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Introduction
Dysregulations of leptin1 and serotonin-kynurenine (Kyn) 
pathways of tryptophan (Trp) metabolism2-4 are associated 
with major depressive disorder (MDD). Key enzymes of the 
Trp–Kyn pathway are activated by pro-inflammatory cytokines 
(Figure 1).5,6 Leptin is a pro-inflammatory cytokine,7 and was 
shown to up-regulate formation of Kyn from Trp.8 However, 
its association with down-stream Kyn metabolites in MDD 
has not been investigated.

Leptin is a peptide hormone encoded by the obesity gene 
and is primarily produced by white adipose tissue. Leptin was 
initially discovered as factor which decreased appetite and 

increased energy utilization via interaction with hypothalamic 
and hippocampal leptin receptors.9 Further experimental stud-
ies revealed that selective deletion of leptin receptors10 or treat-
ment with a pegylated leptin receptor antagonist elicited 
depression-like behavior that could be counteracted by leptin 
administration.11 Clinical studies found elevation of plasma 
leptin levels correlated with severity of depression in young 
adults with MDD.12

The serotonin-kynurenine hypothesis suggests that seroto-
nin deficiency in MDD is caused by a shift of Trp metabolism 
from production of serotonin toward formation of Kyn and its 
metabolites.2-4 The formation of Kyn from Trp is catalyzed by 
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ABSTRACT

Objectives: Major depressive disorder (MDD) is associated with dysregulations of leptin and tryptophan–kynurenine (Trp–Kyn) (TKP) 
pathways. Leptin, a pro-inflammatory cytokine, activates Trp conversion into Kyn. However, leptin association with down-stream Kyn metabo-
lites in MDD is unknown.

Methods: Fasting plasma samples from 29 acutely ill drug-naïve (n = 16) or currently non-medicated (⩾6 weeks; n = 13) MDD patients 
were analyzed for leptin, Trp, Kyn, its down-stream metabolites (anthranilic [AA], kynurenic [KYNA], xanthurenic [XA] acids and 3-hydrox-
ykynurenine [3HK]), C-reactive protein (CRP), neopterin, body mass index (BMI), and insulin resistance (HOMA-IR). Depression severity was 
assessed by HAM-D-21.

Results: In female (n = 14) (but not in male) patients HAM-D-21 scores correlated with plasma levels of AA (but not other Kyn metabolites) 
(rho = −0.644, P = .009) and leptin (Spearman’s rho = −0.775, P = .001). Inclusion of AA into regression analysis improved leptin predic-
tion of HAM-D from 48.5% to 65.9%. Actual HAM-D scores highly correlated with that calculated by formula: HAM-D = 34.8518−(0.5660 × 
leptin [ng/ml] + 0.4159 × AA [nmol/l]) (Rho = 0.84, P = .00015). In male (n = 15) (but not in female) patients leptin correlated with BMI, waist 
circumference/hip ratio, CRP, and HOMA-IR.

Conclusions: Present findings of gender specific AA/Leptin correlations with HAM-D are important considering that AA and leptin are 
transported from plasma into brain, and that AA formation is catalyzed by kynureninase—the only TKP gene associated with depression 
according to genome-wide analysis. High correlation between predicted and actual HAM-D warrants further evaluation of plasma AA and 
leptin as an objective laboratory test for the assessment of depression severity in female MDD patients
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either stress-activated hepatic tryptophan-2,3-dioxygenase 2 
(TDO) or by extrahepatic indoleamine-2,3-dioxygenase 1 and 
2 (IDO), which are induced by pro-inflammatory Th-1 type 
cytokines (Figure 1).5 Leptin belongs to the Th-1 cytokine 
family at structural and functional levels.7 and activates IDO, 
and, consequently, up-regulates Trp conversion into Kyn.8 This 
may imply that leptin activates down-stream metabolism of 
Kyn as well. However, up-regulation of IDO does not necessar-
ily trigger activation of down-stream Kyn metabolism, which 
trifurcates into formation of 3-hydroxykynurenine (3HK), 
anthranilic (AA), and kynurenic (KYNA) acids (Figure 1). For 
example, up-regulation of IDO, induced by acute inflammation, 
elevated Kyn and KYNA, but not AA, plasma levels in  
COVID-19-infected patients.13 Furthermore, circulating AA 
levels were not elevated in subjects with obesity, a condition 
associated with chronic inflammation and increased leptin  
levels.14 On the other hand, serum levels of AA and KYNA 
(but not 3HK and Kyn) were elevated in leptin receptor-defi-
cient Zucker fatty rats,15 and in conditions associated with 
decreased leptin levels such as weight loss induced by diet16 or 
bariatric surgery.17 Taken together, these findings suggest that 
leptin might interact with the Trp–Kyn pathway in MDD, and 
that studies of such an interaction should include evaluation of 
circulating levels of not only Trp and Kyn, but also of down-
stream Kyn metabolites. The main goal of the present study 
was to assess the possible association of leptin and kynurenines 
plasma levels with the severity of depression in acutely 
depressed un-medicated MDD patients. Considering that 
plasma leptin levels is known to be much higher in females 
than males, we were interested to assess potential gender differ-
ences of leptin association with the studied variables.

Methods
Samples

Fasting plasma samples were obtained from 29 acutely ill 
patients with a DSM-IV diagnosis of MDD.18 MDD patients 
were drug-naïve (n = 16) or previously-treated but not receiv-
ing medication for ⩾6 weeks (n = 13). The investigation was 
carried out in accordance with the latest version of the 

Declaration of Helsinki. The study design was approved by the 
University of Magdeburg Review Board, and written informed 
consent was obtained after the nature of the procedures had 
been fully explained.

Laboratory and clinical measurements

Considering data on MDD (and leptin and kynurenines) asso-
ciations with inflammation, obesity, and insulin resistance (IR),19 
the following parameters were analyzed: (a) plasma levels of lep-
tin, Trp, Kyn, and its down-stream metabolites (AA, KYNA, 
3HK, and xanthurenic acid (XA), an immediate metabolite of 
3HK); (b) neopterin, a biomarker of the activated human 
immune system, linked with Trp–Kyn pathway,20 and C-reactive 
protein (CRP), a non-specific marker of inflammation; (c) mark-
ers of obesity (body mass index [BMI], waist circumference/hip 
ratio [waist-hip-ratio]); a homoeostatic model assessment of 
insulin resistance (HOMA-IR); and age, cigarette consumption, 
and medication use histories. Leptin levels were determined by 
radioimmunoassay (DSL, Sinsheim, Germany). Kynurenines 
were evaluated by HPLC-mass spectrometry,15 CRP was ana-
lyzed by immunoturbidimetry (Cobas 8000 c701 modular ana-
lyzer, Roche Diagnostics; Basel, Switzerland), neopterin 
concentrations were determined by enzyme-linked immuno-
sorbent assay (ELISA) (BRAHMS GmbH, Hennigsdorf, 
Germany). MDD was diagnosed according to DSM-IV, and 
severity of depression (HAM-D-21) and all other variables were 
assessed in the previous studies of the same patients.18,21

Data analysis

Data were analyzed using IBM SPSS Statistics version 25 
software. Statistical significance was defined as P < .05, as 
trending toward statistical significance at P < .10. Most data 
were not normally distributed, as indicated by Shapiro–Wilk 
tests. Thus, non-parametric analyses were applied (Spearman’s 
rank correlation coefficient, Kruskal Wallis H-test and (post-
hoc) Mann–Whitney U-test). Subsequent to correlation analy-
ses, regression analysis was performed to identify variables 
(AA, leptin, age, BMI, smoking, drug-naïve vs unmedicated 
but previously ill) which allowed the best prediction of 
HAM-D scores in MDD patients. Bonferroni-correction was 
applied to control for multiple comparisons.

Results
Group and subgroup comparisons: gender differences

Plasma leptin levels were higher in females than in male 
patients (P = .010) (Table 1). On contrary, waist-hip-ratio 
ratio was significantly higher in male than female MDD (P = 
.001), while higher BMI and Trp levels in males than in females 
were trending toward statistical significance (P = .078 and P = 
.069, respectively). No other gender-related differences were 
observed in MDD patients.

Figure 1.  Tryptophan-Kynurenine pathway.
Abbreviations: 3HAA, 3-hydroxyanthranilic acid; 3HAO, 3-hydroxyanthranilate 
3,4-dioxygenase; 3HK, 3-hydroxykynurenine; AA, anthranilic acid; 
BH2, 7,8-dihydroneopterin; BH4, tetrahydrobiopterin; KAT, kynurenine 
aminotransferase; KMO, kynurenine 3-monooxygenase; Kyn, kynurenine; KYNA, 
kynurenic acid; Kynase, kynureninase; NAD, nicotinamide adenine dinucleotide; 
neo, neopterin; QUIN, quinolinic acid; TDO/IDO, tryptophan- and indoleamine-
2,3-dioxygenases; Trp, tryptophan; XA, xanthurenic acid.
*Kinetic Michaelis-Menten constants (µmol).
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Correlations with Severity of depression

HAM-D scores of female MDD patients correlated inversely 
with plasma levels of leptin (P = .001), AA (P = .009) and 
CRP (P = .028) (Table 2). These correlations were absent in 
male MDD patients. HAM-D did not correlate with other 
studied parameters in both genders. Regression analysis showed 
that leptin alone explained 48.8% of HAM-D scores, while 
leptin in combination with AA predicted 65.9% of HAM-D 
scores in female MDD patients. HAM-D score in female 
MDD patients can be predicted using the following formula: 
HAM-D predicted = 34.8518–(0.5660 × leptin [ng/ml] + 
0.4159 × AA [nmol/l]). Predicted HAM-D highly correlated 
with actual HAM-D (Rho = 0.84, P < .00015) (Figure 1). 
The other tested variables had no significant influence in this 
model. Regression analysis revealed no suitable model to pre-
dict HAM-D scores in male MDD patients (Figure 2).

Leptin and AA plasma levels correlations with 
metabolic markers

Plasma leptin levels correlated with BMI, waist-hip-ratio, 
CRP, and HOMA-IR in male but not in female patients 
(Table 3). Plasma AA levels did not correlate with metabolic 
markers in both female and male patients.

There was no correlation between plasma leptin and AA 
levels in MDD as it was reported previously.21

Table 1.  Demographic data, leptin, and kynurenines measures for MDD patients.

Female [n = 14] Male [n = 15] P (Bonferroni) P (U-test)

Age [years] 47.50 [24.50;52.50] 47 [31.00;54.00] 1 .678

HAM-D 23.00 [18.00;26.00] 23.00 [19.00;25.00] 1 .843

BMI [ kg/m2] 22.23 [19.73;24.46] 25.50 [23.57;26.58] .078 .020

Waist-hip-ratio 0.82 [0.76;0.86] 0.92 [0.87;1.02] .001 <.001

Leptin [ng/ml] 6.370 [3.71;11.143] 2.640 [0.010;5.000] .010 <.003

HOMA-IR 0.46 [0.36;0.71] 0.45 [0.31;0.74] 1 .683

CRP [μg/ml] 0.60 [0.38;2.20] 0.60 [0.50;2.60] 1 .809

Neopterin [nmol/l] 4.250 [3.900;4.550] 4.200 [3.700;4.400] 1 .661

Trp [μmol/l] 54.40 [44.08;76.25] 66.80 [59.70;78.90] .069 .217

Kyn [μmol/l] 1.895 [1.205;2.713] 1.970 [1.630;2.360] 1 .793

3HK [nmol/l] 14.00 [9.90;18.57] 15.10 [9.52;19.00] 1 .949

AA [nmol/l] 18.35 [12.18.20.27] 13.80 [11.00;16.80] .687 .172

KYNA [nmol/l] 19.35 [15.78;24.57] 23.50 [18.60;29.90] .575 .144

XA [nmol/l] 9.365 [5.950;16.250] 7.875 [5.867;12.825] 1 .671

Data are presented as median [quartile 1; quartile 3].
Significant differences are displayed in bold font.
Abbreviations: 3HK, 3-hydroxykynurenine; AA, anthranilic acid; BMI, body mass index; CRP, C-reactive protein; HAM-D, Hamilton depression rating scale; HOMA-IR, 
homoeostatic model assessment of insulin resistance ([Insulin (µU/ml) × Glucose (mmol/l)]/22.5); Kyn, kynurenine; KYNA, kynurenic acid; Trp, tryptophan; Waist-hip-ratio, 
waist circumference-hip ratio; XA, xanthurenic acid.

Table 2.  Correlations between severity of depression (HAM-D) and 
studied variables.

variables HAM-D (males) 
Rho/P (n = 15)

HAM-D (females) 
Rho/P (n = 14)

BMI 0.120/.669 −0.192/.474

Waist-hip-ratio −0.026/.922 −0.366/.179

Leptin −0.290/.23 −0.755/.001

HOMA-IR −0.310/.260 0.07/.782

CRP −0.21/.45 −0.563/.028

Neopterin −0.191/.494 −0.169/.531

Trp −0.050/.863 0.029/.918

Kyn −0.22/.44 −0.426/.112

3HK −0.168 + .566 −0.169/.531

KYNA 0.033 + .910 −0.190/.496

AA 0.026/.928 −0.644/.009

XA −0.065 + .847 −0.066/.828

Spearman’s rank correlation coefficient test. Significant correlations (P < .05) are 
displayed in bold font.
Abbreviations: 3HK, 3-hydroxykynurenine; AA, anthranilic acid; BMI, body 
mass index; CRP, C-reactive protein; HAM-D, Hamilton depression rating 
scale.; HOMA-IR, homoeostatic model assessment of insulin resistance; Kyn, 
kynurenine; KYNA, kynurenic acid; Trp, tryptophan; WC, waist circumference; 
XA, xanthurenic acid.
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Discussion
This study, although based on a relatively small sample size, is 
the first attempt to explore relationships between leptin and AA 
plasma levels with the severity of depression in MDD patients. 
Study participants were acutely depressed, drug-naïve or not 
medicated for at least 6 weeks before entering the study. There 
are 3 main findings of the study. First, there is an inverse correla-
tion between AA (but not other metabolites of Trp–Kyn path-
way) and the severity of depression in female (but not in male) 
MDD patients. Second, an improved prediction of HAM-D 
scores in female MDD patients was observed by combining lep-
tin and AA in a regression model. Third, there was an inverse 

correlation between plasma leptin and CRP, BMI, waist-hip 
ration, and HOMA-IR in male (but not in female) patients.

AA had not attracted much of attention of the MDD 
researchers. The most recent meta-analysis of Trp–Kyn metab-
olism in MDD did not include AA at all.22 More recent studies 
did not find any differences between plasma AA levels in 
unmedicated,23 and medicated MDD patients in comparison 
with controls.24 There was no correlation between serum AA 
levels and HAM-D scores in depressed patients25 while rather 
weak (rho = −0.230) and marginally statistically significant  
(P = .050, Spearman’s rank test) correlation of HAM-D scores 
with plasma levels of AA (but not Kyn, 3HK, KYNA, and XA) 
were reported in medicated MDD patients before ECT 
treatment.26

AA formation from Kyn is catalyzed by Kynase. Under 
physiological conditions most of Kyn is metabolized into 
KYNA and 3-HK because Kynase has a 10-times lower affinity 
to Kyn than KAT and KMO (Figure 1). The present finding of 
an inverse correlation of AA (but not other Kyn metabolites) 
with HAM-D scores might be of importance considering that 
genome-wide analyses identified association of depressive 
symptoms with Kynase-1 (but not other Trp–Kyn pathway) 
genes.27 Notably, Sutphin et al28 discovered that RNAi knock-
down of Kynase extended lifespan of Caenorhabditis elegans by 
>20%. This discovery implies negative correlation of Kynase 
activity, and, consequently, circulating AA levels, with aging, 
the condition highly associated with depression.

This is the first observation of gender-specific correlation of 
AA with HAM-D. The cause of such specificity warrants fur-
ther investigation, especially in a context of 2:1 female: male 
ratio among MDD patients.

Leptin correlation with HAM-D had been observed in non-
MDD patients.29 Inverse correlation between CSF leptin levels 

Figure 2.  Correlation between actual and predicted HAM-D-21 sum 

scores in female and male MDD patients.

Table 3.  Correlations of plasma anthranilic acid and leptin with metabolic markers.

Anthranilic acid Leptin

MDD (males) 
[n = 15]

MDD (females) 
[n = 14]

MDD (males) 
[n = 15]

MDD (females) 
[n = 14]

HAM-D 0.026/.928 −0.644/.009 −0.290/.293 −0.755/.001

BMI −0.112/.702 −0.131/.641 0.594/.019 0.462/.095

Waist-hip ratio 0.132/.638 0.249/.370 0.658/.005 0.249/.370

HOMA-IR −0.085/.770 −0.004/.988 0.654/.008 −0.085/.761

CRP 0.309/.280 0.226/.436 0.69/.0047 0.482/.068

Neopterin 0.024/.934 0.034/.904 0.111/.682 −0.035/.896

Leptin 0.226/.436 0.203/.466 Na Na

AA Na Na 0.226/.436 0.203/.466

Spearman’s rank correlation coefficient test. Significant correlations (P < .05) are displayed in bold font.
Abbreviations: 3HK, 3- hydroxykynurenine; AA, anthranilic acid; BMI, body mass index; CRP, C-reactive protein; HAM-D, Hamilton Depression Rating Scale; HOMA-IR, 
homoeostatic model assessment of insulin resistance; Kyn, kynurenine; KYNA, kynurenic acid; n.a., not applicable.; Trp, tryptophan; Waist-hip, waist circumference/hip; 
XA, xanthurenic acid.
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and Montgomery–Åsberg Depression Rating Scale scores were 
reported in MDD patients admitted after suicide attempts.30 
However, the pro-inflammatory cytokines profile of suicide 
attempters is different from MDD without suicide attempts.31 
Some32 but not all29 studies suggested that leptin correlation 
with HAM-D scores Influenced by BMI and other metabolic 
markers. The regression analysis of the present data found that 
leptin prediction HAM-D score did not depend on age, ciga-
rette consumption, BMI, and waist-hip-ratio, as well as drug 
utilization history. In addition, BMI and waist-hip-ratio were 
significantly higher in male than female, while leptin plasma 
levels were, on contrary, higher in females than in male patients.

Gender was the main factor which affected the leptin cor-
relation with HAM-D, as this was observed only in the case of 
female patients. In contrast, the correlations between leptin, 
metabolic (BMI, waist-hip-ratio, HOMA-IR) and inflamma-
tion (CRP) markers were observed only in male MDD patients. 
It is well known that levels of circulating leptin are significantly 
higher in women than in men, while administration of 17beta-
estradiol increased leptin levels in healthy postmenopausal 
women,33 and female rats.34 Notably, co-localization of hypo-
thalamic leptin and estrogen receptors may contribute to sexual 
dimorphism of plasma leptin correlations with metabolic and 
inflammatory biomarkers and the severity of depression.35

Therefore, our data point to a male-specific effect on lep-
tin correlations with obesity, inflammation and IR biomark-
ers, and a female-specific association with the severity of 
depression. This suggests the different mechanisms for leptin 
involvement in mood and the metabolic/inflammation/IR 
regulated pathways.

One of the possible mechanistic explanations for the con-
nection between AA and leptin might be that AA acts as an 
agonist to farnezoid X receptor (FXR).36 FXR is a nuclear hor-
mone receptor, and regulates many genes involved in lipid and 
glucose metabolism.37 Activation of FXR up-regulates the 
gene that encodes leptin production.38 Therefore, elevation of 
AA might increase leptin production. This suggestion is in line 
with present finding of an inverse (but not positive) correlation 
of HAM-D with both leptin and AA, and with increased pre-
dictive strength of leptin correlation with HAM-D by inclu-
sion of AA in the model. It is also in line with literature data on 
the anti-depressant effects of leptin.1

Peripherally originated AA might impact central mecha-
nisms of mood regulation considering AA ability to penetrate 
blood-brain-barrier.5 Although AA is not known to directly 
affect any specific receptors, some data suggest that AA may 
modulate activity of NMDA receptors (NMDAR) that may 
mediate the antidepressant effect of some interventions (eg, 
ketamine infusion).39 NMDAR activity might be regulated by 
inhibitors of D-amino acids oxidase (DAAO), an enzyme cata-
lyzing degradation of the NMDAR co-agonist, D-serine.40 
Notably, administration of a single dose of one of DAAO 
inhibitor, benzoate, robustly elevates plasma AA levels in 

healthy volunteers.40 Considering that AA differs from benzo-
ate by a single amino group, it might be interesting to explore 
AA effects on DAAO activity. On the other hand, AA could be 
converted into benzoate via deamination by gut microbiota.41 
AA, therefore, may (directly or indirectly) inhibit DAAO, and, 
consequently, attenuate degradation of D-serine and contrib-
ute to NMDAR activation. Notably, both activation and inhi-
bition of NMDAR might exert anti-depressant effects.39

Strong correlation of AA/leptin plasma levels with HAM-D 
scores suggests that AA/leptin might be a state or trait bio-
marker for MDD. Currently, subjective factors play a signifi-
cant role in evaluation of the severity of depression (eg, mental 
status evaluation and self-reported scales), and, even in case of 
nominally “objective” scales, such as HAM-D and MADRS). 
Considering the importance of the assessment of depression 
severity for the selection of treatment modalities and for moni-
toring the efficacy of treatments, in particularly in clinical trials 
of new antidepressant medications, there is a need of objective 
tests based upon laboratory analysis. The present data on strong 
and highly significant correlation of AA/leptin plasma levels 
with HAM-D scores warrant further evaluation of plasma lep-
tin and AA measurement as an objective laboratory test for the 
assessment of depression severity in female MDD patients.
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