PLOS ONE

Check for
updates

G OPEN ACCESS

Citation: Hoffman WH, Whelan SA, Lee N (2021)
Tryptophan, kynurenine pathway, and diabetic
ketoacidosis in type 1 diabetes. PLoS ONE 16(7):
€0254116. https://doi.org/10.1371/journal.
pone.0254116

Editor: Ram Nagaraj, University of Colorado
Denver School of Medicine, UNITED STATES

Received: March 7, 2021
Accepted: June 20, 2021
Published: July 19, 2021

Copyright: © 2021 Hoffman et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which
permits unrestricted use, distribution, and
reproduction in any medium, provided the original
author and source are credited.

Data Availability Statement: Raw data submitted
in Supporting files.

Funding: The authors received no specific funding
for this work.

Competing interests: The authors have declared
that no competing interests exist.

Tryptophan, kynurenine pathway, and
diabetic ketoacidosis in type 1 diabetes

William H. Hoffman'®*, Stephen A. Whelan®?**, Norman Lee?

1 Department of Pediatrics, Medical College of Georgia, Augusta University, Augusta, Georgia, United States
of America, 2 Department of Chemistry, Chemical Instrumentation Center (CIC), Boston University, Boston
Massachusetts, United States of America

® These authors contributed equally to this work.
* whoffman @augusta.edu (WHH); sawhelan @bu.edu (SAW)

Abstract

Diabetic ketoacidosis (DKA) is a serious complication of complete insulin deficiency and
insulin resistance in Type 1 diabetes (T1D). This results in the body producing high levels of
serum ketones in an attempt to compensate for the insulin deficiency and decreased glu-
cose utilization. DKA’s metabolic and immunologic dysregulation results in gradual increase
of systemic and cerebral oxidative stress, along with low grade systemic and cerebral
inflammation and the development of pretreatment subclinical BE. During treatment the
early progression of oxidative stress and inflammation is hypothesized to advance the possi-
bility of occurrence of crisis of clinical brain edema (BE), which is the most important cause
of morbidity and mortality in pediatric DKA. Longitudinal neurocognitive studies after DKA
treatment show progressive and latent deficits of cognition and emphasize the need for
more effective DKA treatment of this long-standing conundrum of clinical BE, in the pres-
ence of systemic osmotic dehydration, metabolic acidosis and immune dysregulation. Can-
didate biomarkers of several systemic and neuroinflammatory pathways prior to treatment
also progress during treatment, such as the neurotoxic and neuroprotective molecules in
the well-recognized tryptophan (TRP)/kynurenine pathway (KP) that have not been investi-
gated in DKA. We used LC-MS/MS targeted mass spectrometry analysis to determine the
presence and initiation of the TRP/KP at three time points: A) 6—12 hours after initiation of
treatment; B) 2 weeks; and C) 3 months following DKA treatment to determine if they might
be involved in the pathogenesis of the acute vasogenic complication of DKA/BE. The Trp/
KP metabolites TRP, KYN, quinolinic acid (QA), xanthurnenic acid (XA), and picolinic acid
(PA) followed a similar pattern of lower levels in early treatment, with subsequent increases.
Time point A compared to Time points B and C were similar to the pattern of SRAGE, lactate
and pyruvic acid. The serotonin/melatonin metabolites also followed a similar pattern of
lower quantities at the early stages of treatment compared to 3 months after treatment. In
addition, glutamate, n-acetylglutamate, glutamine, and taurine were all lower at early treat-
ment compared to 3 months, while the ketones 3-hydroxybutaric acid and acetoacetate
were significantly higher in the early treatment compared to 3 months. The two major fat
metabolites, L-carnitine and acetyl-L-carnitine (ALC) changed inversely, with ALC signifi-
cantly decreasing at 2 weeks and 3 months compared to the early stages of treatment. Both
anthranilic acid (AA) and 3-OH-anthranilic acid (30OH-AA) had overall higher levels in the

PLOS ONE | https://doi.org/10.1371/journal.pone.0254116  July 19, 2021

1/22


https://orcid.org/0000-0002-5439-6501
https://doi.org/10.1371/journal.pone.0254116
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254116&domain=pdf&date_stamp=2021-07-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254116&domain=pdf&date_stamp=2021-07-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254116&domain=pdf&date_stamp=2021-07-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254116&domain=pdf&date_stamp=2021-07-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254116&domain=pdf&date_stamp=2021-07-19
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0254116&domain=pdf&date_stamp=2021-07-19
https://doi.org/10.1371/journal.pone.0254116
https://doi.org/10.1371/journal.pone.0254116
http://creativecommons.org/licenses/by/4.0/

PLOS ONE

Tryptophan, kynurenine pathway, and diabetic ketoacidosis in type 1 diabetes

early stages of treatment (A) compared to Time points (B and C). Interestingly, the levels of
AA and 30H-AA early in treatment were higher in Caucasian females compared to African
American females. There were also differences in the metabolite levels of QA and kynurenic
acid (KA) between genders and between races that may be important for further develop-
ment of custom targeted treatments. We hypothesize that the TRP/KP, along with the other
inflammatory pathways, is an active participant in the metabolic and immunologic pathogen-
esis of DKA’s acute and chronic insults.

Introduction

Diabetic ketoacidosis (DKA) in type 1 diabetes (T1D) is an acute, complicated, metabolic/
immunologic condition that involves: dehydration [1]; transient hypertension [2, 3]; oxidative
stress [4, 5]; and numerous recognizable metabolic [6-12] and immunologic dysregulations
[13-16], in addition to a prothrombotic state [17]. The oxidative and inflammatory stresses of
the hyperosmolar, acidotic milieu can cause recognized [18] and unrecognized interactions of
dysregulated molecules [19, 20], resulting in perturbations of various degrees to the paracellu-
lar and cellular components of the blood-brain barrier (BBB) and the brain [21, 22].

While the research is limited, we believe that early inflammatory DKA pathways, prior to
and during treatment, are important candidates for involvement in the pathogenesis of BE/
DKA, a life-threatening insult for children with TID/DKA. An additional candidate for
inflammation is the kynurenine pathway (KP), with the newly formed tryptophan (TRP)/
kynurenine (KP) metabolites that are likely initiated prior to DKA treatment. This activation
can result in dysregulation or over activation with production of both neurotoxic and neuro-
protective molecules. In addition to the molecules of the kynurenine pathway (KP) and the
immune system [23], the KP also connects the innate and adaptive immune systems [24],
advancing the severely dysregulated milieu. The complexity and progression of the dysregula-
tion increases the potential value of early study and biomarker identification [25] for studying
the pathogenesis of the neurological crisis, and the goal of identifying potential metabolic as
well as immunological molecular target(s) for intervention.

Acute clinical BE in DKA is an uncommon crisis [26] in contrast to the frequent develop-
ment of subclinical BE [27, 28] and pulmonary edema [29], that occur prior to treatment.
Until recently, severe DKA and subclinical BE were thought to resolve without significant
sequelae. However, the subclinical neurocognitive studies [30, 31] have increased the sense of
urgency for more effective DKA treatment.

Timed, systemic, longitudinal KP biomarkers of cerebral capillary perturbations, when KP
molecular modulations are common, increase the candidates that also result in possible tran-
sient injury to other organs, such as the myocardium [3, 32]. The kynurenine pathway (KP)
metabolites and their modulations have numerous targets via blocking; noxious or non-nox-
ious stress; and oxidative stress, inflammation and immunity. These KP molecules disrupt
physiological pathways and cause toxic cellular damage [33] that can be heightened by stress
levels of glucocorticoids [34].

A NEJM editorial pointed out [35] that research on the pathogenesis of BE/DKA has
focused for an extended time on dysregulation of fluids and electrolytes (initially Dillon,
1936), and encouraged that additional considerations be given to this metabolic crisis. Liu,
et al. [36] recently called attention to the growing importance of the metabolic KP and its
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generation of cellular energy homeostasis. Yet KP intermediates can also impair energy metab-
olism with a broad range of targets and effects [37-39].

KP’s initial, rate-limiting, inflammatory/immunomodulatory catabolic enzyme (indolea-
mine 2,3-dioxygenase [IDO]) and the two KPs result from TRP degradation, and have distinct
enzymes and subsequent interactions between the contrasting neuroactive metabolites (neuro-
protective and neurotoxic). Numerous enzymes are synthesized in macrophages/microglia,
astrocytes, and neurons [40]. The metabolic neurotoxic quinolinic acid (QA) has limited con-
stitutional synthesis in the brain, with its primary site of synthesis being the liver, then passing
slowly through the BBB. The slow BBB passage of QA is in keeping with an important, likely
extended, early period of slowly progressive vasogenic perturbations/alterations of the integrity
and cohesion of the BBB [15, 16, 27] prior to the clinical crisis of BE. QA is also an agonist for
activation of glutamate excitotoxicity via N-methyl-D-aspartate (NMDA)-a multifunctional
ionotropic cell membrane receptor complex that responds to ligand binding by opening ion
channels into cells that increases oxidative stress. NMDA also modulates inflammation, immu-
noregulation and the release of arachidonic acid [41]. KYN acid (KYNA), a modulator of QA
results in NMDA’s attenuated inflammation.

Our objective was to determine the presence and initiation of the KP in DKA’s metabolic
and immunologic crisis, and whether it has a potential role in the pathogenesis of the acute
vasogenic complication of DKA/BE [6-17] by considering: a) KP’s time proximity to the tran-
sient TRP depletion; b) the transition to the formation of kynurenine metabolites and the met-
abolic/inflammatory cascade relative to the SIR of DKA; and c) whether these KP metabolites
might serve as biomarkers of progressing subclinical BE [42, 43].

Finally, we want to emphasize that acute and more protracted insults can begin early in a
DKA crisis, even with the onset of DKA. We assayed the KP metabolites that have not previ-
ously been reported, during and after the treatment of uncomplicated, severe T1D/DKA.

Materials and methods

Fifteen of the original 17 patients [3] were included in this study. Two of the initial cases had
no plasma remaining and two had only two of the three samples. Thus a total of 43 samples
were assayed for the major tryptophan/kynurenine pathway metabolites (e.g. 3-OH-anthra-
nilic acid, anthranilic acid, kynurenic acid, kynurenine, picolinic acid, quinolinic acid, tryp-
tophan, and xanthurenic acid), as well as other metabolites mentioned in this manuscript.
We arbitrarily chose 3 months post DKA treatment with a history of no ketonuria for the 2
weeks prior to a routine clinic visit for the (C) samples (second baseline post DKA) to be
obtained.

A prospective longitudinal design was utilized to study a cohort of children and adolescents
with uncomplicated T1D/DKA for evidence of inflammation ie. TRP/KYN pathway. The
study received Expedited Approval by the IRB at East Carolina University (ECU) Brody School
of Medicine since blood samples were only obtained at the time of routine blood sampling for
the treatment of DKA and at follow up visits. The study was conducted in accordance with the
Declaration of Helsinki. A total of fifteen children and adolescents between the ages of 9.5 and
17 years presenting with DKA (total CO2 = /< 12 mmol/L) were invited to enroll in the study.
Informed consent was signed by the legal guardian and assent obtained from patients 9 years
and over when not prohibited by the severity of illness. In such cases, patient assent was
obtained when clinical improvement permitted. Patients referred from outlying hospitals were
stabilized prior to being transported to ECU after consultation with the accepting attending
physician in the Pediatric Intensive Care Unit. Treatment was according to previously pub-
lished guidelines [44] with each patient serving as their own control at (2 weeks (B) and 3
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months (C) and as the baseline. Transfer of children and adolescents for DKA treatment was
routine in this part of North Carolina at the time of the study.

Study evaluation and analysis

Pretreatment values were obtained for blood pressure (BP), heart rate (HR), complete blood
count (CBC), glucose (BG), electrolytes, urea nitrogen (BUN) and creatinine at the referring
hospitals. The start of treatment was defined as the initiation of continuous intravenous insu-
lin. In addition to the pretreatment BP, BPs were also obtained and recorded hourly with an
automated oscillometric device and appropriately sized BP cuff. BPs were also obtained hourly
after initiation of insulin treatment between 6-12 hours (A); 2 weeks post correction (B); and
baseline, 3 months post discharge (C). The samples were for tryptophan/kynurenine pathway
metabolites as well as others mentioned throughout this study. Capillary BGs were obtained
hourly, electrolytes, and BUN were measured every two to four hours with the initial sample
(A) obtained on admission. At each of the routine chemistry collections a sample of 7 cc was
also obtained for the study. A CBC and differential was repeated at 24 hours, post initiation of
IV insulin. The 6-12 hrs sampling interval for (A) was a logistical consideration because differ-
ing distances and means of transfer and the time range that we have found as the most inclu-
sive time for the SIR peak. No IV vitamins were given during treatment.

None of the patients were known to have hypertension, diabetic retinopathy, nephropathy
or coronary artery disease. Exclusion criteria included a history or physical findings suggestive
of an acute or chronic infection, emotional or physical disability or autoimmune conditions
other than chronic lymphocytic thyroiditis.

Metabolite extraction

Plasma 50 pL is added to an Eppendorf tube and precipitate solution (8:1:1 Acetonitrile: Meth-
anol: Acetone) was added to make a solution of 1:8 (sample: solvent) ratio, vortexed sample to
ensure mixing and sample kept on ice for 30 minutes to further precipitate proteins. Samples
are then centrifuged at 15,000 rcf for 10 mins at <10°C to pellet proteins. Supernatant was
transferred to new, labeled tube making sure to leave behind protein pellet. Sample was dried
in Speed Vacuum Centrifuge and then reconstituted by adding 50ul pL H,0 with 0.1% formic
acid and vortexed. Samples are again placed on ice for 15 minutes, centrifuged again to remove
any protein or lipid that was not removed. Supernatant was transferred to labeled, glass LC
vial with glass insert. Samples were then placed into Agilent HPLC 1100 series auto sampler.

LC-MS/MS

An Agilent HPLC 1100 series was used with a Waters Acquity CSH™ Phenyl-Hexyl 1.7uM 2.1
x 50mm column. A Sciex API 4000 triple quadrupole mass spectrometer with an ESI source
was used in positive mode with first scan event a full MS scan at 55.0-1000m/z. For positive
polarity detection of targeted tryptophan/kynurenine pathway metabolites, as well as other
metabolites a gradient of 95% buffer A was set at 0.00-1.00min, buffer B increased to 15% at
4.00min, then buffer B increased to 95% to 7.00, maintained to 8.00 min then decreased to 5%
buffer B at 8.50min through 10.0min. For negative polarity detection of metabolites a gradient
of 95% buffer A (H20 and 0.1% formic acid) and 5% buffer B (methanol) at 0-0.5min,
increased buffer B to 95% at 5min, increased buffer B to 98% at 8.5min and then decreased
buffer B to 5% to 9.0-10.0min at a flow rate of 0.15ml/min. In negative polarity mode for anal-
ysis similar parameters were set at 55.0-1000 m/z.
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Statistical analysis

T-Test was performed on the metabolites using Microsoft excel software comparing time
points A to B, A to C and B and C where indicated using two tailed distributions assuming
unequal variances and within-subjects (Supporting information).

Results and discussion

This study confirms and extends that TRP/KP is another important pathway of inflammation
in the severely dysregulated metabolic and immunologic milieu of DKA. The timing of the
early inflammatory surge in DKA that involves the SIR [11] includes the KP. This complexity
is supported by other systemic pretreatment longitudinal DKA inflammatory studies that
include: TRP depletion [12]; the SIR [11, 13]; alpha dicarbonyls/ AGE-RAGE [8-10]; and the
complement cascade [14]. Our study indicates KP is an early participant in the inflammation/
perturbation of DKA and likely begins prior to treatment. While IDO, the initial metabolic
enzyme, is cited to be initiated by one of the SIR’s inflammatory cytokines [11, 12] it remains
to be determined if beta hydroxybutyrate (BOHB) [45] is also an early in vivo initiator of IDO
and that increases KA formation. The ketone body BOHB has the greatest systemic increase
during the lipolysis of DKA’s advancing insulin-deficient state, and increases the brain’s
KYNA synthesis and with has the ability to modulate. Ketone bodies are frequently character-
ized as neuroprotective effects [46]; however, these metabolites are also activators of cerebral
capillary endothelial cells (CCEC) [47-49].

Eleven of 15 patients in our study had their lowest TRP concentrations at 6-12 hours (A).
The average TRP concentration at (A) was decreased from the baseline concentrations at (B)
(C) by 22 and 15 percent, respectively. The decrease of TRP and increase of KYN metabolites
are changes that advance inflammation and indicate cellular immune activation. Changes
of both (B & C) were significantly increased over the depletion concentration at (A)

(p = 0.03586), followed by a slight, statistically insignificant decrease (0.09509) at 3 months
(C); (A-C) remained increased (p<0.0394). Whether the TRP values at (B) (C) (Fig 1A and
1B and Table 1) indicate a new/higher baseline is uncertain. Consistent with the initial
decrease in tryptophan at 6-12 hour treatment, all four metabolites in the serotonin/melato-
nin pathway, including 5-OH-tryptophan and 5-hydroxyindoleacetic acid (5-HIAA; Time A
vs B p-value 0.03298 and Time A vs C p-value 0.02551) followed a similar pattern (Fig 2A
and 2B).

Shan, et al., reported that the NMDA gene expression of QA occurs within 4 hours, and
possibly as early as 30 minutes [50]. This is in keeping with the 4-12 hour “warning” after
treatment is initiated [25, 26] when signs and symptoms are more likely to occur due to
increasing intracranial pressure (ICP) that was present pretreatment [27]. It is possible that
KYNA'’s early modulation of QA still allows QA to be involved, but to a lesser degree, in the
pathogenesis of pretreatment subclinical brain [27] and pulmonary edema [29], depending on
the degree of amino acid blockade of KYNA [51].

Our study is in keeping with reports of vascular perturbation by TRP/KYN’s ability to mod-
ify membrane fluidity [52] and increase albumin permeability in rat brain microvessels [53].
Additional systemic molecules that have been studied longitudinally are likely increased by the
suboptimal metabolic/immunologic control during DKA progression prior to treatment. The
candidates included as potential mediators/perturbators of CCEC are: 1) VEGF, ET-1, ICAM-
1 [47-49]; 2) low background inflammatory molecules especially cytokines prior to the SIR
[11, 54, 55]; 3) C3a and C5a complement fragments [14, 56]; and 4) heat shock protein
70-kDa, a modulator of cellular activity/protection and protein homeostasis [57, 58]. This is
the first systemic longitudinal report of the excitatory amino acids (EAAs) in uncomplicated
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Fig 1. A. Comparison of treatment for all patients over 3 time points for the metabolites Time A at 6-12hours, Time B at 2 weeks and Time C at 3 months between all
patients for tryptophan, kyunrenine, quinolinic Acid (QA), kynurenic acid (KA), 3-OH-anthranilic acid, anthranilic acid, picolinic acid, xanthurenic acid,
nicotinamide adenine dinucleotide (NAD), 1-methylnicotinamide and nicotinic Acid. B. Flow diagram of tryptophan/kynurenine pathway. Pathway displaying the
percent change differences between Time A divided by Time B and Time A divided by Time C. Red indicates a decrease while green indicates an increase. Major
enzymes and cofactors in the Trp/KP: indoleamine 2,3-dioxygenase (IDO); tryptophan-2,3-dioxygenase (TDO); kynurenine aminotransferase (KAT); and kynurenine
3-monooxygenase (KMO); L-kynureninas A and B (KYNU A and KYNU B); vitamin B6; and vitamin B2.

https://doi.org/10.1371/journal.pone.0254116.g001

severe DKA. This extensively studied system in the brain involves aspartate, glutamine, gluta-
mate [59], n-acetyl-glutamate and taurine, a protective neuronal metabolite [60, 61]. Only
aspartate was increased during treatment (A), decreased at two weeks (B), and rebounded at 3
months to greater than (A). At time (A) there was decrease in glutamine and glutamate, with
the greatest difference in N-acetylglutamate (p-value 0.0216 for Time A vs. B and 0.015552
for Time A vs. C) and for taurine (p-value 0.0838 for Time A vs. C; Fig 3). The EAAs in the
extracellular fluid of vasogenic BE are involved in the pathogenesis of initial and secondary
neuronal injuries and inhibited by KYNA modulation of the AA receptors [62, 63]. This too
indicates a possible role for EAAs in the pathogenesis of DKA’s pretreatment subclinical BE

(27, 29].
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Table 1. Tryptophan/Kynurenine pathway metabolite concentrations in T1D patients.

Patient | Trp | Kyn KA AA XA PA QA 30HAA mg/dL | mEq/L | mg/mL | Age | Disease | Gender | Race | Diastolic
uM | nM nM nM | nM nM nM | Peak Area | Glucose | CO2 BUN | years | Duration Abnormal
1A 39.4 | 307.5 | 862.8 | 186.3 | 639.3 | 1209.0 | 667.8 | 9.57E+05 595 <5 26 13.25 1d M C N
1C 66.3 | 1173.6 | 1299.8 | 283.3 | 711.3 | 1183.4 | 724.2 | 6.31E+05
2A 41.5 | 4111 530.2 | 294.6 | 370.3 | 890.0 | 510.0 | 6.14E+05 416 <5 22 14.42 5y F AA Y
2B 51.4 | 633.6 | 466.1 | 128.2 | 432.4 | 831.8 | 618.8 | 1.52E+05
2C 452 | 362.8 | 6269 | 172.6 | 390.3 | 1087.2 | 571.8 | 2.03E+05
3A 52.7 | 429.5 | 530.4 | 327.4 | 430.3 | 1402.4 | 516.7 | 8.43E+05 338 5 18 13.58 9y F C Y
3B 943 | 713.6 | 658.0 | 279.9 | 782.3 | 1349.3 | 553.5 | 3.46E+05
3C 56.3 | 793.7 | 461.8 | 264.1 | 447.8 | 1102.2 | 649.6 | 2.94E+05
4A 44.0 | 737.0 | 671.3 | 296.0 | 386.6 | 1139.6 | 450.2 | 3.33E+05 441 7 20 16.92 3y M AA Y
4B 67.0 | 1091.5 | 735.0 | 266.1 | 537.2 | 1697.8 | 646.7 | 2.22E+05
4C 41.8 | 750.7 | 788.1 | 242.8 | 329.9 | 1272.0 | 543.2 | 2.37E+05
5A 41.1 203.7 555.0 | 223.9 | 351.6 900.5 | 526.7 | 9.12E+05 299 5 14 11.42 3y M AA N
5B 56.1 365.6 582.9 | 271.5 | 452.7 | 1316.7 | 454.0 | 4.84E+05
5C 46.7 | 4382 | 506.8 | 269.3 | 354.2 | 811.6 | 475.2 | 3.21E+05
6A 443 | 516.1 | 986.9 | 3254 | 388.3 | 983.0 | 473.1 | 1.01E+06 845 7 42 10.08 1d F C N
6B 523 | 7025 | 6264 | 188.9 | 424.0 | 926.7 | 513.4 | 2.65E+05
6C 69.9 | 459.6 | 889.7 | 303.9 | 601.9 | 1263.3 | 435.9 | 5.11E+05
7A 60.2 | 4545 | 563.2 | 146.0 | 564.0 | 898.6 | 549.8 | 4.83E+05 479 7 25 16.92 ly M AA N
7B 50.7 | 543.0 | 553.1 | 286.8 | 441.9 | 8379 | 6454 | 6.38E+05
7C 452 | 4089 | 629.5 | 229.0 | 3745 | 661.7 | 511.8 | 2.44E+05
8A 28.3 | 2589 | 467.4 | 1779 | 238.8 | 677.4 | 476.4 | 2.06E+05 322 11 15 16.33 1d F AA Y
8B 36.8 | 3153 | 4408 | 127.1 | 316.3 | 795.7 | 537.5 | 2.12E+05
8C 349 | 3132 | 5852 | 97.0 | 296.2 | 8423 | 553.5 | 1.77E+05
9A 25.5 295.0 376.0 | 141.8 | 210.2 516.9 | 365.9 | 2.70E+05 541 7 18 13.08 1d M C N
9B 36.2 291.4 298.7 | 103.3 | 286.4 | 434.1 | 465.6 | 1.12E+05
9C 37.0 | 226.6 | 888.6 | 164.6 | 361.7 | 998.3 | 388.0 | 6.87E+05
10A 253 | 379.3 | 549.1 | 1489 | 249.5 | 759.2 | 388.2 | 5.36E+05 552 <5 15 14.33 12y F AA Y
10B 36.2 | 280.1 562.5 | 218.7 | 271.3 | 702.6 | 359.9 | 2.27E+05
10C 319 | 6829 | 4522 | 179.9 | 250.9 | 856.7 | 469.0 | 2.93E+05
11A 19.3 185.8 | 308.0 | 153.8 | 207.7 | 470.6 | 434.1 | 2.32E+05 576 6 14 11.58 1d F AA Y
11B 31.0 | 314.1 | 4134 | 169.4 | 2439 | 969.9 | 336.9 | 3.85E+05
11C 347 | 3058 | 401.4 | 933 | 254.7 | 829.6 | 494.0 | 3.09E+05
12A 31.2 | 9182 | 8153 | 177.4 | 350.0 | 1222.4 | 372.9 | 597E+05 260 7 31 16.25 6y M AA Y
12B 48.4 367.6 445.2 59.6 | 414.4 | 1014.0 | 487.7 | 5.88E+05
12C 38.3 | 356.1 535.1 98.4 | 338.3 | 924.5 | 446.2 | 7.00E+05
13B 32.7 365.1 470.1 | 130.4 | 274.6 868.2 | 430.7 | 4.82E+05 458 <5 12 15.25 7y F C N
13C 34.2 395.8 300.6 | 158.1 | 262.8 875.3 | 379.6 | 4.10E+05
14A 36.2 430.8 262.2 | 105.5 | 262.2 562.9 | 449.4 | 1.15E+05
14B 29.3 | 296.8 | 475.9 | 203.1 | 227.2 | 1057.5 | 366.4 | 4.00E+05 550 6 22 9.67 1d F AA N
14C 29.0 | 2589 | 362.1 | 128.6 | 233.9 | 955.8 | 405.1 | 2.84E+05
15A 239 | 412.7 | 5054 | 164.3 | 237.3 | 676.1 | 349.3 | 4.31E+05 560 6 18 15.5 13y F AA Y
15B 32.1 | 288.8 | 4043 | 127.8 | 268.0 | 745.5 | 480.4 | 2.42E+05
15C 36.3 | 361.7 | 448.1 | 139.4 | 290.8 | 631.7 | 369.2 | 5.11E+05

Concentrations of tryptophan/kynurenine pathway metabolites tryptophan (Trp), kynurenine (Kyn), quinolinic acid (QA), kynurenic acid (KA), 3-OH-anthranilic acid
(30HAA), anthranilic acid (AA), picolinic acid (PA), xanthurenic acid (XA) in 15 patients at three time points, Time A at 6-12hours, Time B at 2 weeks and Time C at 3
months after the beginning of treatment. The patient glucose levels, urea nitrogen (BUN), CO, concentration, age, disease duration, gender, race (African

American = AA and Caucasian = C) and diastolic abnormality is also listed.

https://doi.org/10.1371/journal.pone.0254116.t001
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Fig 2. A. Comparison of treatment over 3 time points Time A at 6-12hours, Time B at 2 weeks and Time C at 3 months between all patients for metabolites
5-hydoxytryptophan, serotonin, 5-hydroxyindoleacetic acid (5-HIAA) and melatonin. B. Flow diagram of serotonin/melatonin pathway.

https://doi.org/10.1371/journal.pone.0254116.g002

Pierozan et al.’s KP studies, unrelated to T1D [64, 65], involve the BBB/brain and suggests
TRP/KP metabolites such as QA have the potential to offer insight into the pathogenesis of the
BE of DKA. They reported the toxicity of QA disrupts the phosphorylation associated with
intermediate filament structural proteins of astrocytes and neurons. An increased duration of
QA exposure for 72 hours versus 24 hours, with the longer time containing a 90 percent lower
concentration of QA, has a greater toxicity than the higher QA concentration for 24 hours
[66]. This supports an extended injury and is important since QA has a number of toxic mech-
anisms in addition to excitotoxicity and oxidative stress [67]. Another consideration for per-
turbation is that the IV initial hydration influences a transient further decrease in pH, and a
paradoxical increase of the SIR [11, 55], both of which can worsen the initial pathogenesis of
the inflammation.

In order to prevent clinical BE or slow progressive molecular perturbation, an earlier time
than is presently suggested (4-12 hours) is important. This is supported by the studies of
Vavilala, et al., who reported a “decreased transit time” and an increased “apparent diffusion
coefficient” between the studies at 12-24 and 36-72 hours, along with an increase in BBB per-
meability [68, 69]. Parsing the KP metabolites in terms of their early potential systemic toxicity
of organ tissue could possibly lead to more certain monitoring of the progressive pathogenesis
of BE and the establishment of effective intervention earlier in treatment. This early sequence
of subclinical BE takes into consideration the “warning” signs of clinical BE that (a 4-12 hour
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Fig 3. Comparison of treatment over 3 time points Time A at 6-12hours, Time B at 2 weeks and Time C at 3
months between all patients for metabolites glutamate, N-acetylglutamate, glutamine, aspartate, taurine, glutaric
acid, acetoacetate and 3-hydroxybutyric acid.

https://doi.org/10.1371/journal.pone.0254116.9003
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interval after starting treatment) were published in 2004 [26] prior to the recent reports of the
perturbing effects of oxidative [4, 5] and inflammatory [8-16] DKA stresses.

Immunohistochemistry studies of tight junction proteins (TJP) in fatal BE/DKA identified:
a) astrocyte hypertrophy and distortion of configuration [70]; and b) BBB disruption due to
fragmentation [71]. In addition, other inflammatory markers in the fatal BE/DKA capable of
perturbation are: CCL2 and Iba-1 [71]; IL-1 beta [72]; C5b-9 [73]; and MMP-9 [15, 16], with
marked cerebral oxidative stress (5). QA’s important early role in the pathogenesis of the BE/
DKA, its pretreatment molecular interaction with the AGE-RAGE inflammatory pathway,
and the severe metabolic and immunologic dysregulation of DKA were reported in an undiag-
nosed and untreated young woman with new onset T1D and fatal DKA, who had myocardial
RAGE expression at autopsy [10]. This pretreatment RAGE activation is in keeping with the
study of Serratos, et al. [74] who reported the QA initiation of RAGE expression. Similarly,
QA’s brain activation of RAGE is evident in the treated fatal DKA/BE where QA is also likely
to have induced astrocyte activation and chemokine production [70, 75]. RAGE expression
both in the brain [70] and myocardium [10] supports an early QA interaction possibly involv-
ing an incomplete modulation of QA by KYNA [76, 77], and an incomplete suppression of
NMDAR by the correction of acidosis [78].

Sequential transcranial Doppler ultrasounds, also provide information of pretreatment
autoregulation and vascular hemodynamics [79, 80]. Wootton-Gorges et al. used proton MR
with N-acetylaspartate to creatine ratios to identify acute insults in relation to and following
DKA treatment. The hypothesis of an early and possibly transient KP inflammatory neuronal
insult was reported at the early time of two hours and dissipated at 72 hours [81]. In another
study of theirs, one patient with repeated episodes of DKA had markers of persistent insult
indicating permanent neuronal damage [82].

Neuroradiologic studies of fatal BE/DKA, that are not sequential, have been reported on
frequent occasions in young patients [83, 84]. Without reference to potential time- associated
systemic biomarkers of the x-ray damage, it is difficult to evaluate the pathogenesis of the BE
of DKA, especially when referring to the “natural history” of a life-threatening metabolic and
immunologic crisis [71]. With biomarkers, these studies might possibly contribute to the path-
ogenesis of DKA/BE. When comparing different etiologies and pathogenesis of clinical BE,
one also needs to consider the difference in the dynamics of the acute medical event such as
trauma (TBI), where disruption of the BBB occurs in a less toxic milieu and the BE prodromal
period is likely to be considerably shorter.

The molecular interactions of DKA raise interesting questions: 1) Does the modulated
decrease of QA by KYNA (KA) cause a dampening/blockage of the interaction between QA
and NMDA receptor (NMDAR) and thus frequently prevents clinical BE? 2) Does DKA’s
acidotic milieu significantly and variably block NMDAR activation [78]. The possibilities in
questions 1 and 2 appear to differ from the usually considered hypothesis that the severity of
acidosis (on admission) is a part of the milieu that mediates the progression of BE [85, 86],
which could still be possible via other toxic mediators even without the KP. 3) Does increased
age explain a lower prevalence of DKA/BE in older T1D patients, [87] due to the decreasing
selectivity of NMDAR vulnerability with increasing age [87, 88]. The importance of these
questions is based on the “unpredictable” KP molecular interactions. An example of this
unpredictability is the increase of KYNA, a neuroprotector in the STZ rat, that also has a nega-
tive impact on cognition and emotions [89-91].

Interesting observations in our study are seen in the comparisons with KP studies by Dar-
lington, et al. [92]; and Badawy and Dougherty [93] in context of differences between races
and gender. The observations involve considering the 3-OHAA/AA ratio, that has biological
importance in numerous medical conditions and possibly a racial significance. The ratio
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Fig 4. Comparison of treatment over 3 time points Time A at 6-12hours, Time B at 2 weeks and Time C at 3 months between
African American females and Caucasian females for 3-OH-antrhranilic acid (30HAA), anthranilic acid (AA), and 30HAA/AA.

https://doi.org/10.1371/journal.pone.0254116.9004

importance is in part mediated by the redox active compound 3-OHAA and its strong metabo-
lite interactions. As a marker for inflammation, there is most frequently a systemic decrease in
3-OHAA, and an increase in AA in a range of neurological and other disorders [92]. In our
T1D young patient study, the two metabolites throughout treatment are higher in the Cauca-
sian females compared to their African American female peers (Fig 4). While the 30HAA/AA
ratio and 30HAA in African American females did not change much throughout treatment,
Caucasian females experienced a greater initial response to treatment (Fig 9). Badawy’s also
saw a lower ratio of 30HAA/AA and lower 30HAA in an older and larger group of African
American females compared to Caucasian females [93].

Darlington pointed out that a low 30HAA/AA ratio correlated with stroke victims and
decreased survival rate. African Americans with T1D, and their lower 30HAA/AA, may be at
higher risk to stroke and death. In addition, 30HAA has the ability to depress the release of
cytokines from T cells as well as an anti-proliferative effect and suppress the pro-inflammatory
transcription Nuclear Factor kappa-B (NF-kB). The lower levels of 30HAA in African Ameri-
can women with T1D may also put them at higher risk to the deleterious effects of the immune
system inflammatory response to viral infections.

Both 30HAA and AA are involved at the level of the enzyme 30HAA oxidase (3HAO)
which exists in central neurons. AA is an effective inhibitor of 3HAO reducing the conversion
of 30HAA to QA and picolinic acid. In normal human populations it is believed that endoge-
nous AA will limit QA formation. Therefore, it has been speculated that lower levels of
30HAA/AA in patients is a compensatory mechanism to reduce QA toxicity. Interestingly, we
saw the greatest decrease in QA in the initial treatment of African American females compared
to Caucasian females (Fig 5). However, we saw very little change in KA in African American
females and the levels were lower than found in Caucasian females, which is opposite reported
by Badawy in older normal females. Similar to Badawy, we saw higher concentrations of KA in
the male versus females (Fig 6).

Whether the T1D/DKA race or group size influence the ratio to these differences is uncer-
tain. However, also of immunological interest in racial differences, Ness et al. [94] reported a
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Fig 5. Comparison of treatment over 3 time points Time A at 6-12hours, Time B at 2 weeks and Time C at 3
months between all patients, African Americans and Caucasians for metabolites Quinolinic Acid (QA),
Kynurenic Acid (KA) and QA/KA.

https://doi.org/10.1371/journal.pone.0254116.9005

significant demographic association between the differential distribution of allelic variants in
cytokine genes; specifically, that African American females are significantly more likely than
Caucasian females to carry an allelic variant that upregulates proinflammatory cytokines and
down-regulates the anti-inflammatory cytokine IL-10.

Diabetic ketoacidosis may be monitored by the ketones 3-hydroxybutaric acid and acetoa-
cetate in the urine. Interestingly, sustained treatment of the patients resulted in significant
decreases in the ketones 3-hydroxybutaric acid (p-value 0.0118 Time A versus Time B) and
acetoacetate (p-value 0.00326 for Time A versus Time B). Hyperglycemia results in increased
lipolysis and a switch in the liver to ketone body formation via fatty acid oxidation. In fatty
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and females for metabolites Quinolinic Acid (QA), Kynurenic Acid (KA) and QA/KA.

https://doi.org/10.1371/journal.pone.0254116.9006

acid oxidation, carnitine and L-acetylcarnitine cycle (in the reaction acetyl-CoA + carnitine =
CoA + acetylcarnitine) to bring energy to the mitochondria. L-acetylcarnitine was significantly
higher at the 6-12 hour treatment than at 2 weeks or 3 months (p-value 0.00066 and 0.002636,
respectively) while carnitine levels inversely correlated (Fig 7).

Vitamin metabolism has received limited investigation of the water-soluble vitamins in
poorly controlled T1D. The vitamins B2 and B6 (pyridoxine) are cofactors in the regulation of
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Fig 7. Comparison of treatment over 3 time points Time A at 6-12hours, Time B at 2 weeks and Time C at 3
months for L-carnitine and L-acetylcarnitine.

https://doi.org/10.1371/journal.pone.0254116.9007
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basic cellular metabolism during, DKA and their involvement in: 1) endothelial dysfunction,
especially in young patients with T1D, [95]; and 2) cardiomyopathy in T1D [96] are markers
of the substrate product ratios in the KP (Ulvik, [97]. We studied B2 and B6 at the three time
points. B6 had a dramatic compensatory rise at 2-3 weeks (B) after a nadir during treatment
(A). At 3 months (C), the B6 concentration had decreased by one-third of the maximum value
at (B). B2, riboflavin, rose from the treatment value (A) to the maximum value at 2-3 weeks
(B), possibly through the “salvage pathway”, and then declined to its lowest concentration at 3
months (C). Interestingly, the Vitamin B6 catabolic metabolite typically measured in urine,
4-pyridoxic acid, increased in plasma significantly at treatment time A (p-value 0.011002) and
B (p-value 0.012504) compared to 3 months (Fig 8).

An important comparison is the strides made in psychology and psychiatry, disciplines
associated with diabetes mellitus. However, minimal attention has been directed to KP as a
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Fig 8. Comparison of treatment over 3 time points Time A at 6-12hours, Time B at 2 weeks and Time C at 3 months between all
patients for metabolites vitamin B6, 4-pyridoxate the catabolic product of vitamin B6 and vitamin B2.

https://doi.org/10.1371/journal.pone.0254116.9008
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source of perturbation during DKA in individuals with T1D. Unfortunately, we have no infor-
mation about the KP impact of T1D in this cohort relative to neurocognition and mental
health. In a study of young patients with DKA/T1D Jessup et al. [31] reported significant,
selective, delayed neurocognition that was not clinically apparent after uneventful correction
of severe DKA. Similarly, based on low verbal IQs, sustained insults of cognition and learning
were reported by Semenkovich et al. [98]. The deficits were mediated by poor glycemic control
in a young group similar to ours with T1D. An important observation from our DKA study is
that KP has a gradual increase of QA concentrations between 2-3 weeks (B) and 3 months (C).
This increase of KP is likely to be involved in the pathogenesis of the posttraumatic stress
symptoms such as anxiety/depression [99-102] that are experienced by children after being
diagnosed with T1D, and also result in structural subclinical brain injury [103].

Finally, the continued unfortunate prevalence of sudden cardiac death in young people
with diabetes remains a major challenge [104]. KYN an inflammatory sensor, is a modulator
and a systemic biomarker of congestive heart failure [105]. A low systemic level of TRP is a
biomarker of cardiovascular inflammation [105], and an increase of plasma TRP is associated
with a decrease of CVD [106]. Colop, et al., [107] have reviewed the involvement of the KP in
stroke of T1D. These KP contributions to the pathogenesis of CVD are important especially
when considering the advances made by the research involving the inflammatory pathway of
the AGE-RAGE axis [108]. The recognized ubiquity and variability of the KP in the pathogene-
sis of acute and chronic illnesses are prevalent; yet the inflammatory role of the KP metabolites
and their impact on cardiovascular disease has progressed slowly. Important opportunities for
TRP/KP and T1D research are likely based on: 1) the presence of KP ligands in non-diabetic
cardiovascular tissues [109]; 2a) the expression of systemic inflammatory cytokines in the
myocardium of fatal DKA [110]; and 2b) de-novo synthesis of myocardial autoantibodies in
young T1D patients during the correction of uncomplicated DKA [32]; and 3) our present
data is supportive for the pathogenesis of KP in cardiac dysfunction in that the systemic con-
centrations of QA and sRAGE interact in uncomplicated DKA [74] early in treatment (A) and
subsequently increase at baseline following correction (B & C) (Fig 9). sRAGE (Time A vs
Time B p-value 0.05805) followed a consistent decrease pattern in the initial treatment with
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Fig 9. Comparison of SRAGE to L-lactate and pyruvic acid.
https://doi.org/10.1371/journal.pone.0254116.9009
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L-lactate, pyruvic acid (Time A vs B p-value 0.05155 and Time A vs C p-value 0.02437), KYN
and QA. The foundation for the increased awareness of contributions to the pathogenesis fos-
tered by the KP in DKA is an increasing recognition of their relationship between metabolism,
oxidative stress and immune inflammation.

Conclusion

We extend the observation that DKA’s metabolic and immune inflammation are significantly
interrelated with the KP as an important perturbation component likely prior to, during and
after DKA correction. A neurotoxic candidate for initiating BE, such as QA, is formed early in
treatment prior to the warning signs of progressive subclinical BE and is possibly also involved
in the early pathogenesis of acute microvascular insults and chronic DKA complications. The
inflammatory KP pathway adds molecular intermeshing between its own molecules, in addi-
tion to interactions with inflammatory and non-inflammatory molecules of other pathways.
We have shown that the KP perturbation and these interactions differ between young AAs and
Caucasians, and possibly other races.

As has been suggested in both acute and chronic medical conditions: 1) the increasing
inflammatory background of T1D prior to DKA initiates the early transient TRP degradation
and the early multifunctional KYN pathways; 2) IDO activation is initiated by inflammatory
cytokines and possibly by BOHB [45]; 3) molecular interactions and modulations suggest
excitotoxicity does occur in DKA, but whether it occurs via NMDA or another mechanism is
uncertain; 4) the study also suggests that the dysregulated milieu has unrecognized molecules
some of which are potential perturbators; and 5) KP’s early inflammatory insult during severe
DKA requires further investigation of pretreatment and early biomarkers. Finally, the demon-
stration of the KP in the inflammatory insult of DKA gives the opportunity to refocus on this
medical crisis and suggests consideration of modifications in treatment.

The limitations of our study are the: 1] limited number of patients; 2] limited number of
TRP/KP sampling times; 3] infrequent sequential systemic BOHB measurements; 4] absence
of a nutritional history for the 12-24 hours prior to admission and prior to the (B & C) sam-
ples; and 5] lack of sequential neurocognitive testing at (B & C) post DKA correction.
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