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Abstract

Experimental data suggested involvement of tryptophan (Trp) – kynurenine (Kyn) pathway (TKP) 

in mechanisms of autoimmune, type 1 (T1D), and metabolic, type 2 (T2D), diabetes. However, 

clinical evaluations of TKP metabolites were limited to T2D. We assessed Trp, Kyn and TKP 

metabolites: anthranilic (AA), kynurenic (KYNA) and xanthurenic (XA) acids, in plasma samples 

of fifteen T1D, thirty T2D patients and twenty eight non-diabetic subjects by HPLC-mass 

spectrometry. Trp concentrations were higher in T1D than in T2D and controls while Kyn 

concentrations were not changed suggesting down-regulation of indoleamine-2,3-dioxygenase 

(IDO), a rate-limiting enzyme of TKP, in T1D. AA concentrations were 2.3-fold higher in T1D 

than in T2D and in controls. KYNA and XA concentrations were higher in T1D than in controls, 

and in previously reported T2D. AA elevation might be a specific feature of T1D. TKP shift 

towards AA formation in T1D may result from riboflavin deficiency, that increases AA in rats and 

baboons, and is highly associated with T1D but not T2D. AA augments autoimmune-induced 

apoptosis of pancreatic cells (PC) by increasing formation of antibodies to PC auto-antigen. 

Marked increase of AA was reported in rheumatoid arthritis, another autoimmune disorder. Trp, 

an essential amino acid for humans, is synthesized from AA by diabetogenic intestinal 

microbiome. AA down-regulates IDO by inhibition of Trp entry into cells. Resulting elevation of 

Trp attenuates Trp depletion-induced protection of PC against autoimmunity. Further studies of 

TKP might offer new tools for prevention and treatment of T1D and other autoimmune disorders.
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Introduction

About 40 millions worldwide are diagnosed with type 1 diabetes (T1D), an organ specific 

autoimmune disease and one of the leading causes of disability and mortality [1]. Type 2 
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diabetes (T2D) is metabolic disorder that afflicts more than 344 million people worldwide 

and the 8th leading cause of death in the world [1]. Both T1D and T2D are highly associated 

with obesity [2]. Search of new strategies for prevention and treatment of diabetes requires 

further exploration of aetiopathogenetic mechanisms of diabetes development. 

Dysregulation of tryptophan (Trp) – kynurenine (Kyn) metabolic pathway (TKP) was 

suggested to contribute to development of T1D [3], T2D [4] and obesity [5,6]. Apart from 

protein metabolic pathway, 1-3% of Trp is converted into methoxyindoles (e.g., serotonin, 

N-acetylserotonin, melatonin) while more than 95% of Trp is metabolized along TKP, a 

major source of NAD+ in mammals [7]. Inflammation-induced indoleamine 2,3-

dioxygenase-1 (IDO) or stress-induced tryptophan 2,3-dioxygenase-2 (TDO) activate Trp 

conversion into Kyn, a precursor of anthranilic (AA), kynurenic (KYNA), and (via 3-

hydroxykynurenine, 3-HK) xanthurenic (XA) acids [7] (Figure 1). Elevated AA was found 

to predict the development of gestational diabetes [8] but not T2D [9]. However, we are not 

aware of clinical assessments of AA in T1D – the major aim of the present study.

Materials and methods

Patients

Overnight fasting plasma samples were collected from 15 (4 females and 11 males) T1D 

patients: four African Americans, six American Caucasians, and five Hispanics (age range 

from 33 to 69 years). T1D was diagnosed according to criteria of American Diabetes 

Association. T1D patients received insulin treatment. Additionally, AA concentrations were 

evaluated in plasma samples of thirty T2D patients and twenty four non-diabetic (control) 

subjects described elsewhere [10]. Study was approved by Tufts Medical Center IRB,

Assessment of TKP metabolites

Plasma samples were stored at −50°C until analysis. AA, Trp, Kyn, KYNA and XA plasma 

concentrations were analyzed by HPLC–mass spectrometry method.

Statistical Analysis—Results are presented as mean ± standard error (Trp and Kyn in μM 

and AA, KYNA and XA in nM). Statistical significance was assessed as indicated in text.

Results

AA concentrations markedly (2.3fold) increased in T1D in comparison with controls. AA 

increase was robust: only two controls had AA values higher than mean value of T1D 

(Figure 2). AA concentrations in T2D (83.57 ± 16.5 nM) did not differ from controls (70.5 ± 

17.9), and, consequently, were almost two times lower than in T1D (165.8 ± 21.9 nM) 

(Figure 2). Trp plasma concentrations were elevated in T1D by 70% in comparison with 

controls (Table 1). Kyn plasma concentrations in T1D were not different from controls. 

Kyn:Trp ratio, a clinical index of IDO and TDO activity [11], was decreased by 40% in T1D 

patients. KYNA and XA concentrations were higher in T1D than in controls (Table 1).
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Discussion

Major finding of the present study is a marked and robust increase of plasma AA 

concentrations in T1D in comparison with both non-diabetic (controls) and T2D subjects. 

There were no differences in AA plasma concentrations between T2D and controls. Our 

results are in agreement with literature data of no differences between saliva AA 

concentrations of T2D patients and controls [12] and between plasma AA concentrations in 

cardiovascular patients with- and with-out T2D [13]. Additionally, elevated plasma AA 

concentrations did not predict development of T2D [9]. Therefore, one might suggest that 

increased plasma AA concentration is a specific feature of T1D.

AA is rarely measured in human studies. Increased levels of AA were found in the synovial 

fluid of rheumatoid arthritis, an autoimmune disease [14], and in osteoporosis [15]. 

Osteoporosis is highly associated with T1D but not T2D [16]. Therefore, elevation of AA in 

osteoporosis may depend on association of osteoporosis with T1D.

Vitamin B-2 (riboflavin) deficiency might be one of the causes of increased AA formation. 

Excretion of large amount of AA was described in riboflavin deficient rats [17] and baboons 

[18]. AA, KYNA and 3-HK are compete for Kyn as a substrate for their biosynthesis 

(Figures 1 and 2). Conversion of Kyn into AA and KYNA is catalyzed by enzymes utilizing 

vitamin B6 as a co-factor [7] while riboflavin is a co-factor for enzymes catalyzing 

formation of 3-HK [5]. Therefore, riboflavin deficiency increases availability of Kyn as a 

substrate for biosynthesis of AA at the expense of 3-HK formation (Figure 3). Indeed, 

riboflavin-deficient baboons showed not only twelvefold increase in the AA excretion, but a 

tenfold decrease in 3-HK [18] suggesting a shift of Kyn metabolism from formation of 3-

HK to production of AA (Figure 3). Clinical studies found fourfold greater percentage of 

riboflavin deficiency in T1D children (6 - 16 years of age) than in non diabetics [19]. 

Deterioration of riboflavin metabolism was associated with indices of glycemia and 

glucosuria in T1D children (9-15 years of age) and adults, but not in T2D and healthy 

persons [20].

The relevance of increased AA to mechanisms of T1D development might be stressed by 

observation of AA-induced exacerbation of arthritis lesions in adjuvant-induced model of 

autoimmune arthritis in rats [21]. Most importantly, AA augments production of antibodies 

to sheep erythrocytes in mice [21]. Assuming that AA might similarly augment production 

of antibodies to pancreatic cell (PC) auto-antigen, one might suggest that elevated plasma 

AA potentiates antibody attack leading to autoimmune-induced apoptosis of PC in T1D.

Alternatively, elevated plasma AA concentrations might reflect adaptive (protective) 

response to (against) T1D. Thus, AA, in contrast to 3-hydroxyanthranilic acid, exerts anti-

oxidant effects in iron auto-oxidation assay [22]. Additionally, AA was found to inhibit 

enzyme catalyzing metabolism of 3-hydroxyantranilic acid into quinolinic acid, the most 

toxic TKP derivative [23].

Present study revealed increased plasma concentrations of Trp in T1D, that, in association 

with unchanged (in comparison with controls) Kyn concentrations, resulted in decreased 

Kyn:Trp ratio. Observed decreased of Kyn:Trp ratio is unlikely caused by insulin treatment 
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since insulin activates Trp conversion into Kyn in rats [24]. Kyn:Trp ratio in T2D did not 

differ from controls [8,9]. Decreased Kyn:Trp ratio suggests down-regulation of IDO, and, 

consequently, elevated Trp. Trp availability was proposed to regulate immune responses, 

i.e., IDO-induced depletion of Trp protected PC from destruction by autoimmune processes 

[3] while inhibition of IDO exacerbated STZ-induced diabetes in C57BL/6 mice. However, 

IDO was poorly expressed and its activity was not inducible in 4 months old non-obese 

diabetic (NOD) mice [25]. Present results of increased Trp and decreased Kyn:Trp ratio in 

T1D are the first (to our knowledge) clinical observation of impairment of IDO-dependent 

protection of PC against autoimmune destruction in T1D.

Elevation of plasma Trp concentration, besides down-regulation of Trp conversion into Kyn, 

might be caused by increased biosynthesis of Trp. Trp is essential amino acid for humans 

but it could be synthesized from AA by bacteria [26]. Composition of the intestinal 

microbiome influences the development of T1D [27]. NOD mice were reported to harbor 

intestinal microbes that induce diabetes [28].

Increased availability of Trp produced from AA by intestinal microbiome might eventually 

down-regulate IDO by inhibiting Trp-selective transport system that facilitates the entry of 

Trp into cells and optimize the substrate availability for IDO [29].

Increased plasma concentrations of two other studied TKP derivatives, KYNA and XA, are 

unlikely specific for T1D considering that increased concentrations of XA and KYNA 

(although less prominent) were observed previously in T2D as well [10]. XA was reported 

to induce pathological apoptosis of PC through caspase 3-dependent mechanism [30].

Increased hypothalamic KYNA content was reported in STZ-induced diabetes [31]. It is 

noteworthy that KYNA, but not other kynurenines, selectively activates GPR35 receptor on 

the surface of immune cells and inhibits synthesis of IDO-inducing proinflammatory 

cytokines. KYNA, in low concentrations, was shown to stimulate proliferation of T-cells 

[32].

In conclusion, elevation of AA formation might be a specific feature of T1D (and other 

autoimmune disorders). We suggest that down-stream Kyn metabolism is shifted toward AA 

production by riboflavin deficiency. AA augments autoimmune-induced apoptosis by 

potentiating production of antibodies to PC auto-antigen. Increased formation of Trp from 

AA by diabetogenic intestinal microbiome down-regulates IDO via inhibition of Trp entry 

into cell. Down-regulation of IDO attenuates Trp depletion-induced protection of PC against 

autoimmunity in T1D (Figure 3).

Further studies of AA involvement in aetiopathogenesis of T1D might offer new tools for 

prevention and treatment of T1D and other autoimmune organ-specific disorders.
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Figure 1. 
Tryptophan – Kynurenine pathway.

Abbreviations: TRP: tryptophan; KYN: kynurenine; AA: anthranilic acid; B-2: riboflavin; 3-

HK: 3hydroxykynurenine; KYNA: kynurenic acid; XA: xanthurenic acid; IDO: indoleamine 

2,3-dioxygenase; TDO: tryptophan 2,3-dioxygenase; NAD+ : nicotinamide adenine 

dinucleotide
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Figure 2. 
Plasma anthranilic acid concentrations in type 1 and type 2 diabetes.

Horizontal line shows median, diamond shows mean span of boxes is from 25th to 75th 

percentile. T1D in comparison with controls, p=0.005. T1D in comparison with T2D, 

p=0.01(1-way ANOVA with Bonferroni correction)
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Figure 3. 
Hypothetical changes of Tryptophan–Kynurenine metabolism in T1D.

Abbreviations: TRP: tryptophan; KYN: kynurenine; AA: anthranilic acid; B-2: riboflavin; 3-

HK: 3hydroxykynurenine; KYNA: kynurenic acid; XA: xanthurenic acid; DIM: 

diabetogenic intestinal microbiome
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Table 1

Anthranilic acid and TKP metabolites in T1D.

CONTROL
(n=24)

T1D
(n=14)

P*

AA(nM) 70.5 ± 17.9 # 165.8 ± 21.9 0.002

Kyn (μM) 1.77 ± 0.09 1.83 ± 0.15 0.45

Kyn:Trp 2.50 ± 0.13 1.51 ± 0.24 0.04

Trp (μM) 70.8 ± 2.5 121.9 ± 21.6 0.0001

XA (nM) 11.7 ± 1.2 18.07 ± 2.2 0.01

KYNA(nM) 35.4 ± 2.7 71.5 ± 4.42 0.0001

#
; mean ± standard error,

*
; Mann-Whitney, two-tailed test
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