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KYN directly affects normal rat pancreatic islets, 
increasing insulin secretion during their stimula-
tion with glucose.7 Moreover, KYN may enhance 
helper T-cell apoptotic activity and regulatory 
T-cell immunosuppressive activity, thus exhibit-
ing immunomodulatory properties.5

Another metabolite, AA, is a compound de-
rived from KYN by kynureninase. In physiologi-
cal conditions, AA inhibits 3 -hydroxyanthranilic 
acid dioxygenase, thus reducing the production 
of quinolinic acid (QA).8 AA derivatives have al-
ready been studied as potential antidiabetic drugs. 
The potential mechanisms of action of AA deriv-
atives, leading to the reduction of blood glucose 
levels, are related to the inhibitory activity against 
α -glucosidase and glycogen phosphorylase.9

Another compound originating from KYN via 
the action of kynurenine -3-monooxygenase is 
3 -HKYN. It was demonstrated that 3 -HKYN in-
hibits leucine -stimulated insulin release from 
β  cells, and shows a positive association with gly-
cated hemoglobin (HbA1c) levels and impaired glu-
cose tolerance.10 Furthermore, 3 -HKYN is a pre-
cursor of neurotoxins, such as QA and xanth-
urenic acid (XA).

This case -control study aimed to evaluate se-
rum TRP, KYN, 3 -HKYN, and AA concentrations 
in the patients with T1D, and to assess the rela-
tionship between the tested compounds and met-
abolic parameters.

Patients and methods Study participants The study 
group comprised 50 adult participants previous-
ly diagnosed with T1D, recruited from September 
2019 to July 2022 from among the patients of 
the Department of Internal Medicine and Metabol-
ic Diseases at the Medical University of Bialystok 

Introduction Type 1 diabetes mellitus (T1D) is 
an autoimmune disease, in which the progres-
sive destruction of pancreatic β  cells by autore-
active T cells leads to endogenous insulin defi-
ciency that causes hyperglycemia.1

In recent years, there has been a gradual in-
crease in the incidence of T1D and type 2 dia-
betes (T2D).2,3 In 2040, the number of T1D cas-
es is predicted to reach 13.5 to 17.4 million, in-
creasing the incidence by 60% to 107%, as com-
pared with 2021.1 Diabetes has become a grow-
ing health problem, mainly due to macro- and 
microvascular complications, which are the most 
common causes of excess morbidity and mortal-
ity in the diabetic population, regardless of rap-
id technologic progress allowing for better met-
abolic control.4

Defects in the immune response mechanisms 
play an important role in the pathogenesis of 
T1D.5 Concomitantly, prolonged inflammation 
activates numerous metabolic pathways, such as 
the kynurenine pathway (KP), leading to the pro-
duction of nicotinamide adenine dinucleotide. 
This metabolic route is the major pathway of 
tryptophan (TRP) catabolism, leading to the for-
mation of many bioactive metabolites, name-
ly kynurenine (KYN), kynurenic acid (KYNA), 
3 -hydroxykynurenine (3 -HKYN), anthranilic acid 
(AA), and 3 -hydroxyanthranilic acid.6 Published 
data indicate that TRP metabolites are related to 
obesity, T2D, atherosclerosis, and hypertension.6 
However, the data regarding TRP metabolism in 
T1D patients are limited.

The first stable metabolite of TRP is KYN, 
formed via enzymatic degradation by indole-
amine 2,3 -dioxygenase (IDO) and tryptophan 
2,3 -dioxygenase (TDO). It has been shown that 
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Prism version 9.0.0 (GraphPad Software, Boston, 
California, United States). The variables were test-
ed for normal distribution using the Shapiro–Wilk 
test. The data were presented as medians and in-
terquartile ranges (IQRs). The T1D and the control 
group were compared using the Mann–Whitney 
test and the χ2 test. The relationships between 
the variables were studied using the Spearman 
correlation coefficient and multivariable linear 
regression analysis. The results were considered 
significant if P value was below 0.05.

Results The clinical and biochemical character-
istics of the study participants are presented in 
Supplementary material, Table S1. All patients 
with T1D received insulin, of which 34 were treat-
ed with multiple daily injections (MDIs), and 16 
with continuous subcutaneous insulin infusion 
(CSII). The patients with T1D and chronic com-
plications received appropriate treatment with 
angiotensin -converting enzyme inhibitor (6 in-
dividuals), statin (8 individuals), and β -blocker (9 
individuals). In addition, 7 patients were treated 
with extended -release metformin, and 6 with le-
vothyroxine. The patients in the control group did 
not receive any medications.

Tryptophan metabolism in the serum of patients with 
type 1 diabetes Concentrations of serum TRP, 
KYN, and 3 -HKYN were higher in the T1D group 
than in the controls, while AA levels were low-
er (FIguRE 1).

To assess the possible differences between 
KYN concentrations depending on the mode of 
insulin administration, the patients with T1D 
were divided into subgroups. The group treat-
ed with MDIs had higher HbA1c levels (P = 0.04) 
and lower AA levels (P = 0.01) than the patients 
treated with CSII, while there were no differenc-
es in daily insulin dose (P = 0.22) or the levels of 
other KYN metabolites between the groups. Ad-
ditionally, in the whole T1D group, the partici-
pants with HbA1c level exceeding 7% (n = 33; irre-
spectively of the mode of insulin administration) 
had higher median KYN concentrations in com-
parison with those with HbA1c levels equal to or 
below 7% (2.614 μM [IQR, 2.037–3] vs 1.998 μM 
[IQR, 1.807–2.306]; P = 0.01).

Additionally, a product -to -substrate ratio was 
used to assess the involvement of specific enzyme 
systems in the synthesis of individual compounds. 
Thus, the KYN/TRP ratio reflects IDO and TDO 
activity, and the AA/KYN ratio reflect kynureni-
nase activity. KYN/TRP and AA/KYN ratios were 
lower in the T1D group (P = 0.005 and P <0.001, 
respectively) (FIguRE 1).

Correlations between tryptophan metabolites, anthro‑
pometric and biochemical parameters, and diabetes 
duration in the type 1 diabetes group Serum TRP 
levels positively correlated with BMI (R = 0.324; 
P = 0.02), body fat mass (R = 0.34; P = 0.03), de-
gree of obesity (R = 0.33; P = 0.04), visceral fat 
level (R = 0.35; P = 0.03), and TG concentrations 

and diabetology outpatient clinics. The control 
group consisted of 43 healthy volunteers, simi-
lar in age and body mass index (BMI) to the study 
group, recruited from among the employees of 
the Medical University of Bialystok and through 
media advertisements. The participants between 
20 and 60 years of age, with BMI below 40 kg/m2, 
were enrolled in the study. The exclusion criteria 
for both groups included T2D, infection in the past 
month, taking antidepressants, chronic kidney dis-
ease with glomerular filtration rate (GFR) below 
60 ml/min/1.73 m2, active malignancy, resistant 
hypertension, advanced heart failure, and advanced 
coronary artery disease. The exclusion criteria for 
the T1D group included HbA1c level above 10% and 
newly diagnosed diabetes (less than a month be-
fore the study). Each volunteer gave their written 
informed consent for participation in the study. 
The study protocol was approved by the Ethics 
Committee of the Medical University of Bialystok 
(R -I-002/641/2019). The research was performed 
in compliance with the Declaration of Helsinki.

Study protocol The participants underwent phys-
ical examination with anthropometric measure-
ments. Waist circumference was obtained mid-
way between the lower costal margin and the ili-
ac crest. Hip circumference was measured at the 
maximum circumference at the level of the fem-
oral trochanters. BMI and waist -hip -ratio (WHR) 
were calculated from the measurements. The bio-
electrical impedance method was used to analyze 
the body composition (InBody 570, InBody Co., 
Ltd., Cerritos, California, United States). The de-
gree of obesity was calculated using the formu-
la: (current weight / standard weight) × 100. In 
the T1D patients (n = 18), the glucagon test was 
conducted by intravenously administering 1 mg of 
glucagon, and assessing serum C -peptide concen-
tration before and at 6 minutes after the admin-
istration to estimate residual insulin secretion.

Blood sampling and assays Laboratory analyses 
were performed after overnight fast. The hexoki-
nase method measured plasma glucose concen-
trations (Alinity ci -series, Abbott GmbH & Co. 
KG, Green Oaks, Illinois, United States). HbA1c 
level was assessed with high -performance liq-
uid chromatography (HPLC) (D -10 Instrumenta-
tion, Bio -Rad, Hercules, California, United States). 
Concentrations of serum total cholesterol, high-
-density lipoprotein cholesterol (HDL), triglyc-
erides (TG), and creatinine were measured using 
the enzymatic method, C -peptide concentrations 
were assessed using the photometric method, and 
C -reactive protein concentrations using the tur-
bidimetric method (Alinity ci -series).

The assessment of serum levels of KP metab-
olites was performed by HPLC, using the meth-
odology outlined by Pawlak et al.11

Statistical analysis Statistical analyses were car-
ried out using Statistica 13 software (StatSoft, 
Tulsa, Oklahoma, United States) and GraphPad 
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linear regression was performed. The included vari-
ables were HbA1c, HDL, and diabetes duration. BMI, 
age, and GFR were added as potential confounders. 
HbA1c, HDL, and diabetes duration were associat-
ed with KYN concentrations (B = 0.178; 95% CI, 
0.03–0.326; B = –0.014; 95% CI, –0.027 to –0.002; 
B = 0.043; 95% CI, 0.015–0.71, respectively), while 
BMI and HDL were associated with TRP concentra-
tions (B = 0.937; 95% CI, 0.038–1.836; B = –0.234; 
95% CI, –0.423 to –0.046, respectively) (Supple-
mentary material, Table S2).

Discussion The alterations in downstream KP 
metabolite concentrations in T1D patients have 

(R = 0.362; P = 0.02). In contrast, a negative cor-
relation with HDL level was observed (R = –0.4; 
P = 0.007).

Positive correlations were found between KYN 
concentration and HbA1c (R = 0.42; P = 0.002), di-
abetes duration (R = 0.34; P = 0.02), and TG con-
centrations (R = 0.35; P = 0.02). A positive corre-
lation occurred between AA levels and those of 
C -peptide assessed 6 minutes after glucagon in-
jection (R = 0.72; P = 0.005). A negative relation-
ship was observed between AA concentration and 
WHR (R = –0.43; P = 0.006).

To investigate the effects of the parameters re-
lated to diabetes on KP metabolites, multivariable 

FIguRE 1  Concentrations of tryptophan (A), kynurenine (B), anthranilic acid (C), 3 ‑hydroxykynurenine (D), and kynurenine / tryptophan ratio (E) and 
anthranilic acid / kynurenine ratio (F) in the control group and the type 1 diabetes group. The boxes represent interqurtile ranges, the line in the middle 
of each box represents median, and the whiskers represent maximum and minimum values. P values were derived from the Mann–Whitney test. 
Abbreviations: 3 ‑HKYN, 3 ‑hydroxykynurenine; AA, anthranilic acid; Con, control group; KYN, kynurenine; T1D, type 1 diabetes; TRP, tryptophan
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The serum KYN concentration depends on its 
synthesis, glomerular filtration, and metabolic 
transformations. Higher plasma KYN concen-
trations were associated with higher albumin-
uria in the T1D population.16 Diabetic nephrop-
athy, which is a common complication of diabe-
tes and aggravates with the duration of the dis-
ease, leads to impaired renal excretion of vari-
ous metabolites.

Indirect evaluation of KP enzyme activities 
showed a decrease in the activity of IDO, TDO, 
and kynureninase. IDO is involved in the mech-
anisms of acquired peripheral immune tolerance. 
Clinical trials showed a decrease in IDO -1 expres-
sion in β  cells and peripheral blood mononuclear 
cells of T1D patients.17 It was also demonstrat-
ed that the duration of T1D positively correlated 
with the degree of IDO activity loss.5 Gürcü et al13 
examined the concentrations of TRP, KYN, and 
KYN/TRP ratio in the serum of T1D patients and 
showed their lower concentrations and nonal-
tered ratio in comparison with controls. How-
ever, the study group consisted of patients with 
higher HbA1c and shorter duration of diabetes 
than ours, which might explain these differences. 
Another study comparing the TRP catabolism in 
the patients with T1D and diabetic neuropathic 
pain (DNP) (n = 13) and individuals without neu-
ropathy (n = 8) reported higher KYN/TRP ratio 
and a positive correlation with pain severity in 
the DNP group.18 The patients in the DNP group 
presented 40% higher serum interferon -γ levels 
than those in the control group, which can indi-
cate a coexisting inflammatory process in diabet-
ic neuropathy. In our study, there were no signif-
icant differences in serum concentrations of all 
KP metabolites in the patients with and without 
diabetic complications, which might be explained 
by the limited number of cases with complica-
tions (n = 13; 26%).

Anthranilic acid Our research revealed a signif-
icant decrease in AA concentrations in the T1D 
patients in comparison with the control group. It 
also demonstrated a positive correlation of this 
metabolite with the pancreatic endocrine reserve 
and a negative correlation with the WHR value. 
In contrast, Oxenkrug et al14 showed higher AA 
concentration in T1D patients than in healthy in-
dividuals, and suggested it might be considered 
a biomarker of T1D. These discrepancies could 
be partially due to a different size of the study 
populations, as the above mentioned study as-
sessed a group of 15 T1D patients. Additional-
ly, a lack of a detailed description of the study 
group, such as the age of the participants, BMI, 
duration of diabetes, and diabetes metabolic con-
trol parameters, could affect the results, making 
it difficult to compare with other studies. Fur-
thermore, in the group of patients treated with 
MDIs and characterized by worse metabolic con-
trol of diabetes, we observed lower AA levels than 
in the CSII -treated group, while there were no 
differences in the concentration of other KYNs. 

been investigated in very few studies, which 
showed conflicting results. The main finding of 
our study was identification of a specific shift in 
the KP metabolism toward excessive formation 
of 3 -HKYN with parallel reduction in AA forma-
tion in the T1D group. Interestingly, higher AA 
concentrations but lower KYN concentrations 
were observed in the patients with better meta-
bolic control of diabetes.

T1D patients and healthy controls did not dif-
fer in terms of sex, age, BMI, and blood pressure. 
This confirms the validity of the results, and indi-
cates a relationship between activation of the KP 
and T1D. However, at this stage of research, it is 
unknown whether TRP metabolites are involved 
in the pathogenesis of diabetes or are a conse-
quence of the disease.

Tryptophan TRP is an exogenous amino acid, 
and its serum concentration mainly reflects di-
etary habits. There are only 3 studies that as-
sessed TRP concentrations in T1D patients. De-
creased TRP concentrations were observed in pa-
tients with diabetic ketoacidosis,12 and in those 
with poor metabolic control of diabetes.13 On 
the other hand, Oxenkrug et al14 showed high-
er TRP concentrations in individuals with T1D. 
In our study, we observed an increase in TRP 
concentrations in the T1D group. It cannot be 
ruled out that this is due to dietary recommen-
dations for patients with T1D, which include 
many products rich in TRP. Moreover, TRP con-
centrations correlated positively with the param-
eters reflecting visceral obesity, TG concentra-
tions, and BMI in the T1D group, despite nor-
mal BMI in these patients. Interestingly, such 
correlations were not observed in the control 
group (data not shown). Multivariate regres-
sion analysis showed that TRP concentrations 
were most influenced by BMI and HDL levels in 
the T1D group. Our results are consistent with 
the published data6 showing an association be-
tween higher TRP concentrations and the diag-
nostic criteria for metabolic syndrome.

Kynurenine Increased KYN levels in the T1D 
group, as compared with controls, has been ob-
served. Moreover, a strong positive correlation be-
tween KYN concentrations and HbA1c and TG lev-
els was shown. Higher KYN concentrations were 
associated with worse metabolic control of diabe-
tes and appeared to increase with the duration of 
diabetes, irrespective of age, BMI, or GFR. This 
may be due to increased formation of advanced 
glycation end -products in T1D patients with poor 
glycemic control.15 This leads to overproduction of 
reactive oxygen species and release of proinflam-
matory cytokines. The increase in proinflammato-
ry cytokines, such as interleukin (IL) -1, IL -6, and 
interferon -γ, stimulates IDO activity in many or-
gans and peripheral tissues, leading to enhanced 
KYN synthesis.5 The observed serum concentra-
tions of KYN could also result from higher plas-
ma TRP concentrations.
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Hoffman et al12 showed an interesting pattern of 
changes in KP metabolite concentrations during 
ketoacidosis in a cohort of adolescents with T1D, 
as they compared KYN concentrations at 3 time 
points. At the time of the T1D diagnosis accom-
panied by high glucose values, lower concentra-
tions of TRP, KYN, QA, and XA were observed. 
In contrast, AA concentrations were the highest 
at the beginning of the ketoacidosis, and were 
decreasing over time. These results suggest that 
AA may be a compound with antidiabetic prop-
erties, and its decrease may reflect the metabol-
ic control of diabetes.

3 ‑Hydroxykynurenine 3 -HKYN has not yet been 
well studied in T1D. However, studies conducted 
in patients with T2D have shown elevated levels 
of 3 -HKYN, and their positive correlation with im-
paired glucose tolerance, which is also observed in 
T1D, especially of long duration.19,20 Similarly, we 
observed higher serum concentrations of 3 -HKYN 
in the patients with T1D than in the controls.

Study limitations An important limitation of this 
study was the small number of participants. Ad-
ditionally, the lack of serum KYNA, XA, and QA 
concentrations made it difficult to assess chang-
es in all KP metabolites in T1D. We also did not 
conduct a nutritional questionnaire, so we did 
not obtain information on TRP consumption.

Conclusions Upregulation of the KP increases 
degradation of TRP with simultaneous changes 
in serum levels of several metabolites in T1D pa-
tients. Our findings suggest an impairment of 
the protective mechanisms through a decreased 
formation of AA, and an unfavorable change in 
the KYN transformation toward enhanced syn-
thesis of 3 -HKYN, and further formation of its 
neurotoxic metabolites, such as QA and XA, which 
may contribute to developing diabetic complica-
tions in the patients with T1D.
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