls 0.222 [0.177–0.239]

PR 10 min 1.780 [0.962–2.227]

PR 2 h 2.762 [1.667–3.532]‡ PR 2 h 0.301 [0.276–0.545]||

Plasma concentrations of tryptophan, kynurenine, the kynurenine/tryptophan ratio, kynurenic acid (KYNA), and 3-hydroxyanthranilic acid (3-HAA) were 
measured in operated rats before cardiac arrest (pre-CA) and 10 minutes and 2 hours post–return to spontaneous circulation (PR 10 minutes and PR 2 hours) 
(n=23 rats). For hippocampal analysis, tryptophan and kynurenine pathway (KP) metabolites were measured in naive rats (n=5) and in sham-operated rats (n=4) 
and 2 hours PR (2 hours, n=23). Since there were no statistical differences between naive and sham rats (absolute levels and statistical analysis are reported 
in Table S2), these data were pooled as a control group (n=9) to evaluate the effect of cardiac arrest (CA). Effect of CA: absolute plasma levels were analysed 
with Friedman test for repeated measures, followed by Dunn multiple comparisons post hoc test, *P<0.01 and †P<0.001 vs pre-CA; ‡P<0.01 vs PR 10 minutes; 
absolute hippocampal levels were analyzed with Mann-Whitney U test for nonrepeated measures: $P<0.05 and ||P<0.001 vs controls. Exact P values for each 
comparison are reported in the text. CPR indicates cardiopulmonary resuscitation.
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that survived up to 96 hours after CA (1-DL-MTRP 
66%, vehicle 62%).

After resuscitation, animals treated with 1-DL-MTRP 
had higher systolic and mean diastolic pressures and 
coronary perfusion pressure compared with vehicle; 
systolic arterial pressure and mean arterial pressure 
were significantly higher 10  minutes post-ROSC (PR 
10  minutes) and coronary perfusion pressure was 
markedly higher 2  hours after resuscitation in the 
1-DL-MTRP–treated group compared with the vehicle-
treated group. At 4  hours post-ROSC (PR 4  hours) 
in both study groups, left ventricular ejection fraction 
was severely compromised (normal reference value, 
87.0%±1.7%) and septum mitral inflow ratio was slightly 
high (normal reference value, 12.0±0.9). At 96  hours 
post-ROSC (PR 96 hours), left ventricular ejection frac-
tion returned to normal in both groups and the septum 
mitral inflow ratio did not change. There were no sig-
nificant differences in plasma levels of hs-cTnT in the 
vehicle- and 1-DL-MTRP–treated groups (Table 2).

Effect on CA/CPR-Induced KP Activation
Fifteen  minutes pre-CA, tryptophan levels in plasma 
of 1-DL-MTRP–treated rats were 27% higher than in 
vehicle-treated rats (P=0.0263), while kynurenine lev-
els were 24% lower (P=0.0243). The kynurenine/tryp-
tophan ratio therefore decreased 40% (P=0.0056) 
(Table S3). These data indicate inhibition of peripheral 
IDO activity by 1-DL-MTRP before CA.

In vehicle-treated rats, we confirmed early CA-
induced peripheral KP activation (Figure 2), ie, a sig-
nificant decrease in tryptophan plasma levels (22%, 
P=0.0444) and a significant increase in kynurenine 
plasma levels (33%, P=0.0461) 2 hours post-ROSC (PR 

Table 2.  CPR Outcomes, Hemodynamics, and Myocardial 
Functions in CA/CPR Rats Treated With 1-DL-MTRP

Outcomes
Vehicle   
(n=19)

1-DL-MTRP  
(n=17)

Body weight, g 480±24 481±25

Resuscitation, no./total 16/19 15/17

Time to ROSC, s 481 [478–482] 481 [370–482]

Shocks to ROSC, no. 1 1

4-h survival, no./resuscitated 16/16 15/15

96-h survival, no./
resuscitated

10/16 10/15

CPP, mm Hg

Pre-CA 111±18 109±13

PR 10 min 44±17 57±21

PR 1 h 76±12 84±9

PR 2 h 71±14 81±12

PR 3 h 71±18 75±15

PR 4 h 71±17 73±20

HR, beats per min

Pre-CA 368±34 375±34

PR 10 min 194±57 237±54*

PR 1 h 335±37 335±12

PR 2 h 338±36 360±20

PR 3 h 350±26 358±23

PR 4 h 352±33 351±51

SAP, mm Hg

Pre-CA 152±9 151±13

PR 10 min 88±20 103±17*

PR 1 h 111±12 117±9

PR 2 h 110±15 118±12

PR 3 h 107±14 111±18

PR 4 h 106±11 115±17

DAP, mm Hg

Pre-CA 118±10 114±12

PR 10 min 44±17 57±21

PR 1 h 77±13 84±9

PR 2 h 72±15 81±12

PR 3 h 70±18 74±15

PR 4 h 70±16 78±15

MAP, mm Hg

Pre-CA 127±12 127±13

PR 10 min 59±19 76±20*

PR 1 h 95±30 96±9

PR 2 h 86±15 96±13

PR 3 h 83±16 89±16

PR 4 h 83±16 94±17

LVEF, %

PR 4 h 33.6±3.6 36.8±3.2

PR 96 h 75.1±3.2 75.3±3.2

E/e’ ratio

PR 4 h 14.9±1.0 16.4±1.4

 (Continued)

Outcomes
Vehicle   
(n=19)

1-DL-MTRP  
(n=17)

PR 96 h 15.9±2.6 16.2±1.3

hs-cTnT, pg/mL

Pre-CA 100 [71–190] 98 [66–111]

PR 4 h 5995 
[4942–9604]

4965 [2978–5242]

PR 96 h 64 [51–82] 64 [36–278]

Body weight (normal), resuscitation outcomes (non-normal), and survival 
rate (Fisher test). Hemodynamic parameters (normal) and myocardial 
functions were recorded up to 4 and 96 hours post–return of spontaneous 
circulation (PR), respectively. All data are shown as mean±SD when normally 
distributed or median [quartile 1–quartile 3] when non-normally distributed 
and analyzed by ordinary (for left ventricular ejection fraction [LVEF], 
septum mitral inflow (E/e’), and plasma high-sensitivity cardiac troponin T 
[hs-cTnT]) or repeated measures (for coronary perfusion pressure [CPP], 
heart rate [HR], systolic arterial pressure [SAP], diastolic arterial pressure 
[DAP], and mean arterial pressure [MAP]) 2-way ANOVA followed by Sidak 
multicomparison post hoc test, *P<0.05 vs time-matched vehicle-treated rats 
(effect of 1-methyl-DL-tryptophan [1-DL-MTRP]). Time and shock to return of 
spontaneous circulation (ROSC) were analyzed by the Mann-Whitney U test. 
CA indicates cardiac arrest; and CPR, cardiopulmonary resuscitation.

Table 2.  Continued
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2  hours). At 96  hours post-ROSC, tryptophan levels 
returned to pre-CA levels (Figure 2A), but kynurenine 
was still increased (+56%, P=0.0022) (Figure 2B). The 
kynurenine/tryptophan ratio was higher at 2  hours 
(+68%, P=0.0128) and 96  hours post-ROSC (+80%, 
P=0.0106) (Figure 2C).

In 1-DL-MTRP–treated rats, we found much lower 
effects of CA. In particular, following CA, plasma ky-
nurenine levels and kynurenine/tryptophan ratio 
showed a slight, nonsignificant increase in comparison 
to pre-CA conditions, and, most important, they were 

markedly lower than in vehicle-treated rats at the same 
time points (Figure 2).

Hippocampal kynurenine levels of vehicle-treated 
rats were 109% higher than in naive rats (P=0.0064) 
96 hours post-ROSC, resulting in a higher kynurenine/
tryptophan ratio (+57%, P=0.0204) and indicating sus-
tained activation of central KP (Figure ). Kynurenine lev-
els in 1-DL-MTRP–treated rats were significantly lower 
than in vehicle-treated rats (P=0.0409) and comparable 
to those in naive rats, resulting in a lower kynurenine/
tryptophan ratio (P=0.0249) than for the vehicle-treated 
group) (Figure 3).

An important finding is that 96 hours post-ROSC, 
hippocampal levels of tryptophan, kynurenine, and the 
kynurenine/tryptophan ratio positively correlated with 
the levels of the same analytes in plasma (Figure  4), 
both in vehicle- and 1-DL-MTRP–treated rats.

In the same rats we also found that hippocampal 5-HT 
concentrations in vehicle- and 1-DL-MTRP–treated 
rats were superimposable to those measured in naive 
rats (Figure S3 and Table S4).

Effect on Neurological Functions and 
Central Inflammatory Response
Figure 5A reports the NDS measured 24, 48, 72, and 
96 hours post-ROSC in rats pretreated with vehicle or 
1-DL-MTRP. NDS values were lower in resuscitated 
rats pretreated with the IDO inhibitor than vehicle-
treated rats, at all time points.

We found a significant positive correlation between 
the severity of the neurological deficit (96 hours post-
ROSC in vehicle- and 1-DL-MTRP–treated rats) and ky-
nurenine hippocampal levels (Figure 5B), as well as the 
kynurenine/tryptophan ratio (Figure 5C). Positive cor-
relations were also found between NDS and plasma 
kynurenine levels (Figure 5D) and the kynurenine/tryp-
tophan ratio (Figure 5E).

Further, hippocampal levels of 5-HT did not cor-
relate with the NDS measured 96  hours post-ROSC 
(data not shown).

Figure 2.  Indoleamine 2,3-dioxygenase inhibition counter
acts cardiac arrest/cardiopulmonary resuscitation (CA/
CPR)– induced kynurenine pathway (KP) activation in 
plasma.
Plasma levels of (A) tryptophan, (B) kynurenine, and (C) 
kynurenine/tryptophan ratio 15  minutes before cardiac arrest 
(pre-CA; n=13–15), 2  hours post–return of spontaneous 
circulation (PR; PR 2  hours [n=13–15]), and 96  hours PR (n=9) 
in vehicle- and 1-methyl-DL-tryptophan (1-DL-MTRP)–treated 
rats. Box plots show median, quartile range, and minumim–
maximum range. Statistical analysis was performed on absolute 
values (pre-CA, PR 2 hours, and PR 96 hours) by ordinary 2-way 
ANOVA, followed by Sidak multiple comparisons post hoc test. 
*P<0.05 and **P<0.01 vs corresponding pre-CA levels (effect of 
CA). +P<0.05 and ++P<0.01 vs time-matched vehicle-treated rats 
(effect of 1-DL-MTRP pretreatment).
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We then examined inflammatory gene expression 
by real-time reverse transcription polymerase chain 
reaction in the brain cortex 96  hours post-ROSC 
(Figure  S5). No statistically significant differences 
have been observed, although there was a tendency 
in the upregulation of IL1β and Arg1 after CA/CPR. 
Pretreatment with 1-DL-MTRP slightly reduced CA-
induced IL1β upregulation, with a tendency towards an 
increase in Arg1 gene expression.

DISCUSSION
In this study we show that: (1) CA-induced activation 
of the KP, previously observed in plasma from animal 
models and humans and confirmed here in rats, is ac-
companied by parallel increases of KP metabolites in 
the hippocampus; (2) the increase of kynurenine, the 
metabolite resulting from IDO-mediated tryptophan 
conversion, is long-lasting and still present 96 hours 
after CA in plasma and hippocampus; (3) CA induces a 
clear neurological deficit in rats, which is counteracted 
by inhibition of IDO, suggesting the involvement of KP, 
which is further supported by (4) the positive correla-
tion between neurological deficit and hippocampal 

kynurenine levels; and (5) the positive correlation be-
tween neurological deficit and plasma kynurenine lev-
els also suggests that peripheral activation of KP is a 
marker of the functional status of the brain.

Figure 3.  Indoleamine 2,3-dioxygenase inhibition count
eracts CA/CPR–induced kynurenine pathway activation in 
hippocampus.
Concentrations of tryptophan, kynurenine, and the kynurenine/
tryptophan ratio measured in hippocampus 96  hours post–
return of spontaneous circulation (96 hours) in rats treated with 
vehicle (n=9) or 2 doses of 800 mg/kg 1-methyl-DL-tryptophan 
(1-DL-MTRP) given by gavage 16 and 2 hours before CA (n=9). 
Since this experiment included 2 independent sessions, each 1 
including 3 naive rats, for each session we normalized tryptophan, 
kynurenine, and the kynurenine/tryptophan ratio in vehicle- and 
1-DL-MTRP–treated rats to the means for the corresponding 
naive rats (absolute levels are reported in Table S4). Box plots 
show median, quartile range, and minimum–maximum range. 
Data were analyzed by Kruskal-Wallis test followed by Dunn 
multicomparison test. *P<0.05 and **P<0.01 vs naive. +P<0.05 
vs vehicle time-matched. Exact P values are reported in the text.

Figure 4.  Hippocampal kynurenine pathway metabolites 
levels positively correlate with those in plasma.
Correlations between hippocampal levels of (A) tryptophan, (B) 
kynurenine, and (C) the kynurenine/tryptophan ratio 96  hours 
post–return of spontaneous circulation in vehicle- (teal blue 
circles, n=9) and 1-methyl-DL-tryptophan–treated rats (red 
circles, n=9). Correlations were calculated by Spearman method: 
rank correlation coefficient r [95% CI] and P value (2-tailed) of 
the correlations are indicated inside the figures. P<0.05 was 
considered significant.
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In the first experiment, we find in the plasma of a 
large number of rats, early (as soon as 10 minutes) and 
prolonged (up to 96 hours) activation of the first step 
of the KP (Table 1 and Figure 2) is most likely caused 

by IDO activation induced by the peripheral inflamma-
tory and immune response after CA/CPR.14,17,40–43 We 
also document for the first time a rapid (10 minutes) 
and marked (5-fold) increase of the downstream KP 

Figure 5.  Time course of the neurological deficit score (NDS) after CA/CPR and correlation with hippocampal and 
plasmatic levels of kynurenine pathway metabolites.
A, NDS was calculated 24, 48, 72, and 96 hours post–return of spontaneous circulation (PR; PR 24 hours, PR 48 hours, PR 
72 hours, and PR 96 hours) in rats treated by gavage 16 and 2 hours before CA with vehicle (n=9) or 1-methyl-DL-tryptophan 
(1-DL-MTRP; 800 mg/kg per dose [n=9]). Box plots show median, quartile range, and minimum–maximum range. Data were 
analyzed by 2-way repeated measures ANOVA, followed by Sidak multiple comparisons post hoc test. +P<0.05 vs time-
matched vehicle-treated rats. Panels B-E show correlations between NDS and hippocampal (B and C) and plasmatic (D and E) 
levels of kynurenine and the kynurenine/tryptophan ratio 96 hours PR in vehicle- (teal blue circles) and 1-DL-MTRP–treated rats 
(red circles). Correlations were calculated by Spearman method: rank correlation coefficient r [95% CI] and P value (2-tailed) of 
the correlation are indicated inside the figures. P<0.05 was considered significant. Correlations analysis between tryptophan, 
in plasma and hippocampus, and NDS are reported in Figure S4.
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metabolite KYNA, but not of 3-HAA, with a partial 
return toward pre-CA levels at 2 hours. The increase 
of circulating KYNA has been associated with anti-
inflammatory44,45 and antioxidative activities.46 These 
results confirm and extend previous data in small and 
large animals, as well as humans, after CA/CPR.14,28,47 
A similar CA-induced alteration of peripheral KP me-
tabolites between rats and humans has also recently 
been confirmed with a different rat model of CA,48 
thus supporting the use of rats as a suitable model for 
studying human CA.

We also analyzed, for the first time, the effect of CA 
on KP metabolites in the rat hippocampus, the brain 
region mainly affected by ischemic/reperfusion injury 
after successful resuscitation after CA, in humans49,50 
and animal models.14,51,52 At variance with the results 
in plasma, hippocampal tryptophan concentrations 
were higher 2 hours post-ROSC (+69%), returning to 
pre-CA levels after 96 hours (Table 1 and Figure 3). 
Since tryptophan is an essential aminoacid, the rise in 
hippocampal levels after CA/CPR may be associated 
with an increase in blood-to-brain passage. Circulating 
tryptophan crosses the blood-brain-barrier in the 
free form through the large neutral amino acid trans-
porter L-type amino acid transporter 1.53 Therefore, 
the higher hippocampal tryptophan levels after CA/
CPR might be attributable to CA-induced regional 
blood-brain-barrier breakdown54–56 that facilitate the 
influx of the brain-permeable metabolites32,57 and also 
of circulating macrophage infiltration,32,58,59 thus in-
creasing the influx of peripheral tryptophan. CA/CPR 
also markedly raised hippocampal kynurenine levels 
by 167% and 109% at 2 and 96 hours post-ROSC, 
respectively (Table  1 and Figure  3). Rodent studies 
suggest that ≈60% of brain kynurenine comes from 
peripheral sources60 through the same mechanisms 
as tryptophan53,61; therefore, the increase in hippo-
campal kynurenine absolute levels may be caused by 
higher influx into the CNS as for tryptophan. However, 
considering that the CA-induced increase of hippo-
campal tryptophan dropped from 2 and 96  hours 
post-ROSC (69% and 10%, respectively), whereas in 
the same period the kynurenine/tryptophan ratio rose 
(36% and 57%), it follows that central IDO is most 
likely activated after CA/CPR.

The activation of the first step of the KP in the 
hippocampus also caused perturbation of the neu-
roactive KP downstream metabolites, and hippocam-
pal KYNA (neuroprotective) and 3-HAA (neurotoxic) 
concentrations also rose 2  hours post-ROSC. The 
changes in KP metabolites levels might be ascribed to 
fluctuations in the activity of downstream KP enzymes 
caused by the proliferation/activation of resident mi-
croglia and astrocytes.32,62–67 After CA/CPR, the 
neuroinflammatory response following brain hypoxia 
and reperfusion is also orchestrated by activated glial 

cells.14,68–72 The changes in the neuroglial population 
might lead to unbalance in the downstream KP metab-
olites since the enzymatic steps kynurenine→KYNA 
and kynurenine→3-HAA (Figure  S1) are physically 
segregated into 2 distinct cellular branches. Finally 
metabolized to quinolinic acid, 3-HAA is synthetized in 
the microglia, while kynurenine is converted to KYNA 
in astrocytes.32,73–75

The activation of the first step of the KP and the 
fluctuations in the levels of KYNA and 3-HAA suggest 
a perturbation of the whole pathway, with changes in 
the hippocampal levels of the other neuroactive me-
tabolites. Higher levels of 3-HAA are generally asso-
ciated with higher levels of quinolinic acid, which in 
addition to its activity as a potent agonist of the NMDA 
receptor,76 also raises the levels of reactive oxygen 
and nitrogen species, stimulates lipid peroxidation, 
and causes mitochondrial dysfunctions.32,77 It is also 
involved in deregulation of the phosphorylation state of 
several cellular proteins.78,79

We then confirm the involvement of KP activation 
on the central consequences of CA, assessed on the 
basis of the NDS at different times after ROSC. Our ap-
proach was to prevent the first step of KP, pretreating 
rats with 1-DL-MTRP, a well-known IDO inhibitor.80–82 
We used the dose of 800 mg/kg, since previous stud-
ies in animal models (rats and dogs) showed no further 
increase in the plasma concentration of 1-DL-MTRP 
with higher oral doses, because of saturable absorp-
tion and the absence of toxicity.83 1-DL-MTRP plasma 
levels after 2 oral doses 16 hours and 2 hours before 
CA confirmed the attainment of steady-state and slow 
elimination from blood.83,84 Plasma and brain levels 
were, respectively, 21 µg/mL and 11.4 µg/g 96 hours 
post-ROSC, indicating good brain penetration of the 
inhibitor, in line with previous data.83,84 These drug lev-
els, corresponding to concentrations in the high mi-
cromolar range (52–96  µmol/L), are compatible with 
inhibition of the enzyme, since in vitro studies showed 
a Ki of 34 µmol/L.80,81

Pretreatment with 1-DL-MTRP therefore signifi-
cantly lowered plasma levels of kynurenine and of the 
kynurenine/tryptophan ratio, indicating successful in-
hibition of the first step of KP. In these conditions, we 
observed significant improvement of the neurological 
function after CA,85 in agreement with our hypothesis 
of involvement of the KP in the central events leading 
to brain injury after CA/CPR. Preclinical and clinical 
studies in stroke have in fact shown that interfering 
with the KP may have beneficial effects in terms of 
neuroprotection and reduction of neuroinflamma-
tion, lessening patient morbidity and mortality.86 Our 
data indicate that pretreatment with 1-DL-MTRP re-
duced kynurenine levels in plasma and hippocampus 
96  hours post-ROSC, and, consequently, the ky-
nurenine/tryptophan ratio.
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To investigate the effect of IDO inhibition on the hy-
poxic ischemic brain environment, we analyzed gene 
expression of factors associated with proinflammatory 
states and anti-inflammatory states, IL-1β, and Arg1, 
respectively.87–89 The results are not conclusive but 
are suggestive for indicating an effect of 1-DL-MTRP 
in counteracting the CA/CPR-induced increase of IL-
1β mRNA and in increasing Arg1 mRNA.

We did not find effects of CA/CPR on hippocampal 
5-HT levels, a possible consequence of the shift toward 
the KP induced by IDO activation (Figure S3), nor were 
changes observed after treatment with 1-DL-MTRP. 
However, these measurements were performed 96 hours 
after ROSC, and it cannot be excluded that 5-HT alter-
ations might occur at earlier time points. Moreover, the 
rapid turnover of 5-HT to form its downstream metabo-
lites (eg, 5-hydroxyindoleacetic acid) could mask the ef-
fect of CA/CPR or IDO inhibition on central 5-HT levels.

Interestingly, despite interindividual variability in ky-
nurenine levels and consequently in the kynurenine/
tryptophan ratio after CA/CPR, we found significant 
correlations between individual kynurenine absolute 
levels, as well as kynurenine/tryptophan ratio and 
CA-induced neurological scores. These correlations 
were observed in hippocampal and plasma levels, 
suggesting that peripheral activation of KP may be 
a marker of functional outcome, consistent with pre-
vious findings in out-of-hospital CA patients28 and in 
patients after stroke, where peripheral activation of 
the KP correlated with stroke severity and cerebral 
infarct volume.30,90 Moreover, the correlation between 
plasma and hippocampal levels of kynurenine and 
kynurenine/tryptophan ratio also suggest that periph-
eral KP may reflect the situation in the brain.

In this study, we did not measure the hippocam-
pal levels of KYNA and 3-HAA in the animals treated 
with 1-DL-MTRP, since the main aim was to prove 
the involvement of the first step of the KP pathway in 
CA-induced neurological impairment. It might be en-
visaged that the inhibition of the KP pathway should 
also result in a decrease of downstream metabolites, 
including the neuroprotective KYNA, raising doubts 
on the role of this metabolite in the beneficial effects 
of 1-DL-MTRP. It might be considered, however, 
that many sets of data91–93 actually show that 1-MT 
treatment induces a counterintuitive increase of plas-
matic KYNA, while producing, as expected, an in-
crease in tryptophan and a decrease in kynurenine 
and in kynurenine/tryptophan ratio, with no change 
of 5-HT levels.92 These data suggest alternative 
mechanisms of KYNA production, possibly mediated 
by other tryptophan-degrading enzymes or nonen-
zymatically.94 This additional mechanism of action 
of 1-DL-MTRP, and its involvement for the reduction 
of CA-induced neurological deficits, requires further 
investigations.

We recognize some limitations in our study. We in-
vestigated the changes in KP activity in the periphery 
and in the brain by measuring absolute levels of trypto-
phan, kynurenine, KYNA, and 3-HAA, and we suggest 
activation of KP based on the ratio between metabo-
lites. However, IDO activation is not the only determi-
nant regulating the peripheral kynurenine/tryptophan 
ratio.95 Other factors include: (1) the activity of trypto-
phan 2,3-dioxygenase (mainly expressed in the liver), 
which, together with IDO, is responsible for trypto-
phan→kynurenine conversion in the periphery32; and 
(2) changes in brain influx of permeable KP metabolites 
(eg, tryptophan and kynurenine). Moreover, changes in 
downstream enzymatic activity (Figure S1) may under-
estimate or overestimate the calculated kynurenine/
tryptophan ratio, and the influx of kynurenine and tryp-
tophan into the brain may have partially masked the 
activation of the downstream KP steps. Thus, mRNA 
expression, protein levels, and the activity of brain and 
peripheral enzymes of the KP after CA/CPR, need to 
be investigated to better elucidate which branch of the 
KP is preferentially activated after CA/CPR.

In conclusion, we uphold the involvement of KP in 
the neurological deficit following CA/CPR, also demon-
strating that the degree of peripheral activation of KP 
may predict functional outcomes of CA. Further studies 
are needed to clarify the role of each neuroactive ky-
nurenines in the molecular mechanisms underlying the 
CA-induced neuropathological events––also consider-
ing other downstream metabolites (eg, quinolinic acid)–
–in order to define KP as a neuroprognostic biomarker 
after CA/CPR and/or an important pharmacological tar-
get to reduce morbidity and mortality after successful 
CPR.
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SUPPLEMENTAL METHODS 

 

 

(1) Animal preparation 

Sprague-Dawley rats were used. Rats were acclimatized to housing, food and water conditions for 

four days before the experiments. Housing was always specific pathogen free and the rats were co-

housed in polycarbonate solid-bottom cages in a temperature-controlled environment (22 ± 2°), 

with 45-65% humidity and 12h light-dark cycle, with free access to #2018S ENVIGO Rodent Diet 

(Sterilizable, Pellet) and reverse-osmosis-filtered water. Before surgery, animals were fasted 

overnight, with free access to water. They were anesthetized by intraperitoneal (IP) injection of 

thiopental (50 mg/kg). Additional doses of thiopental (10 mg/kg) were given at intervals of 

approximately 40 minutes or when required to maintain anaesthesia. Ampicillin (50 mg/kg) was 

injected intramuscularly (IM) as prophylaxis after induction of anaesthesia. Animals were then 

instrumented for hemodynamic measurements and induction of cardiac arrest (CA), according to an 

established model of electrically induced CA and cardiopulmonary resuscitation (CPR) 39 as 

detailed below. Briefly, the trachea was orally intubated with a 14-gauge cannula. A PE-50 catheter 

was advanced into the descending aorta from the left femoral artery for measurements of arterial 

pressure (systolic, median and diastolic arterial pressure: SAP, MAP and DAP, see Measurements 

methods) and blood sampling. Through the left external jugular vein, another PE-50 catheter was 

advanced into the right atrium for measurement of right atrial pressure (RAP) and for the 

administration of epinephrine. Aortic and right atrial pressures were measured with reference to the 

mid-chest with conventional external pressure transducers. A 3-Fr PE catheter was advanced 

through the right external jugular vein into the right atrium. A pre-curved guide wire supplied with 



the catheter was then advanced through the catheter into the right ventricle for inducing CA. All 

catheters were flushed intermittently with saline containing 2.5 IU/mL of bovine heparin. A 

conventional lead II electrocardiogram (ECG) was continuously monitored. Temperature was 

monitored with the aid of a rectal probe and maintained at 37±0.5 ºC. 

(2) Cardiac arrest (CA) and cardiopulmonary resuscitation (CPR) procedures 

Ventricular fibrillation (VF) was electrically induced with progressive increases in 60-Hz current to 

a maximum of 4 mA delivered to the right ventricular endocardium. The current flow was 

maintained for 3 min to prevent spontaneous defibrillation. Animals were subjected to 7 minutes 

(aim #1) or 8 minutes (aim #2) of untreated VF following by precordial compression (PC) with a 

pneumatically driven mechanical chest compressor as previously described 96. The PC depth was 

adjusted to ensure coronary perfusion pressure (CPP) at least of 25 mmHg. The PC rate was 

200/min with equal compression-decompression. From the start of PC, animals were mechanically 

ventilated at a frequency of 50/min with tidal volume 0.6 mL/100g and FiO2 1.0. A single dose of 

epinephrine (0.02 mg/kg) was injected into the right atrium 2 min after the start of PC. After 5 

minutes (aim #1) or 8 minutes (aim #2) of CPR, resuscitation was attempted with up to three 2-

joule (J) defibrillations (CodeMaster XL, Philips Heartstream). ROSC was defined as the return of 

supraventricular rhythm with MAP > 50 mmHg for at least 5 minutes. If ROSC did not occur, two 

more 30-seconds cycles CPR were done with counter-shock. After ROSC, mechanical ventilation 

was maintained at FiO2 1 for 1h post-resuscitation, then continued with FiO2 0.21.  

 

(3) Measurements 

Aortic and right atrial pressures, and electrocardiogram (AP, RAP and ECG) were continuously 

recorded with a personal computer-based data acquisition system supported by CODAS hard 



hardware and software (DataQ, Akron, OH). Coronary perfusion pressure (CPP) was calculated as 

the difference between aortic and time-coincident right atrial pressures. Time to ROSC is calculated 

as the time from start of CPR to return of spontaneous circulation, and includes additional chest 

compression cycles and subsequent defibrillations. 

Myocardial function was assessed by transthoracic echocardiography 4 and 96 hours post-ROSC 

using an SSD-5500 (Aloka, Mitaka, Tokyo, Japan) equipped with a 13 MHz linear array transducer 

at high frame-rate imaging (102 Hz) and a 7,5 MHz phase array probe for pulse wave, colour and 

tissue Doppler imaging. Rats undergoing echocardiography at 96 hours were anesthetized with 

thiopental IP 50 mg/kg (and if necessary 10 mg/kg recall doses). The aim of this test was to 

examine left ventricular (LV) structure and systolic and diastolic function after cardiac arrest. 

Mono- and bi-dimensional (2D) echocardiography were followed and images from parasternal 

long- and short-axis, apical four and five chamber views were acquired. Using Pulsed Wave 

Doppler echocardiography was used to record transmitral and transaortic flow. Tissue Doppler 

Imaging (TDI) of LV lateral and septal mitral anulus were evaluated. The assessed parameters 

were: heart rate (HR), LV outflow tract diameter (LVOT), end-systolic and end-diastolic LV wall 

thicknesses, end-diastolic and end-systolic diameters, shortening fraction (SF), E/e’ ratio, LV end-

systolic and end-diastolic volumes (ESV μL; EDV μL), ejection fraction (EF) and LV cardiac 

output (CO). All recordings and measurements were followed according to the recommendations of 

the American and European Societies of Echocardiography Guidelines 97, 98. 

Left ventricular EF (LVEF, %) is an indicator of systolic function, calculated as (LVEDV-LVESV) 

/ (LVEDV)*100. End-diastole is preferably defined as the first frame after mitral valve closure or 

the frame in the cardiac cycle in which the respective LV dimension is the largest. End-systole is 

best defined as the frame after aortic valve closure or the frame in which the cardiac dimension or 

volume is smallest. Volumetric measurements are usually based on tracings of the interface between 

the compacted myocardium and the LV cavity. LV areas were measured and LV volumes were 

calculated by modified Simpson’s single plane rule from the parasternal long-axis view. 



The pulse Doppler peak mitral inflow velocity (peak E wave) (μm/sec) to tissue Doppler e’ wave 

velocity ratio (μm/sec) (E/e’) is an indicator of diastolic function. TDI was obtained from the apical 

four-chamber view placing a 1.0-mm sample at the septal and lateral junction of the mitral annulus. 

The normal E/e′ ratio should be ≤9.  

Flow across a fixed orifice is the product of the cross-sectional area (CSA) of the orifice and flow 

velocity. Because flow velocity varies during ejection in a pulsatile system such as the 

cardiovascular system, individual velocities of the Doppler spectrum need to be summed or 

integrated to measure the total flow volume during a given ejection period. The sum of velocities is 

called the Time Velocity Integral (TVI; μm/sec). Once TVI has been determined, SV (μL) is 

calculated by multiplying TVI by CSA. The location most frequently used to determine SV is the 

left ventricle outflow tract (LVOT). Cardiac output (CO, μL/min) represents the blood flow passing 

through the LVOT per unit of time. CO was calculated using the formula: CO = SV*HR. CO was 

obtained from the apical five-chamber view placing a 1.0-mm sample volume at the aortic valve. To 

evaluate the recovery in CO for each group, data were analysed as relative changes (%) for each 

single animal as delta CO (%) = [(CO96h – CO4h)/CO4h]*100. For the 1-DL-MTRP- and Vehicle-

treated groups, we calculated the averages.  



(4) HPLC-MS/MS methods 

Chemicals and reagents. Acetonitrile (ACN), methanol (MeOH), acetic acid (CH3COOH) and 

formic acid (HCOOH) were from Sigma-Aldrich Co. (Milan, Italy); all solvents were of liquid 

chromatography-mass spectrometry (LC-MS) grade. LC-MS grade water was obtained in-house 

with a Milli-Q system (Millipore, Bedford, MA, USA). L-Tryptophan (TRP), L-kynurenine (KYN), 

kynurenic acid (KYNA) 3-hydroxyanthranilic acid (3-HAA), serotonin (5-HT) and 1-methyl-DL-

tryptophan (1-DL-MTRP) were from Sigma-Aldrich. TRP-d5 and KYNA-d5 were from CDN 

Isotopes (Chemical Research 2000, Rome, Italy); KYN-d4, and 3-HAA-d2 were from Buchem BV 

(Apeldoorn, The Netherlands).  

Stock and working solutions for plasma analysis. Stock solutions of TRP and KYN reference 

standard were prepared in CH3COOH 0.08 M at 1 mg/mL, and diluted together in the same solvent 

to give a standard working solution containing TRP and KYN at 250 µg/mL and 10 µg/mL 

respectively. This standard working solution was then serially diluted to give six other standard 

working solutions at 200, 150, 100, 50, 25 and 6.25 µg TRP/mL and 8.0, 6.0 4.0, 2.0, 1.0 and 0.25 

µg KYN/mL.  

A stock solution containing KYNA and 3-HAA reference standards at 1 mg/mL were prepared in 

H2O and diluted in the same aqueous solvent to give a single standard working solution of 150 

ng/mL. Stock solution of 1-DL-MTRP reference standard was prepared in CH3COOH 0.08M at 1 

mg/mL, and diluted in the same solvent to give seven standard working solutions containing 300, 

250, 200, 100, 50, 10 and 2.5 µg/mL. Three quality control (QC) working solutions containing both 

TRP and KYN in CH3COOH 0.08M at i) 187.5, 125 and 18.75 μg TRP/mL and ii) 7.5, 5.0 and 0.75 

μg KYN/mL were used to prepare QC samples. Three QC working solutions containing 1-DL-

MTRP in CH3COOH 0.08M at 225, 150 and 75 μg/mL were used to prepare QC samples (only for 

aim #2). A single QC working solution containing both KYNA and 3-HAA in H2O at 150 ng/mL 

were used to prepare QC samples. Stock and working solutions were stored at -20°C until use. 



Stock and working solutions for analysis in hippocampus. Stock solutions of TRP, KYN and 5-

HT reference standard were prepared in CH3COOH 0.08M at 1 mg/mL, and diluted together in the 

same solvent to give a standard working solution containing TRP at 150 µg/mL, and KYN and 5-

HT at 9 µg/mL. This working solution was then serially diluted to give six other standard working 

solutions at 125, 100, 75, 37.5, 12.5 and 2.5 µg TRP/mL and 7.5, 6.0, 4.5, 2.25 0.75 and 0.15 µg 

KYN/mL. A stock solution of 1-DL-MTRP reference standard was prepared in CH3COOH 0.08M 

at 1 mg/mL and diluted in the same solvent to give seven standard working solutions containing 

300, 250, 200, 100, 50, 10 and 2.5 µg/mL. A stock solution containing both KYNA and 3-HAA 

reference standards at 1 mg/mL were prepared in H2O and diluted in the same aqueous solvent to 

give the single standard working solution of 50 ng/mL. Three quality control (QC) working 

solutions containing both TRP, KYN and 5-HT in CH3COOH 0.08M at i) 125.0, 75 and 7.5 μg 

TRP/mL, ii) 7.5, 5.0 and 0.75 μg KYN/mL or 5-HT/mL were used to prepare QC samples. Three 

QC working solutions containing 1-DL-MTRP in CH3COOH 0.08M at 225, 150 and 75 μg/mL 

were used to prepare QC samples (only for aim #2). The same QC working solution for KYNA and 

3-HAA prepared for plasma analysis were used for hippocampus. Stock and working solutions were 

stored at -20°C until use. 

Stock and working solutions of internal standards. For both plasma and hippocampal analysis, 

the same stock solutions and working solutions of internal standards were used. Stock solutions of 

TRP-d5 and KYN-d4 were prepared in CH3COOH 0.08M at 1 mg/mL (sol. A) and 100 µg/mL (sol. 

B) respectively, and a stock solution containing both KYNA-d5 and 3-HAA-d2 was prepared in 

H2O at 1 mg/mL, then diluted to 10 µg/mL in CH3COOH 0.08M (sol. C). Appropriate volumes of 

‘sol. A’, ‘sol. B’ and ‘sol. C’ (the latter only for aim #1) were combined and diluted with 

CH3COOH 0.08M to obtain the final IS working solution containing 100 µg TRP-d5/mL, 5 µg 

KYN-d4/mL, 0.24 µg KYNA-d5/mL and 0.24 µg 3-HAA-d2/mL. 



Plasma samples preparation. Seven-point calibration curves were generated by spiking 100 µL of 

control plasma with i) 10 µL of the seven TRP/KYN working solutions (for aim #1 and #2), ii) 

different volumes (0.8 – 32 µL) of the single KYNA/3-HAA working solution (150 ng/mL) (only 

for aim #1) and iii) 10 µL of the seven 1-DL-MTRP working solutions (only for aim #2), to have 

final concentrations in the ranges 0.5-20 µg TRP/mL, 0.025-1 µg KYN/mL, 1.2-48 ng KYNA/mL, 

1.2-48 ng 3-HAA/mL and 0.25-30 µg 1-DL-MTRP/mL.  

QC samples were prepared by spiking 100 µL of control plasma with i) 10 µL of TRP/KYN QC 

working solutions (for aims #1 and #2), ii) different volumes of KYNA/3-HAA QC working 

solution (only for aim #1) and iii) 10 µL of 1-DL-MTRP QC working solutions (only for aim #2) to 

final concentrations of 18.75 µg TRP/mL, 0.75 µg KYN/mL, 4 ng KYNA/mL, 4 ng 3-HAA/mL and 

22.50 µg 1-DL-MTRP/mL (high quality controls, HQCs), 12.50 µg TRP/mL, 0.50 µg KYN/mL, 18 

ng KYNA/mL, 18 ng 3-HAA/mL and 15.0 µg 1-DL-MTRP/mL (mid-quality controls, MQCs), and 

0.1875 µg TRP/mL, 0.075 µg KYN/mL, 36 ng KYNA/mL, 36 ng 3-HAA/mL and 0.75 µg 1-DL-

MTRP/mL (low-quality controls, LQCs).  

Since we added different volumes of the KYNA/3-HAA working and QC solutions in each standard 

sample (maximum volume added 32 µL), appropriate volumes of H2O were added to give the same 

total volume in each sample. Thus, to unknown samples we added 10 µL (aim #1) or 20 µL (aim 

#2) of CH3COOH 0.08M, and 32 µL of H2O (aim #1) before extraction.  

Hippocampus samples preparation. Six-point calibration curves were generated by spiking 500 

µL of control hippocampal homogenate (1g in 5 mL of H2O/ACN, 1:2, v/v) with i) 10 µL of the 

seven TRP/KYN working solutions (for aims #1 and  #2), ii) different volumes (0.5-24 µL) of the 

single KYNA/3-HAA working solution (50 ng/mL) (only for the aim #1) and iii) 2 µL of 1-Dl-

MTRP working solutions (only aim #2), to final concentrations in the ranges 0.25-15 µg TRP/g, 

0.015-0.9 µg KYN/g, 0.015-0.9 µg 5-HT/g, 0.25-12 ng KYNA/g, 0.25-12 ng 3-HAA/g and 0.05-6 

µg 1-DL-MTRP/g.  



QC samples were prepared by spiking 100 µL of control plasma with i) 10 µL of TRP/KYN QC 

working solutions (for aims #1 and #2), ii) different volumes of KYNA/3-HAA QC working 

solution (only for aim #1) and iii) 2 µL of 1-DL-MTRP QC working solutions (only for aim #2) to 

give final concentrations of 12.50 µg TRP/g, 0.75 µg KYN/g, 10 ng KYNA/g, 10 ng 3-HAA/g, 0.75 

µg 5-HT/mL and 4.5 µg 1-DL-MTRP/g, (high quality controls, HQCs), 7.5 µg TRP/g, 0.50 µg 

KYN/g, 4.0 ng KYNA/g, 4.0 ng 3-HAA/g, 0.45 µg 5-HT/mL and 3.0 µg 1-DL-MTRP/g (mid-

quality controls, MQCs), and 0.75 µg TRP/g, 0.075 µg KYN/g, 0.75 ng KYNA/g, 0.75 ng 3-

HAA/g, 0.045 µg 5-HT/g and 0.15 µg 1-DL-MTRP/g (low-quality controls, LQCs).  

Since we added different volume of the KYNA/3-HAA working and QC solutions in each standard 

sample (maximum volume added 24 µL), appropriate volumes of H2O were added to give the same 

total volume in each sample. Thus, to unknown samples we added 10 µL (aim #1) or 12 µL (aim 

#2) of CH3COOH 0.08M, and 24 µL of H2O (aim #1) before extraction.  

Extraction from plasma and hippocampus. Ten µL of deuterated internal standards solution were 

added to 100 µL of plasma or 500 µL (for standard curves and QCs) of hippocampal homogenate. 

For unknown samples, resulting homogenate volumes were <500 µL since hippocampus weighted 

around 30 mg (homogenization ratio: 1g in 5 mL of H2O/ACN, 1:2, v/v); thus, all volumes were 

analyzed and a weight correction factor was apply to determine the actual concentration of 

metabolites.  Plasma samples were then mixed with 400 µL of cold CH3OH, incubated for a 1h at -

20°C to allow protein precipitation and then centrifuged at 14000 g for 10 min at 4°C. Hippocampal 

homogenates were directly centrifuged as plasma. After centrifugation, supernatants were dried 

under N2 and the residue was re-suspended in 100 µL of 0.1% HCOOH in water/ACN (99/1, v/v), 

and injected into the HPLC system coupled to the mass spectrometer.  

Aim #1 - Quantitative HPLC-ESI-TripleQ method. The optimized mass spectrometric 

parameters for gas temperature, gas flow, nebulizer and capillary were respectively 350°C, 10 

L/min, 30 psi and 3000 V. Chromatographic separation was done on an Agilent 1200 system 



(Agilent Technologies) using an Atlantis T3 column (150 × 2.1 mm; 3 μm particle size, Waters), 

with an Atlantis T3 VanGuard Cartridge (2.1 mm x 5 mm; 3 μm particle size, Waters). The elution 

solvents were 0.1% HCOOH in water (mobile phase A, MP-A) and acetonitrile (mobile phase B, 

MP-B). The injection volume was 20 μL and the flow rate 160 μL/min. The auto-sampler 

temperature was maintained at 6°C. Elution started with 99% of MP-A and 1% MP-B for 1 min, 

followed by a 12-min linear gradient to 60% of MP-B, a 2-min linear gradient to 99% of MP-B 

which was maintained for 2 min, and a 1-min linear gradient to 99% MP-A which was maintained 

for 8 min to equilibrate the column. The total run time was 26 min. Retention times were 8.8 min 

(KYN), 8.7 min (KYN-d4), 12.4 min (3-HAA), 12.3 min (3-HAA-d2), 10.1 min (TRP), 10.0 min 

(TRP-d5), 10.8 min (KYNA) and 10.7 min (KYNA-d5). Mass spectrometric analyses were done 

using multiple reaction monitoring (MRM) mode, measuring the fragmentation product of the 

protonated molecular ions of TRP, KYN, KYNA, 3-HAA and the IS. The mass spectrometer Triple 

Quad 6410 (Agilent Technologies, CA, USA) was equipped with an electrospray ionization source 

(ESI) operating in positive ion mode. The mass transitions for MRM acquisition and quantification 

of KP metabolites are shown below: 

- TRP: m/z 205 → m/z 146, collision energy 14 V 

- KYN: m/z 209 → m/z 146, collision energy 20 V 

- KYNA: m/z 190 → m/z 144, collision energy 16 V 

- 3-HAA: m/z 154 → m/z 80, collision energy 30 V 

- TRP-d5: m/z 210 → m/z 150, collision energy 16 V 

- KYN-d4: m/z 213 → m/z 150, collision energy 20 V 

- KYNA-d5: m/z 195 → m/z 149, collision energy 16 V 

- 3-HAA-d2: m/z 156 → m/z 82, collision energy 30 V 

The HPLC-MS/MS system was controlled by MassHunter (Agilent Technologies) and data were 

collected and elaborated with the same software. 



Aim #2 - Quantitative HPLC-ESI-TripleQ method. Chromatographic separation was done on an 

Alliance 2695 (Waters Corp.) using an Accucore PFP column (150 × 2.1 mm; 2.6 μm particle size, 

Thermo-Scientific) at 30°C, with an Accucore PFP guard column defender (10 x 2.1 mm; 2.6 μm 

particle size, Thermo-Scientific). The elution solvents were 0.1% HCOOH in water (mobile phase 

A, MP-A) and acetonitrile (mobile phase B, MP-B). The injection volume was 40 μL and the flow 

rate 200 μL/min. The auto-sampler temperature was maintained at 6°C.  

Elution started with 99% of MP-A and 1% MP-B for 2 min, followed by an 18-min linear gradient 

to 50% of MP-B, a 1-min linear gradient to 70% of MP-B maintained for 1 min, and a 1-min linear 

gradient to 99% of MP-A which was maintained for 12 min to equilibrate the column. The total run 

time was 35 min. Retention times were 6.4 min (KYN), 6.3 min (KYN-d4), 12.4 min (TRP), 12.3 

min (TRP-d5) and 15.4 min (1-DL-MTRP). Mass spectrometric analyses were done using multiple 

reaction monitoring (MRM) mode, measuring the fragmentation product of the protonated pseudo-

molecular ions of TRP, KYN 1-DL-MTRP and the IS. The mass spectrometer Quattro Micro API 

triple quadrupole instrument (Waters Corp., Manchester, UK) was equipped with an electrospray 

ionization source (ESI) operating in positive ion mode. The mass transitions for MRM acquisition 

and quantification of KP metabolites are shown below: 

- TRP: m/z 205.2 → m/z 188.2; cone 15 V, collision energy 5 eV 

- KYN: m/z 209.5 → m/z 192.1; cone 15 V, collision energy 5 eV 

- 5-HT: m/z 177.0 → m/z 160.2; cone 15 V, collision energy 10 eV 

- 1-DL-MTRP: m/z 219.1 → m/z 160.1; cone 15 V, collision energy 15 eV 

- TRP-d5: m/z 445.1 → m/z 428.1; cone 20 V, collision energy 8 eV 

- KYN-d4: m/z 445.1 → m/z 428.1; cone 15 V, collision energy 10 eV 

The optimized mass spectrometric parameters for capillary, extractor and RF lens voltages were 

respectively 3.5 kV, 1.0 V and 2.0 V. The source and desolvation temperatures were 100 and 

300°C. The desolvation and cone gas flows were 600 and 60 L/h. Argon was used as collision gas. 



The HPLC-MS/MS system was controlled by the MassLynx® version 4.1 (Waters Corp.) and data 

were collected with the same software. 

 

(5) Real-Time Polymerase Chain Reaction (RT-PCR) (aim #2) 

Total RNA was extracted from the brain cortex of rats pre-treated with vehicle or 1-DL-MTRP and 

killed at 96 hours post-ROSC. Pure Link RNA Mini Kit (Ambion, Carlsbad, CA USA) was used in 

according to the manufacturer’s instructions. Samples of total RNA (300 ng) were treated with 

DNAse (Applied Biosystems, Foster City, CA, USA) and reverse-transcribed with random hexamer 

primers using multiscribe reverse transcriptase (TaqMan reverse transcription reagents, Applied 

Biosystems, Foster City, CA, USA). The same starting concentrations of cDNA template were used 

in all cases. Real-time PCR was performed using Power SYBR Green according to the 

manufacturer’s instructions (Applied Biosystems). Glyceraldehyde 3-phosphate dehydrogenase 

(Gapdh) was used as the reference gene, and the relative gene expression levels were determined 

according to the ΔΔCt method (Applied Biosystems). Data are presented as fold change compared 

with control group. Primer sets were designed to span exon junctions 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/) in order to amplify only spliced RNA. GeneBank 

accession: Gapdh: NM_017008.4. Interleukin 1 beta (IL1β): NM_031512.2. Arginase 1 (Arg1): 

NM_017134.3. The primer sequences were as follows: Gapdh forward (fwd): ccgcatcttcttgtgcagtg 

and reverse (rev): cgatacggccaaatccgttc. IL1β fwd: gctatggcaactgtccctga and rev: 

aagggcttggaagcaatcctta. Arg1 fwd: tttctctaagggacagcctcg and rev cagatccccgtggtctctca.   

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=402691727


Table S1. Hemodynamics in CA/CPR rats. Hemodynamics were monitored invasively during the 

2 hours observation. All data are reported as mean ± SD when normally distributed, median [Q1-

Q3] when non-normally distributed of 23 rats. Data were analysed by one-way RM ANOVA with 

Tukey’s multiple comparisons test or Kruskal-Wallis test with Dunn’s multiple comparisons test, 

***P<0.001 vs pre-CA. 

 

Heart rate (HR), beats/min 

Pre-CA 

PR 10 min 

PR 1 h 

PR 2 h 

 

391 ± 37 

293 ± 72 *** 

378 ± 30 

389 ± 28 

Systolic arterial pressure (SAP), mmHg 

Pre-CA 

PR 10 min 

PR 1 h 

PR 2 h 

 

158 ± 14 

101 ± 16 *** 

99 ± 22 *** 

114 ± 27 *** 

Diastolic arterial pressure (DAP), mmHg  

Pre-CA 

PR 10 min 

PR 1 h 

PR 2 h 

 

115 ± 17 

61 ± 19 *** 

69 ± 23 *** 

78 ± 26 *** 

Mean arterial pressure (MAP), mmHg  

Pre-CA 

PR 10 min 

PR 1 h 

 

135  ± 17 

76 ± 18 *** 

80 ± 24 *** 



PR 2 h 92 ± 28 *** 

Coronary perfusion pressure (CPP), mmHg 

Pre-CA 

PR 10 min 

PR 1 h 

PR 2 h 

 

112 ± 18 

58 ± 19 *** 

66 ± 23 *** 

74 ± 26 *** 

High-sensitivity cardiac troponin T, pg/L 

Pre-CA 

PR 10 min 

PR 2 h 

 

54 [37-144] 

701 [618- 1057] *** 

4066 [3101- 5104] *** 

 

 

  



Table S2. TRP and KP metabolites in hippocampus in naïve and sham rats. Hippocampal 

concentrations of Tryptophan (TRP), Kynurenine (KYN), Kynurenic acid (KYNA), 3-

hydroxyanthranilic acid (3-HAA) and the KYN/TRP ratio in naïve (n=4) and sham (n=5) rats. Data 

are reported as median with [Q1-Q3]. The effect of surgery (naïve vs. sham) were analysed by 

Mann-Whitney U test. 

 

 Naïve rats Sham rats P-value 

TRP, µg/mL 4.83 [4.74 - 5.12] 5.07 [5.05 - 5.30] 0.1456 

KYN, µg /mL 42.3 [40.6 - 71.5] 64.8 [53.0 – 77.5]  0.3825 

KYN/TRP ratio 0.009 [0.008 - 0.015] 0.012 [0.010 - 0.015]  0.5087 

KYNA, ng/mL 2.30 [1.79 – 6.01] 2.48 [2.36 – 3.16]  0.5742 

3-HAA, ng/mL 0.233 [0.175 - 0.263] 0.200 [0.177 - 0.236]  0.6519 

  



Table S3. Basal levels of KP metabolites in plasma. Concentrations of Tryptophan (TRP), 

Kynurenine (KYN) and the KYN/TRP ratio in plasma 15 min before CA (pre-CA) in rats treated 

with vehicle (n=15) or two doses of 800 mg/kg 1-DL-MTRP given by gavage 16h and 2h before 

CA (n=13) (referring to Figure 2 in the main text). Data are reported as median with [Q1-Q3] and 

were analysed by t-test with Welch’s correction for unpaired measurements: +P<0.05 and ++P<0.05 

versus vehicle. 

 

 Vehicle – pre-CA 1-DL-MTRP – pre-CA P-value 

TRP, µg/mL 11.14 [9.57 – 14.36] 13.03 [12.25 – 18.69] 0.0312 + 

KYN, µg /mL 0.350 [0.267 – 0.377] 0.248 [0.203 – 0.288]  0.0243 + 

KYN/TRP ratio 0.027 [0.020 - 0.041] 0.017 [0.012 - 0.023]  0.0056 ++ 

  



Table S4. Endogenous levels of KP metabolites in naïve rats.  Concentrations of hippocampal 

Tryptophan (TRP), Kynurenine (KYN) and the KYN/TRP ratio in naïve rats (n=6) analysed in the 

two independent experimental sessions (n=3 rats per session, as described in the text) and used to 

normalize the values in vehicle- and 1-DL-MTRP-treated rats.  

 

Variable 

Experimental session 1 

Mean ± SD  

Experimental session 2 

Mean ± SD 

TRP, µg/g 3.34 ± 0.38 5.75 ± 0.39 

KYN, µg/g 0.067 ± 0.033 0.030 ± 0.001 

KYN/TRP ratio 0.0197 ± 0.0084 0.0053 ± 0.0004 

5-HT, µg/g 0.286 ± 0.021 0.428 ± 0.159 



 

 

Figure S1. Overview of the kynurenine pathway (highlighted inside the box). Metabolites 

considered in this study are in upper case. Enzymes involved in kynurenine pathway are in italics.  
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Figure S2. Aim #2: 1-DL-MTRP levels in plasma and hippocampus. (A) Plasma and (B) 

hippocampal levels of 1-DL-MTRP in rats pre-treated with the IDO inhibitor with two doses of 800 

mg/kg given by gavage 16 hours and 2 hours before CA. Serial plasma samples were obtained 15 

min before CA (pre-CA), 2 hours (PR 2 h) and 96 hours (PR 96 h) post-ROSC. Hippocampal 

analyses were done at euthanasia 96 hours post-ROSC. Data are reported as means ± SD. 
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Figure S3 - Effect of IDO inhibition on 5-HT in hippocampus. Concentrations of 5-HT and 5-

HT/KYN ratio measured in hippocampus 96 hours post-ROSC (PR 96 h) in rats treated with vehicle 

(n = 9) or two doses of 800 mg/kg 1-DL-MTRP given by gavage 16 h and 2h before CA (n = 9). 

Since this experiment included two independent sessions, each of them including three naïve rats, 

for each session we normalized the values of 5-HT measured in vehicle- and 1-DL-MTRP-treated 

rats to the mean values obtained in the corresponding naïve rats (absolute levels are reported in 

Table S4). Individual points are reported with median and [Q1-Q3] Data were analysed by Kruskal-

Wallis test followed by Dunn’s multi-comparison test. 
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Figure S4. Correlation analysis between tryptophan (TRP) levels (plasma and hippocampus) 

and neurological deficit score (NDS) at 96 hours post-ROSC.  

Correlations between NDS and (A) hippocampal and (B) plasma levels of TRP 96 hours post-

ROSC in rats treated with vehicle (teal blue circles, n=9) or 1-DL-MTRP (800 mg/kg/dose) (red 

circles, n=9) given by gavage 16 and 2 hours before CA. Correlations were calculated with 

Spearman’s method: rank correlation coefficient r [95% CI] and P-value (two-tailed) of the 

correlation are indicated inside the figures. P<0.05 was considered significant. 
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Figure S5. Cortical mRNA expression of pro- and anti-inflammatory genes 96 hours post-

ROSC. Relative gene expression analysis of (A) Interleukin 1 beta (IL1β) and (A) Arginase 1 

(Arg1) in the brain cortex of naïve rats, and in vehicle- and 1-DL-MTRP –treated rats 96 hours 

post-ROSC (n=4-6/group). Data were analyzed by Kruskal-Wallis test followed by Dunn’s multi-

comparison test. Data are expressed as fold induction and reported as mean ± SD. 
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