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Abstract: Systemic sclerosis (S5c), a predominantly female-affected systemic autoimmune disease,
requires tailored treatment strategies contingent on organ involvement and symptom severity. Given
SSc’s inflammatory nature, the involvement of the kynurenine pathway (KP) in its pathophysiology
is underexplored. Our study aimed to investigate sex-related differences in KP activation among SSc
patients and assess the impact of angiotensin-converting enzyme (ACE) inhibitors and estimated
glomerular filtration rate (¢GFR) on KP metabolite concentrations. We enrolled 48 SSc patients and
53 healthy controls, quantifying KP metabolites (tryptophan (TRP), kynurenine (KYN), and kynurenic
acid (KYNA)) in serum via high-performance liquid chromatography. Separate multivariate analyses
of covariance (MANCOVAs) for women and men were performed to ascertain mean differences
between patients and healthy controls while correcting for age. For our secondary objective, we
conducted a MANCOVA to explore disparities in ACE inhibitor users and non-users among patients,
with BMI correction. Our findings revealed decreased TRP concentrations but increased KYNA /TRP
ratio and KYN/TRP ratio in both male and female SSc patients compared to their respective controls.
Unlike women, SSc males exhibited higher KYN concentrations and decreased KYNA /KYN ratio
relative to their controls. Additionally, SSc patients using ACE inhibitors had higher serum KYNA
levels than non-users. Notably, we established a significant correlation between eGFR and KYNA in
SSc patients. These results indicate differential KP activation in male and female SSc patients, with
males demonstrating heightened KP activation. While ACE inhibitors may influence the KP in SSc
patients, further research is necessary to comprehensively understand their impact on symptoms and
prognosis in the context of these KP alterations.
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1. Introduction

Systemic sclerosis (SSc) is an autoimmune connective tissue disease, characterized
by vascular abnormalities and fibrosis, resulting in atrophic processes in skin and organ
tissues (i.e., in gastrointestinal tract, in lower respiratory tract including lungs, in cardiac
muscle, and in kidneys). Worldwide it is estimated that SSc has a prevalence of 17.6 per
100,000 persons, affecting more women than men (5:1) [1,2].

Although the causes of SSc remain unclear, a range of genetic, immunological, and
environmental factors [2] are hypothesized to be the primary contributors. It has been pro-
posed, however, that an early alteration in the vascular endothelium leads to the eventual
development of systemic, extensive fibrosis, serving as the overarching pathophysiolog-
ical mechanism [2]. The latter serves also as a classification criterion for SSc, besides the
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presence of characteristic antibodies, such as anti-centromere (ACA), anti-topoisomerase I
(Sc1-70), and anti-RNA polymerase III [3]. As the cause remains unclear, there are currently
no identified pharmacological targets, and consequently, effective treatments for the dis-
ease are lacking. Recommendations for treatment primarily focus on symptom reduction
and the mitigation of organ dysfunction. For instance, in the case of renal impairment,
angiotensin-converting enzyme (ACE) inhibitors are commonly employed in SSc.
Tryptophan (TRP), one of the nine essential amino acids for humans, is used not only
for protein synthesis, but undergoes transformations through several metabolic pathways.
In the gastrointestinal tract the microbiome mainly produces indoles, while absorbed
tryptophan is metabolized in tissues along the kynurenine and serotonin pathways of which
the kynurenine pathway (KP) represents a major route of metabolism of TRP (Scheme 1) [4].

protein synthesis

1
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Scheme 1. Simplified scheme of tryptophan metabolism in mammals. Note that only the main prod-
ucts are marked on the diagram. The compounds and enzymes analyzed in the publication are shown
in red. IDO-indoleamine 2,3-dioxygenase; KATs—kynurenine aminotransferases; TDO-tryptophan
2,3-dioxygenase.

In recent decades, there has been increasing discussion about the role of KP metabolites
in SSc [5-7], as these metabolites are closely associated with inflammation [8]. Previous
studies in SSc patients have shown an increase in the urinary excretion of certain TRP
metabolites, particularly kynurenine (KYN), which allowed formulation of the hypothesis
regarding dysregulation of TRP metabolism in SSc [9-12]. Furthermore, other studies
revealed that metabolites of TRP formed along KP, specifically KYN and kynurenic acid
(KYNA), have been found to inhibit fibroblast metabolism and proliferation and alleviate
fibrosis [13,14]. Additionally, phase I/II clinical studies have demonstrated the use of
KYNA as an anti-scarring medication, demonstrating its potential clinical utility [15,16].

The role of serotonin in SSc¢, mainly as a mediator of fibrosis and vasculopathy, has
been recently reviewed [17].

Despite the growing body of literature indicating progress in comprehending the
KP in SSc patients, studies addressing sex-related differences in KP activation are insuffi-
cient. Such differences are crucial in the context of SSc, as the condition tends to manifest
more severely with a higher incidence of complications and a graver prognosis in men as
compared to women [18,19]. Currently, there is a growing interest in gender-dependent
phenomena in SSc, and the need to take them into consideration in both the diagnosis and
treatment process has been postulated [20,21].

To this end, the main aim of this study is to examine the sex-related differences in
the KP in SSc patients considering the peripheral concentrations of TRP, KYNA, and KYN
as well as kynurenine pathway enzyme activity indicators, indoleamine 2,3-dioxygenase
(IDO) and tryptophan 2-3dioxygenase (TDO), represented by the ratio of KYN/TRP and
kynurenine aminotransferases (KATs) calculated as the KYNA /KYN ratio and KYNA/TRP
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ratio (see Scheme 1), while controlling for age. As a secondary objective, we aim to inves-
tigate the influence of ACE inhibitors and estimated glomerular filtration rate (eGFR) on
concentration of TRP, KYNA, and KYN. To achieve this, we will consider BMI as covariate.

2. Results
2.1. General Characteristics of the Sample

General characteristics of both participant groups (patients and healthy controls) are
presented in Table 1. Regarding patient characteristics, the patient group had a mean BMI
of 23.40 & 5.23 kg/m?. The mean age of onset for scleroderma was 46.13 & 11.98 years,
and the mean disease duration since the onset was 6.25 & 5.23 years. Concerning disease-
related antibodies, 75% of participants with scleroderma (36/48) tested positive for Scl-
70 antibodies, 8.33% (4/48) had positive anti-ACA antibodies, 10.42% (5/48) had anti-
PM/Scl antibodies, 14.58% (7/48) had anti-SS-A antibodies, 10.42% (5/48) had anti-SS-B
antibodies, 6.25% (3/48) had anti-Jo-1 antibodies, one participant had anti-Mi-2 antibodies,
one participant had anti-Sm antibodies, one participant had anti-AMA-M2 antibodies, and
one participant had anti-RNP/Sm antibodies. None of the tested antibodies appeared in
12.50% (6/48) of SSc patients.

Table 1. General characteristics of scleroderma patients (SSc) and healthy controls (HC): age, sex,
plasma content of tryptophan (TRP), kynurenine (KYN), and kynurenic acid (KYNA) and enzyme
activity indicators.

SSc Patients (n = 48) HC (n =53) t- or x2-Test p<

Age 51.17 (13.15) 46.77 (13.36) 1.66 0.100
Sex (m/f) 19/29 27/26 1.31 0.252
Plasma content

[TRP] 29,524.88 (7282.10)  38,284.19 (7240.42) —6.06 <0.001

[KYN] 4452.07 (1673.82) 3453.23 (1359.69) 3.30 0.001

[KYNA] 47.87 (14.05) 49.00 (15.93) —0.38 0.706
Enzyme activity *

IDO and TDO 0.16 (0.06) 0.09 (0.03) 7.28 <0.001

KATs 0.01 (0.004) 0.02 (0.006) —3.64 <0.001

KYNA/TRP 0.002 (0.0004) 0.0013 (0.0005) 3.93 <0.001

Data are presented as a mean =+ SD (in brackets) except for sex; n—number of subjects; * enzyme activity was
calculated as a metabolite to precursor ratio, IDO and TDO = [KYN]/[TRP]; KATs = [KYNA /KYN]. Differences be-
tween SSc patients and HC were calculated using independent samples t-test, with the exception of sex differences
(x2-test). Values of all metabolites are in nM (nanomoles). Abbreviations: IDO = indoleamine-2,3-dioxygenase;
KATs = kynurenine aminotransferases; KYN = kynurenine; KYNA = kynurenic acid; TDO = tryptophan 2,3-
dioxygenase; TRP = tryptophan.

Regarding disease manifestation, 31.25% (15/48) of participants with systemic sclero-
derma presented with a limited clinical form (1SSc), while 68.75% (33/48) presented with
a diffuse form (dSSc). Among the participants, 97.92% (47/48) had Raynaud syndrome,
89.58% (43/48) had interstitial lung disease, 60.42% (29/48) had telangiectasia, 52.08%
(25/48) had fingertip scars, 47.92% (23/48) had esophageal involvement, 35.42% (17/48)
had arterial hypertension, 33.33% (16/48) had myositis, 29.17% (14/48) had joint involve-
ment, 29.17% (14/48) had ulcers, 22.92% (11/48) had arrhythmias, 18.75% (9/48) had heart
disease, and 2.08% (1/48) had pulmonary hypertension. Raynaud’s sign is a very common
symptom found in SSc, which, particularly in 1SSc, can precede other disease symptoms by
up to several years. In ISSc, vascular manifestations such as Raynaud’s phenomenon, finger
ulcers, and telangiectasias often dominate the clinical presentation from the onset of the
disease, whereas organ manifestations, including interstitial lung disease, dysphagia, and
pulmonary arterial hypertension appear in later stages of the disease. In patients with dSSc,
the onset of the illness is usually more severe. Skin lesions and vascular manifestations
appear early and almost simultaneously. Furthermore, dangerous organ complications
such as interstitial lung disease, gastrointestinal complications, myocardial involvement,
and scleroderma renal breakthrough occur already in the first years of the disease [22,23].
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Regarding renal involvement, the mean serum creatinine concentration was
0.81 £ 0.19 mg/dL, and the mean estimated glomerular filtration rate (eGFR) was 83.33 &
11.64 mL/min/1.73 m2. Among the participants, 39.58% (19/48) took ACE inhibitors as an
antihypertensive agent at the time of the study.

2.2. Tryptophan and Its Metabolites—Differences between Male Scleroderma Patients and Male
Healthy Controls

TRP and the combined TRP breakdown metabolites (KYN and KYNA), enzyme
activity indicators (KYN/TRP equivalent of IDO and TDO activity, KYNA/KYN equivalent
of KATs, and KYNA /TRP ratio), measured in male SSc patients and male healthy controls,
were analyzed using MANCOVA. In this case, the grouping factor was the status (“patient”
and “healthy control”). Moreover, the variable age was considered as a covariate (Table 2).
Regarding the MANCOVA multivariate tests, our results indicate a statistically significant
interaction with status on the combined dependent variables after controlling for the
variable age (Fg 33 = 11.701, Pillai’s trace = 0.649, p < 0.001). In addition, univariate tests
showed differences between male SSc and HC participants in the interaction status for
the TRP, KYN, IDO and TDO, KYNA/TRP, and KATs (TRP: F 43 = 13.715, p = 0.001,
n%p = 0.242; KYN: Fy 43 = 19.637, p < 0.001, n?, = 0.314; IDO and TDO: F 43 = 50.391,
p <0.001, n%p = 0.540; KYNA/TRP: Fy 43 = 6.418, p = 0.015, 1%, = 0.130; KATs: Fy 43 = 9.512,
p =0.004, nzp =(.181). More details of the MANCOVA results, multivariate and univariate
tests, are reported in Table 2.

Table 2. MANCOVA for male subjects (male SSc and male HC): plasma content of tryptophan (TRP),
kynurenine (KYN), and kynurenic acid (KYNA) and enzyme activity indicators, controlling for age
(grouping factors: group status and sex).

Multivariate Tests

Pillai’s Trace ** F dfy df p nzp

Age 0.134 0.983 6 38 0.450 0.134
Status 0.649 11.701 6 38 *<0.001 0.649
Univariate Tests

DV Type 11 SS df MS F p n%p

[TRP] 6.00 x 10* 1 6.00 x 10% 0.001 0.975 <0.01

[KYN] 3.87 x 10° 1 3.87 x 10° 1.853 0.181 0.04
Age [KYNA] 45.60 1 45.60 0.141 0.709 0.003

IDO and TDO **  0.01 1 0.01 3.321 0.075 0.07

KATs *** 543 x 1075 1 543 x 1075 1.428 0.239 0.03

[KYNA]/[TRP] 5.49 x 10~ 1 549 x 1077 0.019 0.892 <0.01

[TRP] 8.36 x 108 1 8.36 x 108 13.715 *0.001 0.242

[KYN] 4.10 x 107 1 4.10 x 107 19.637 *<0.001 0.314
Status [KYNA] 74.58 1 74.58 0.231 0.633 0.005

IDO and TDO **  0.10 1 0.10 50.391 * <0.001 0.540

KATs *** 3.61 x 1074 1 3.61 x 1074 9.512 *0.004 0.181

[KYNA]/[TRP] 1.89 x 10~° 1 1.89 x 10~° 6.418 *0.015 0.130

[TRP] 2.62 x 10° 43 6.10 x 107

[KYN] 8.99 x 107 43 2.09 x 10°
Residuals [KYNA] 1.39 x 10% 43 322.79

IDO and TDO **  0.08 43 0.002

KATs *** 0.002 43 3.799 x 10>

[KYNA]/[TRP] 1.267 x 107> 43 2.946 x 1077

Two-tailed p -values (p < 0.05) are flagged (*). Values of all metabolites are in nM (nanomoles). ** Since the
Box’s M test of equality of covariances was significant (p < 0.001), we used Pillai’s trace as test statistic to ex-
press the results of the multivariate test. *** Values represent enzyme activity (IDO and TDO = [KYN]/[TRP],
KATs = [KYNA]/[KYN]). Abbreviations: F = F-test value; p = p-value; DV = dependent variable; SS = sum of
Squares; df = degrees of freedom; MS = mean square; nzp = partial eta-squared (effect size); IDO = indoleamine-
2,3-dioxygenase; KATs = kynurenine aminotransferases; KYN = kynurenine; KYNA = kynurenic acid;
TDO = tryptophan 2,3-dioxygenase; TRP = tryptophan.
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Finally, post hoc comparisons using the Bonferroni ¢-test correction indicated that
male SSc patients had: (1) lower TRP concentrations than male HC (Mp = —8767.50;
p = 0.001; 95%CI [-13541.948; —3993.059]), (2) higher KYN concentrations than male HC
(Mp =1942.713; p < 0.001; 95%CI [1058.594; 2826.832]), (3) higher IDO and TDO activity
than male HC (Mp = 0.095; p < 0.001; 95%CI [0.068; 0.122]), (4) lower KAT activity than
male HC (Mp = —0.006; p = 0.004; 95%CI [—0.010; —0.002]), and (5) higher KYNA /TRP
ratio than male HC (Mp = 0.001; p = 0.015; 95%CI [8.502 x 10~>; 0.001]). The remaining post
hoc comparisons did not show significant differences. Post hoc analyses are graphically

represented in Figure 1.
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Figure 1. Plasma content of tryptophan (TRP), kynurenine (KYN), and kynurenic acid (KYNA)
and enzyme activity indicator in male scleroderma patients (SSc) and male controls (HC). Statistical
analysis was performed using Bonferroni corrected post hoc test; * p < 0.05, ** p < 0.01, **** p < 0.0001.
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2.3. Tryptophan and Its Metabolites—Differences between Female Scleroderma Patients and Female
Healthy Controls

Likewise, we performed a similar analysis with all female participants (female SSc
patients and female HC). Regarding the MANCOVA multivariate tests, our results indicate
a statistically significant interaction with status on the combined dependent variables
after controlling for the variable age (Fg 47 = 5.707, Pillai’s trace = 0.421, p < 0.001). In
addition, univariate tests showed differences between female SSc and HC participants in
the interaction status for the TRP, IDO and TDO, and KYNA/TRP (TRP: F; 5, = 19.414,
p <0.001, n?, = 0.272; IDO and TDO: Fy 5, = 14.284, p < 0.001, n?, = 0.215; KYNA /TRP:
F1 50 =11.420, p = 0.001, nzp = (.180). More details of the MANCOVA results, multivariate
and univariate tests are reported in Table 3.

Table 3. MANCOVA for female subjects (female SSc and female HC): plasma content of tryptophan
(TRP), kynurenine (KYN), and kynurenic acid (KYNA) and enzyme activity indicator, controlling for
age (grouping factors: group status and sex).

Multivariate Tests

Pillai’s Trace ** F dfy df p n%p
Age 0.175 1.660 6.000 47.000 0.152 0.175
Status 0.421 5.707 6.000 47.000 * <0.001 0.421
Univariate Tests
DV Type 11 SS df MS F p n%p
[TRP] 4.60 x 10° 1 4.60 x 10° 0.010 0.922 <0.01
[KYN] 2.01 x 10° 1 2.01 x 10° 1.042 0.312 0.02
Ace [KYNA] 287.36 1 287.36 2.157 0.148 0.04
& IDO and
TDO **+ 0.002 1 0.002 1.542 0.220 0.03
KATs *** 1.51 x 107 1 1.51 x 1077 0.008 0.928 <0.01
[KYNA]/[TRP] 5.19 x 1077 1 5.19 x 1077 6.076 0.017 0.11
[TRP] 9.20 x 108 1 9.20 x 108 19.414 *<0.001 0.272
[KYN] 8.65 x 10° 1 8.65 x 10° 0.447 0.507 0.009
Stat [KYNA] 129.68 1 129.68 0.974 0.328 0.018
atus IDO and “
TDO *** 0.02 1 0.02 14.284 <0.001 0.215
KATs *** 517 x 107° 1 517 x 107° 2.816 0.099 0.051
[KYNA]/[TRP] 9.75 x 107 1 9.75 x 1077 11.420 *0.001 0.180
[TRP] 2.46 x 107 52 4.74 x 107
[KYN] 1.01 x 108 52 1.93 x 106
: [KYNA] 6926.54 52 133.20
Residuals IDO and
TDO **+ 0.08 52 0.002
KATs *** 0.001 52 1.84 x 105
[KYNA]/[TRP] 444 x 10°° 52 8.54 x 1078

Two-tailed p-values (p < 0.05) are flagged (*). Values of all metabolites are in nM (nanomoles). ** Since the
Box’s M test of equality of covariances was significant (p < 0.001), we used Pillai’s trace as test statistics to
express the results of the multivariate test. *** Values represent enzyme activity (IDO and TDO = [KYN]/[TRP],
KATs = [KYNA]/[KYN]). Abbreviations: F = F-test value; p = p-value; DV = dependent variable; SS = sum of
Squares; df = degrees of freedom; MS = mean square; nzp = partial eta-squared (effect size); IDO = indoleamine-
2,3-dioxygenase; KATs = kynurenine aminotransferases; KYN = kynurenine; KYNA = kynurenic acid;
TDO = tryptophan 2,3-dioxygenase; TRP = tryptophan.

Finally, post hoc comparisons using the Bonferroni ¢-test correction indicated that
female SSc patients had: (1) lower TRP concentrations than female HC (Mp = —8264.430;
p <0.001; 95%CI [—12,028.183; —4500.678]), (2) higher IDO and TDO activity than female
HC (Mp = 0.041; p < 0.001; 95%CI [0.019; 0.062]), and (3) higher KYNA /TRP activity than
female HC (Mp = 0.001; p = 0.001; 95%CI [1.09 x 10~%; 4.29 x 10~*]). The remaining post
hoc comparisons did not show significant differences. Post hoc analyses are graphically
represented in Figure 2.
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Figure 2. Plasma content of tryptophan (TRP), kynurenine (KYN), and kynurenic acid (KYNA) and
enzyme activity indicator in female scleroderma patients (SSc) and female controls (HC). Statistical
analysis was performed using Bonferroni corrected post hoc test; *** p < 0.001, **** p < 0.0001.

2.4. Tryptophan and Its Metabolites—Effects of the eGFR and Use of ACE Inhibitors

Likewise, a MANCOVA was conducted within the patient group to address the sec-
ondary aim. The combined dependent variables in the model were TRP, KYN, and KYNA,
while the grouping factor was the use of ACE inhibitors (“yes” and “no”). The variable
“BMI” was included as a covariate (see Table 4). The results of the MANCOVA multivariate
tests revealed a statistically significant effect of ACE inhibitor use on the combined depen-
dent variables in the model (F3 33 = 3.57, Wilks’ Lambda = 0.78, p = 0.02), as well as on eGFR
(F3 38 =4.07, Wilks” Lambda = 0.76, p = 0.01). Furthermore, the univariate tests indicated
significant differences in the variable of ACE inhibitor use for KYNA (F; 49 = 5.62, p = 0.02,
n%p = 0.12). Additionally, the univariate test revealed significant differences in eGFR and
KYNA (Fy 49 = 6.06, p = 0.02, nzp = 0.12; Figure 3A). Further details of the MANCOVA
results, including the multivariate and univariate tests, can be found in Table 4.
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Table 4. MANCOVA: plasma content of tryptophan (TRP), kynurenine (KYN), and kynurenic acid
(KYNA), controlling for eGFR and BMI (grouping factor: use of ACE inhibitors).

Multivariate Tests

Wilks” Lambda ** F dfy df p nzp
eGFR 0.76 407 3 38 *0.01 0.24
BMI 0.98 0.29 3 38 0.83 0.02
Use of ACEi 0.78 357 3 38 *0.02 0.22
Univariate Tests
DV Type I SS df MS F p n%p
[TRP] 3.32 x 10° 1 3.32 x 10° 0.07 0.80 <0.01
eGFR *** [KYN] 8.81 x 10° 1 8.81 x 10° 3.03 0.09 0.07
[KYNA] 822.95 1 822.95 6.06 *0.02 0.13
[TRP] 1.39 x 106 1 1.39 x 106 0.03 0.87 <0.01
BMI [KYN] 1.41 x 106 1 1.41 x 106 0.48 0.49 0.01
[KYNA] 0.04 1 0.04 0.00 0.99 <0.01
Use of ACEi [TRP] 4.75 x 107 1 4.75 x 107 0.97 0.33 0.02
[KYN] 19,159.33 1 19,159.33 0.01 0.94 0.00
[KYNA] 762.73 1 762.73 5.62 *0.02 0.12
Residuals [TRP] 1.95 x 10° 40 4.87 x 107
[KYN] 1.16 x 108 40 291 x 100
[KYNA] 5430.12 40 135.75

Two-tailed p-values (p < 0.05) are flagged (*). Values of all metabolites are in nM (nanomoles). ** Since the Box’s
M test of equality of covariances was not significant (p = 0.05), we used Wilks” Lambda as test statistics to express
the results of the multivariate test. *** eGFR calculated using the 2021 adapted version of CKD-EPI (Chronic
Kidney Disease Epidemiology Collaboration) equation, adjusted for sex, age, and serum creatinine (The National
Kidney Foundation: https:/ /www.kidney.org/professionals /kdoqi/gfr_calculator/formula; accessed on 16 July
2023). Abbreviations: F = F-test value; p = p-value; DV = dependent variable; SS = sum of Squares; df = degrees
of freedom; MS = mean square; 1%, = partial eta-squared (effect size); ACEi = angiotensin-converting-enzyme
inhibitors; BMI = body-mass-index; eGFR = glomerular filtration rate; KYN = kynurenine; KYNA = kynurenic
acid; TRP = tryptophan.
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Figure 3. Effects of the eGFR and use of ACE inhibitors on plasma content of kynurenic acid (KYNA):
(A) correlation between eGFR and kynurenic acid (KYNA); (B) plasma content of kynurenic acid
(KYNA) in scleroderma patients who are users and non-users of ACE inhibitors; * p < 0.05.

Regarding the MANCOVA results, univariate analysis showed significant results for
the factor use of ACE inhibitors and KYNA concentrations. A Bonferroni corrected post
hoc test was computed to determine possible differences between subgroups. The latter
analysis on KYNA revealed significant differences between SSc patients who use ACE
inhibitors and those who do not use ACE inhibitors (Mp = 9.30; p = 0.02; 95%CI [1.37; 17.19],
Figure 3B).
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3. Discussion

Statistical analysis concerning both male and female SSc patients reveal a decrease
in TRP levels and an increase in KYN levels, which is consistent with results published
previously [7,24-29]. In contrast to Pellicano et al. [30], in our SSc population there was no
change in KYNA levels. Furthermore, there was an increase in the KYN/TRP ratio, analo-
gous to that reported by Campochiaro et al., 2019 [26], as well as an increase in KYNA /TRP
ratio and a decrease in KYNA /KYN ratio resembling IDO and TDO activity, which has not
been previously explored. Generally, our results confirmed the KP dysregulation in SSc.
Further sex-stratified analysis of data performed for men and women separately revealed
decreased TRP concentrations and increased KYNA /TRP ratio and IDO and TDO in both
male and female SSc patients compared to their respective controls. Differently, SSc males
but not females exhibited higher KYN concentrations and decreased KYNA /KYN ratio
relative to their controls. KYNA content was unaltered in patients of both sexes compared
to controls. Regarding our secondary objective, we found that patients with SSc who were
taking ACE inhibitors exhibited higher concentrations of KYNA in their serum compared
to those who were not taking ACE inhibitors. Additionally, we identified a significant
correlation between eGFR and KYNA.

This study concerning the KP, in which data obtained from SSc patients were separated
by gender and analyzed independently, is the first of its kind reported in the literature.
Since the more severe course of the disease and higher mortality is reported in men than
in women [19-21], the results of our study allow the formulation of the hypothesis that
the difference in KP activity between men and women with SSc is an important factor
involved in the disease pathomechanism affecting the course and outcome of SSc. Based on
our results, it can be hypothesized that the marked elevation of blood KYN concentration
found in men predisposes them to rapid disease progression. Thus, the use of inhibitors of
IDO and TDO, enzymes responsible for synthesis of KYN from TRP, in the treatment of
SSc can be postulated. This suggestion is attractive because IDO and TDO inhibitors are
currently being tested in clinical trials as adjunctive drugs for cancer treatment [31]. On the
other hand, it cannot be ruled out that alteration of the KP activity of TRP metabolism has
a protective physiological significance in SSc. This idea corresponds to the concept recently
presented by Stone and Williams, who postulated that metabolites formed along the KP
are mediators of the neuroimmune “reflex” that coordinates protection against stress [32].
Similarly, Jia et al. presented data on the tolerogenic effects of TDO2 and demonstrated that
overexpression of TDO2 in dendritic cells ameliorates collagen-induced arthritis severity in
mice [33].

Our results evidenced that TRP levels are reduced in both men and women with SSc.
Similarly, TRP depletion in SSc patients was reported repeatedly [7,24-27,29]. It is worth
noting that TRP is reduced in newly diagnosed SSc patients, indicating that this process
begins early in the disease course [29]. Moreover, TRP depletion was demonstrated in two
animal models of fibrosis in mice [29]. Therefore, the role of TRP in SSc should be under
debate. TRP is an essential amino acid that is supplied with food. TRP has been recognized
as a building block for protein synthesis and as a precursor of serotonin and melatonin,
both modulators of high biological significance in the brain and in the periphery. At present,
it is widely accepted that approximately 95% of absorbed TRP is metabolized along the KP,
which leads mainly to the formation of NAD/NADP(H) and some KP metabolites formed
on the side branches of this route [34]. Much less is known about TRP’s ability to act directly
on specific molecular targets. Interestingly, it has been shown that TRP is an agonist of
two G-protein receptors, GPR139 and GPR142 [35,36]. GPR139 is present mainly in the
central nervous system [35] but GPR142 is highly expressed on immune cells and it was
found that its receptor antagonist CLP-3094 alleviated collagen antibody-induced arthritis
in mice [36]. Whether this receptor is implicated in the process of SSc is currently unknown.
It was evidenced that TRP depletion results in increased expression and sensitization of
the AhR located on regulatory T lymphocytes [37] considered one of the key players in
SSc [38]. On the other hand, it has been proven that TRP depletion inhibits T cells [34,39].
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Although it has been indicated for many years that TRP is reduced in SSc patients, its role
in the disease induction remains unclear.

According to our results, SSc patients have an increased KYN/TRP ratio indicating
increased activity of IDO and TDO. Consequently, an increase of the serum KYN concen-
tration was statistically significant in SSc men but not in SSc women in relation to healthy
subjects. KYN is an AhR agonist that is involved in numerous physiological and pathologi-
cal processes [40] including an impact on the immune system [32,41]. However, the role of
this receptor in SSc is poorly understood. Solvay et al., 2023, reported that TRP depletion
results in increased expression of AhR and enhanced effects exerted by its agonists [37].
Since in SSc there are a reduced levels of TRP and increased levels of KYN in men, these
two phenomena may in concert exacerbate disease pathological processes and result in
rapid and more aggressive progress of SSc in men in comparison to women. Contrary to
this assumption, Shi et al., 2020, showed that AhR is downregulated in fibroblast obtained
from SSc patients. Furthermore, they confirmed an antifibrotic effect of AhR agonism in SSc
model in mice [42]. More recently, this same group evidenced that UVA1 irradiation, which
is a phototherapy procedure used in local SSc, reduced fibrosis via an AhR mechanism [43].
Interestingly, KYNA is also an AhR agonist [44] with known antifibrotic properties [13].
In our study, there was no change in KYNA levels in both men and women compared
to healthy controls. On the other hand, the KYNA /KYN ratio, which is considered as
a metabolic indicator of KYN toward KYNA metabolism, was found to be significantly
reduced in men with SSc. Furthermore, we found that the KYNA level was elevated in
SSc patients treated with ACE inhibitors. This effect can be related to the competition
between ACE inhibitors and KYNA for a common organic anion transporter (OAT1/3) in
the kidney [45,46].

Since KYNA possesses anti-inflammatory and antioxidant properties [47-50], its bene-
ficial effect in SSc cannot be ruled out. Thus, further research is needed to reveal whether it
plays a role in the course of this disease and treatment effectiveness.

Study Limitations

Due to the limited number of patients enrolled in the study, the subjects were not
divided into subgroups based on the presence of specific antibodies, disease severity,
and internal organ involvement. During the collection of blood samples, the patients
continued pharmacotherapy. Therefore, the influence of ongoing treatment on the obtained
results cannot be ruled out. In fact, higher KYNA levels were found in patients using
ACE inhibitors.

Since our analyses were conducted separately for women and separately for men,
the effect of sex hormones on TRP metabolism was not studied and discussed in detail.
Existing data from the literature indicate that estrogen inhibits KAT activity and increases
TRP and quinolinic acid excretion [51,52]. In contrast, progesterone does not affect the
excretion of tryptophan metabolites but in high doses it reduces the activation of the KP by
IFN-y and decreases quinolinic acid levels, while increasing KYNA levels [53]. On the other
hand, SSc alters sex hormone levels [54,55]. Thus, future studies should take into account
the endocrine activity of SSc patients, and perhaps the results will give an assumption to
include hormone measurement in a panel of basic or complementary tests in SSc patients.

Excretion of TRP, KYN, and KYNA in the urine was not studied in our study. Since
previous publications indicate increased urinary excretion of KYN and KYNA in SSc
patients [10-12], it cannot be excluded that the results of measuring the current level of KP
metabolites in the blood do not provide a complete picture of the processes occurring in
the affected tissues. Considering that KYN excretion is increased, and yet the KYN level
in the blood does not change, as is the case in women with SSc, it can be presumed that
KYN production is in fact elevated, at least by an amount to compensate for increased
urine excretion of KYN. Similarly, if the excretion of KYNA in the urine increases, and the
level of KYNA in the blood does not change, it can indicate that its production is increased.
Thus, for a more complete understanding of the fate of TRP and its KP metabolites data on
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their excretion in SSc patients are needed. Regrettably, there are no data in the literature
on the simultaneous measurement of the content of TRP and its metabolites in the blood
and urine in the same patient with SSc. Thus, it is legitimate to postulate determination
of substances of interest both in blood and urine in the future studies. This conclusion is
strengthened by our finding of an inverse relationship between KYNA and eGRF in SSc.

Summing up, in this study we found decreased TRP content and increased KYNA /TRP
ratio and KYN/TRP ratio reflecting IDO and TDO activity in both male and female SSc pa-
tients. This phenomenon was noted in newly diagnosed SSc patients and did not alter when
the treatment was started. Moreover, in SSc males but not females an elevated serum KYN
concentrations and decreased KYNA /KYN ratio, an index of KAT activity, was proven.
Thus, the obtained data allow us to conclude that the KP is differently dysregulated in men
and women with SSc. Although in the current stage of knowledge, the relevance of these
changes for the disease process progression cannot be conclusively explained, the results of
our study indicate the potential future studies focused on TRP metabolism via the KP in
SSc. We propose that more attention should be paid to gender-related differences in SSc and
that measurements of KP metabolites should be taken in both blood and urine to determine
not only the simple concentrations, but also their turnover. We are also convinced that it
is crucial to carry out studies to clarify the role of the receptors which are targeted by KP
metabolites because the lack of such data precludes formulation of rational conclusions
about the importance of KP metabolites in the course of SSc. Despite many concerns, it
is reasonable to postulate inclusion of determination of TRP and KYN metabolites in an
extended diagnostic analysis performed at all stages of the SSc, (a) for early diagnosis of the
disease, (b) to monitor its course and severity and predict the prognosis, and (c) to assess
the efficacy of employed treatment.

4. Materials and Methods
4.1. Participants and Selection Criteria

The study protocol was approved by the Ethical Committee of the Medical University
in Lublin, Poland (No. KE-0254/20/2020). All subjects gave written consent before their
enrollment. Analyses were performed on the material obtained from 48 adult SSc patients
treated in the Department of Rheumatology and Connective Tissue Diseases, Medical Uni-
versity of Lublin, Poland. The medical examination was performed by experienced rheuma-
tologists. All patients fulfilled the 2013 American College of Rheumatology/European
League Against Rheumatism criteria for diagnosis of SSc [3]. The exclusion criteria were as
follows: pregnancy or lactation; major surgery (including joint surgery) within 8 weeks
prior to the study; rheumatic autoimmune disease other than SSc, including rheumatoid
arthritis, systemic lupus erythematosus, mixed connective tissue disease, polymyositis,
dermatomyositis, primary Sjogren syndrome; active infection, evidence of malignant dis-
ease, or malignancies diagnosed within the previous 5 years; a history of alcohol, drug,
or chemical abuse within 1 year prior to the study. A total of 53 healthy controls were
recruited. Blood samples were collected in the morning after overnight fasting. Blood was
centrifuged and separated serum stored at —80 °C until analysis of KP metabolites. Other
blood laboratory measurements were performed as a part of routine clinical practice in
certified laboratory. A concise description of the demographic features of the patients and
healthy controls is presented in Section 2 and Table 1.

4.2. Chromatographic Analysis

Tryptophan (TRP), L-kynurenine sulfate (KYN), and kynurenic acid (KYNA) were
obtained from Sigma-Aldrich, Co. (St. Louis, MO, USA) and used as a standard. HPLC-
grade chemicals were purchased from J.T. Baker Chemicals (Aventor Performance Materials
Poland S.A., Gliwice, Poland) or Sigma-Aldrich. TRP, KYN, and KYNA were analyzed
by high-performance liquid chromatography (HPLC), according to the protocol of Zhao
et al. (2010) [56], with minor modifications. Briefly, each serum sample was added 6%
HClOy4 and centrifuged at 12,000x g for 30 min at 4 °C. The resulting supernatant was
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applied to an HPLC system consisting of the Dionex P680 Pump, UltiMate 3000 Autosam-
pler with column compartment, RS Variable Wavelength UltiMate 3000 Detector, and RF
2000 Fluorescence Detector (Dionex, Sunnyvale, CA, USA). An Agilent HC-C18 column
(250 x 4.6 mm i.d.; 5-pm particle size) was used. The mobile phase was composed of 20 mM
sodium acetate, 5 mM zinc acetate, and 4% acetonitrile; the flow rate was 1.0 mL/min.
Detectors were set at wavelengths 250 nm for TRP, 365 nm for KYN, and at excitation
wavelength of 348 nm and emission at 398 nm for KYNA determination. Control of the
HPLC system and data analysis were performed with the Chromeleon software (Dionex™
Chormeleon™ version 7.2.6 (10049), serial number 117836).

4.3. Statistical Analysis

Descriptive data are provided in both text and tables to enhance readability. Quantita-
tive variables that approximated a Gaussian distribution are reported as mean =+ standard
deviation in the text. Non-Gaussian-distributed variables are presented as a median and
interquartile range, if necessary. Categorical variables and count data are presented in the
text as ratios and percentages. Decimal data are rounded to the nearest decimal place. If
the data were <0.00001 or >100,000, we express it in scientific notation. The general infor-
mation pertaining to the participants is described in the subsequent section and displayed
in Table 1. To assess differences between scleroderma patients and healthy controls, the
Student t-test was employed for Gaussian-distributed data. If necessary, the Mann-Whitney
U test was used for initial comparisons between the two groups. For categorical or count
data, the x? test was utilized. In such cases, groups were considered homogeneous if the
p-value for the x? test exceeded 0.05.

To compare the means between groups for both the first and second aims, multivariate
analyses of covariance (MANCOVA) were conducted. For the first aim, a MANCOVA
was performed with TRP, its metabolites (KYN, KYNA), and enzyme activity indicators
(KYN/TRP ratio, KYNA/KYN ratio, and KYNA /TRP ratio) as a combined dependent
variable; age was included as a covariate and status (i.e., SSc or HC group) was included
in the analysis. To investigate and compare sex differences, we performed the same
analysis for males and females separately. The second MANCOVA included TRP and its
breakdown metabolites (KYN and KYNA) as a combined dependent variable, estimated
glomerular filtration rate (eGFR) and body mass index (BMI) as covariates, and the use
of ACE inhibitors among SSc patients as the grouping factor. Furthermore, eGFR was
calculated using the 2021 adapted version of the CKD-EPI creatinine equation, which
adjusts the glomerular filtration rate based on age, sex, and serum creatinine [57].

Mean differences between groups were considered statistically significant if the two-
tailed p-value was equal or less than 0.05; if the p-value was lower than 0.001, we express it as
<0.001. For effect sizes, partial eta-square (n%,) values were calculated. For multivariate tests,
the effect size was calculated using the formula: nzp =(dfy x F) / [(df; x F) + df,] [13,14].
In univariate tests, the effect size was calculated as nzp = (SSeffect) / [SSeftect + SSerror] [58,59].
Consistent with established definitions, effect sizes were categorized as follows: very
small (n2p < 0.01), small (0.01 < nzp < 0.06), moderate (0.06 < nzp < 0.14), and large
(nzp > 0.14) [58,59]. Concerning the effect sizes, we rounded to the nearest decimal place,
and values lower than 0.01 are expressed as < 0.01.

Finally, statistical analyses were conducted using SPSS version 25.0 (Statistical Package
for the Social Sciences, International Business Machines Corporation, Armonk, NY, USA).
Model graphs were generated using Prism 8 GraphPad (GraphPad Software Inc., La Jolla,
CA, USA).
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