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Abstract

Background Fabry disease is a rare lysosomal storage disorder. The genotypic and phenotypic heterogeneity of the
disease complicates the prediction of disease activity. This study aimed to evaluate the association between multiple
plasma biomarkers and disease activity in Fabry disease.

Methods A cross-sectional analysis was conducted involving 87 Fabry patients, 46 chronic kidney disease (CKD)
patients, and 41 healthy controls. Plasma levels of KIM-1, MCP-1, YKL-40, TNFR-1, TNFR-2, and cystatin-C were
measured using ELISA. eGFR was calculated using creatinine and creatinine-cystatin C-based CKD-EPI formulas. Fabry
patients on renal replacement therapy were analyzed as a subgroup. Primary analyses focused on 62 Fabry patients
receiving enzyme replacement therapy.

Results Although eGFR (cr) did not differ significantly between Fabry patients and healthy controls, eGFR(cr-cys)
was significantly lower in Fabry patients. After adjusting for age, gender, and BMI, MCP-1 and TNFR-2 levels were
significantly lower in Fabry patients than in CKD patients. Among Fabry patients, those with renal involvement, had
significantly higher MCP-1 levels than those without. While KIM-1 and YKL-40 did not differ significantly between
groups, both were significantly elevated in patients with Lyso-Gb3 >4 ng/mL and positively correlated with Lyso-Gb3.

Conclusion MCP-1, TNFR-2, YKL-40, and cystatin C may serve as potential biomarkers for different aspects of Fabry
disease activity. Further investigation into the associated pathogenic pathways may support the development of
novel diagnostic tools or targeted therapies.
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Introduction

Fabry disease (FD) is a rare, systemic, genetic disor-
der caused by mutations in the GLA gene, which lead
to deficiencies in the lysosomal enzyme alpha-galacto-
sidase A (AGAL) [1, 2]. This enzyme deficiency results
in the accumulation of glycosphingolipids, particularly
globotriaosylceramide (Gb3), in various organs [3]. The
accumulation of these substrates, combined with their
immunogenic nature, triggers a cascade of harmful
effects, including immune system activation, inflamma-
tion, and oxidative stress, ultimately leading to progres-
sive tissue damage [4].

The genetic and clinical heterogeneity of FD presents
a major challenge in predicting disease progression [5].
Therefore, identifying biomarkers that reflect organ-spe-
cific disease activity is of great clinical interest. Currently,
Lyso-Gb3 is the most widely used biomarker to sup-
port the diagnosis of FD; however, its utility in assessing
treatment response and predicting long-term outcomes
remains limited and not fully standardized [6].

In this study, we selected six plasma biomarkers, each
associated with different segments of the nephron and
key pathological pathways: cystatin C as a marker of glo-
merular function; kidney Injury Molecule-1(KIM-1) for
proximal tubular injury; tumor necrosis factor recep-
tors 1 and 2 (TNFR-1 and TNFR-2) for inflammation
and fibrosis; and monocyte chemoattractant protein-
1(MCP-1) and YKL-40 as markers of tissue remodeling
and fibrotic activity. Except for cystatin C, these biomark-
ers have been associated with the progression of diabetic
kidney disease, as shown in the CRIC study [7]. KIM-1 is
well established as a marker of acute kidney injury and
has been linked to CKD progression in diabetic and poly-
cystic kidney disease. TNFR-1 has been associated with
mortality and end-stage renal disease in diabetes, and
both TNFR-1 and TNFR-2 have shown longitudinal asso-
ciations with CKD progression. MCP-1 plays a central
role in monocyte recruitment and is involved in various
inflammatory kidney diseases. YKL-40 is upregulated in
renal macrophages following ischemia-reperfusion injury
and may support tubular repair. Although these biomark-
ers have been studied in other renal conditions, their rel-
evance in FD has not been fully explored [7].

This study aims to address this gap by assessing the
relationship between these biomarkers and the clini-
cal manifestations of FD, with a focus on their potential
to provide insights into renal and cardiac involvement,
as well as the efficacy of enzyme replacement therapy
(ERT). By investigating the pathogenic pathways linked
to these biomarkers, we aim to contribute to the develop-
ment of more effective diagnostic and therapeutic strate-
gies for FD.
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Methods

Study design and participants

We performed a cross-sectional study between October
2021 and December 2022 in three different tertiary care
nephrology centers located in different cities across Tur-
key. Participants were divided into three groups: [1] the
Fabry disease (FD) group, consisting of 87 patients with a
confirmed genetic diagnosis of FD; [2] the chronic kidney
disease (CKD) group, comprising 46 patients with CKD
under regular follow-up at nephrology clinics; and [3] the
healthy control group, which included 41 participants
without any known active or chronic diseases.

Inclusion criteria

+ Fabry patients aged 18 years or older with a
confirmed genetic diagnosis.

+ CKD patients aged 18 years or older under regular
nephrology follow-up.

+ Healthy controls aged 18 years or older without any
known active or chronic diseases.

Exclusion criteria

+ DPatients with active infections, current malignancies,
or acute kidney injury.

+ Fabry patients undergoing renal replacement therapy
(RRT) were included in the study but analyzed
separately (n=11). This left 76 patients, of whom
62 were receiving enzyme replacement therapy
(ERT) and 14 were not. All primary analyses were
conducted using only the 62 Fabry patients on ERT,
including comparisons with CKD patients and
healthy controls.

Data collection

Demographic and clinical data, including age, gender,
body mass index (BMI), blood pressure, and smoking
status, were collected from all participants. For Fabry
patients, detailed medical histories, including mutation
type, Lyso-Gb3 levels, and history of cardiac and renal
involvement, were recorded. Data were collected through
patient interviews and review of medical records, using a
standardized form.

Biomarker analysis

Blood samples were collected from all participants into
gel-containing biochemistry tubes (BD SST II 5 mlL,
367953) and centrifuged at 3000 rpm for eight minutes.
The serum was then separated and stored at -80 °C until
further analysis. Plasma levels of kidney injury mol-
ecule-1 (KIM-1), monocyte chemoattractant protein-1
(MCP-1), YKL-40, tumor necrosis factor receptors 1 and
2 (TNFR-1 and TNFR-2), and cystatin C were measured
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using enzyme-linked immunoassay (ELISA) kits (Elab-
science, catalog numbers: E-EL-H3643, E-EL-HO0037,
E-EL-H6029, E-EL-H0217, E-EL-H2436, E-EL-H6005).
The intra- and inter-assay coefficients of variation (%CV)
for all assays were maintained at less than 6.5%.

Renal function assessment

Estimated glomerular filtration rate (eGFR) was calcu-
lated using both creatinine-based CKD-EPI formula and
creatinine-cystatin C-based CKD-EPI formulas. Fabry
patients on RRT were analyzed separately to account for
the potential impact of dialysis on biomarker levels.

Definitions

Fabry phenotypes were categorized based on muta-
tion analysis and clinical presentation into classic, late-
onset, and other variants (e.g., variants of uncertain
significance). These classifications are described and
detailed in Supplementary Table 1 [8]. ERT refers to
the intravenous administration of recombinant alpha-
galactosidase A or B, which is used in FD treatment.
RRT includes hemodialysis and renal transplantation
in our population. Cardiac involvement was defined by
the presence of arrhythmia, septal hypertrophy (septum
thickness>9 mm in women and >10 mm in men) on
echocardiography, or Fabry related findings on cardiac
MRI [9]. Arrhythmias were diagnosed by a cardiologist
during patient interviews. Renal involvement was defined
by eGFR(cr) <90 and/or albuminuria (> 30 mg/day).

Statistical analysis

Descriptive statistics were reported as mean +standard
deviation or median and interquartile range (IQR) for
continuous variables, and as counts and percentages for
categorical variables. The Shapiro-Wilk test was used to
assess the normality of continuous variables. For group
comparisons, one-way ANOVA was used for normally
distributed continuous variables, while the Kruskal-Wal-
lis test was applied to non-normally distributed variables.
The Chi-square or Fisher’s Exact test was used to com-
pare categorical variables.

For comparisons between Fabry patients with and
without renal or cardiac involvement, independent sam-
ples t-tests or Mann-Whitney U tests were used, depend-
ing on the distribution of the biomarkers. Multiple linear
regression analysis was conducted to adjust for potential
confounders, including age, gender, and BMI. To meet
the assumptions of normality of errors and homoscedas-
ticity, logarithmic transformations of the biomarker val-
ues were performed prior to their inclusion as dependent
variables in the regression models.

All statistical analyses were conducted using IBM SPSS
version 21 (IBM Corp., NY, USA) and R version 4.0.2.
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A p-value of less than 0.05 was considered statistically
significant.

Results

Demographic and clinical characteristics

A total of 87 FD patients, 46 CKD patients, and 41
healthy controls were included in the study. The mean
age of the Fabry patients was 40+ 14 years, with 60.9%
being female. Among the Fabry patients, 11 were under-
going RRT, including three who had received kidney
transplants. The average body mass index (BMI) of Fabry
patients was 25+ 5.8 kg/m?, and 35% were smokers. Con-
sanguinity was reported by 26.4% of the Fabry patients.
Sixty-seven patients had Lyso-Gb3 levels above the upper
limit (< 1.3 ng/ml). Median Lyso-Gb3 level was four mg/
ml. The mutations and the Lyso-Gb3 levels of the Fabry
patients are detailed in Supplementary Table 1. Forty
mutations were classified as pathogenic mutations with a
classic phenotype, seven as pathogenic mutations with a
late-onset phenotype, and thirty-nine as other (variants
of uncertain significance and other variants). Of the 40
patients classified as classic phenotype; 27 (67.5%) had
renal involvement, 37 (92.5%) had cardiac involvement,
and 24 (60%) had both renal and cardiac involvement.
We presented the mutation detected in Fabry patients,
the phenotypic characteristic of the mutation, the pres-
ence of cardiac and renal involvement, Lyso-Gb3 level,
the administration of ERT, and RRT in Supplementary
Table 1.

Cranial MRI was performed in 61 patients, and 18
(29.5%) showed white matter hyperintensities consistent
with FD. Seven patients (8.1%) had experienced a stroke.
Additionally, among the 69 patients who underwent oph-
thalmologic evaluation, 66.6% had cornea verticillata.
Documented findings also included sensorineural hear-
ing loss in 25.9%, skin involvement in 17.4%, gastroin-
testinal symptoms in 10.5%, and peripheral neuropathy
(based on EMQG) in 14.7% of those evaluated. We pre-
sented non-Major Organ involvement and symptoms in
Fabry patients in Supplementary Table 2.

The following analysis was conducted between Fabry
patients not on RRT and receiving ERT (n=62), CKD
patients and healthy controls. The CKD group was pre-
dominantly female and significantly older, and exhibited
higher rates of diabetes mellitus (DM) and hypertension
(HT) than the Fabry group. There was no significant dif-
ference between Fabry patients, CKD group and healthy
controls in terms of age, gender and BMI. Demographic,
clinical and laboratory data of the groups are presented
in Table 1.

Renal function assessment and renal involvement
The median cr level in healthy controls was 0.78 mg/dL
(IQR: 0.67-0.87), while in Fabry patients it was 0.67 mg/
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Table 1 Demographic, clinical and laboratory data between groups
n (%) Fabry (n:62) CKD (n:46) Healthy control (n:41) p
Age 37 (27-47.25) 49 (348 —-56.3) 36 (30-45) 0.004'
Gender, n(%) 25 (40.3) 15(32.6) 24 (58.5) 0.018'
Male 37 (59.7) 31(67.4) 17 (41.5)
Female
BMI, kg/m? 23.74 (20.37-28.03) 299 (24.7-33.6) 24.8(21.8-27.6) <0.001'?
Smoking, n(%) 35(59.3) 33(786) 29 (74.4) 0.095
No 24 (38.7) 9(214) 10 (25.6)
Yes
DM, n (%) 5(@8.1) 14 (304) 0 0.003
HT, n (%) 12 (19.4) 29 (63) 0 <0.001
CAD, n (%) 1(1.6) 2(4.3) 0 0574
ACEI/ARB, n (%) 23(37.1) 30 (65.2) 0 0.004
BB, n (%) 6(9.7) 12 (26.1) 0 0.024
OAD, n (%) 2(3.2) 14 (304) 0 <0.001
Insulin, n (%) 0(0) 5(10.9) 0 0.008
SGLT2 Inhibitor, n (%) 1(1.6) 7(15.2) 0 0.021
Laboratory data of Fabry and CKD patients

Fabry (n:62) CKD (n:46) p
Urea, mg/d| 23(18-294) 34 (26.7-4.6) <0.001
Creatinine, mg/d| 0.67 (0.59-0.83) 0.95(0.71-1.15) <0.001
eGFR(cr), ml/dk/1,73 m? 1149 (95.7-1264) 88 (63.5-109) 0.003
eGFR(cys-cr), ml/dk/1,73 m? 86.5(52.7-118) 63 (36,8-97,3) 0.04
Albumin, g/dI 4.7 (4.4-4.9) 4.5 (4.3-4.8) 0018
CRP. mg/I 1.9 (0.6-5.5) 39(1-64) 0.179
Ferritin, ug/I 37(15.8-92.6) 67.3(37-122) 0.044
Total cholesterol (mg/dl) 165.27 +34.76 206.75+53.46 <0.01
LDL, mg/dl 95 (75.23-116.75) 119 (92.25-148) 0.003
TG, mg/dl 85 (69-119) 162 (118.5-205) <0.001
Hbalc, % 55(5.1-59) 6.5(5.7-8.2) <0.001
FBG, mg/dI 88.8 (77-97) 98.5(88.8-119.8) <0.01
Hematuria in urinalysis 11(24.4) 16 (35.6) 0.25
Proteinuria in urinalysis 10 (22.2) 23 (51.5) 0.004
24/h urine protein, mg 237.3 (145.8-557) NA NA
24/h urine microalbumin, mg 26.5(11.5-281) NA NA
UPCR, mg/g 145.5 (102.5-606.25) 413.5(121.5-1007) 0.300
UACR, mg/g 25(11.8-360.25) 141 (30.2-335.5) 0114
25 OH D vitamin, ng/ml 14.9 (9.2-25) 14.1 (8.7-19.8) 0327
Vitamin B12, ng/I 374.5(288-488.6) 3415 (232-523) 0311
Hgb, g/dl 13.08+1.68 1351+£1.83 042
WBC, /ul 7350 (5975-8600) 6980 (5935-8400) 0.637

BMI: Body mass index, DM: Diabetes mellitus, HT: Hypertension, CAD: Coronary artery disease, ACEI/ARB: Angiotensin-converting enzyme inhibitors/angiotensin
receptor blockers, BB: Beta-blocker, OAD: Oral antidiabetic, SGLT2: Sodium-glucose co-transporter 2, eGFR: Estimated glomerular filtration rate, Cys: Cystatin, LDL:
Low-density lipoprotein, TG: Triglyceride, HbAlc: Hemoglobin Alc, FBG: Fasting blood glucose, 24 h: 24-hour, UPCR: Urine protein-creatinine ratio, UACR: Urine
albumin-creatinine ratio, Hgb: Hemoglobin, WBC: White blood cell

'Healthy control-Patient control, 2Patient control-Fabry, 3Healthy control-Fabry

dL (IQR: 0.59-0.83). The median eGFR(cr) was 111 mL/
min/1.73 m® (IQR: 100.5-117.5) in healthy controls
and 114.9 mL/min/1.73 m® (IQR: 95.7-126.4) in Fabry
patients. There was no significant difference between the
two groups in terms of creatinine or eGFR(cr). However,
the median eGFR(cr-cys) was significantly lower in Fabry
patients (86.5 mL/min/1.73 m® (IQR: 52.7-118)) com-
pared to healthy controls (111 mL/min/1.73 m* (IQR:

97-125.5)). In total, 30 (48.38%) out of 62 Fabry patients
had renal involvement (Supplementary Table 1).

Plasma biomarker levels

Biomarker levels (Cystatin-C, KIM-1, MCP-1, YKL-
40, TNFR-1 and 2) were analyzed in Fabry patients not
on RRT and receiving ERT (n=62), CKD patients, and
healthy control groups as follows: Biomarker levels were
compared across the Fabry patients and control groups



Ozcan et al. BMC Nephrology (2025) 26:258 Page 5 of 10

log(KIM-1 (pg/ml)) log(MCP-1 (pg/ml)) log(TNFR1 (pg/ml))
3.6 —Ex
4.0
2 3.2 * 35
3.0
1 28
25
0 ! 23 20 Emmm *
log(TNFR2 (pg/ml)) log(YKL-40 (pg/ml)) log(Cys-C (mg/L))
4.0 * 55 10 sk *kkk
=7 > 0.5
45 ’
3.6
4.0 0.0
3.4
35
3.2 3.0 -0.5
Fabry CKD HC Fabry CKD HC Fabry CKD HC

Fig. 1 Comparison of biomarker levels in Fabry patients, CKD patients, and healthy control groups. HC: Healthy control CKD: Chronic kidney disease
patients. ** MCP-1 p:0.062 ***Cystatin C p:<0.001"3. THC-CKD, 2CKD-Fabry, 3HC-Fabry. The middle line represents the median value, the bottom and top
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Fig. 2 Comparison of biomarker levels in Fabry patients with renal involvement, patient control, and healthy control groups. HC: Healthy control CKD:
Chronic kidney disease patients. ***Cystatin C p:<0.001"3. "HC-CKD, 2CKD-Fabry, 3HC-Fabry. The middle line represents the median value, the bottom and
top edges of the box represent the 25th and 75th percentiles, and the whiskers indicate the minimum and maximum values

(Fig. 1). Subsequently, Fabry patients were divided into  Fabry patients were grouped according to the presence of
two subgroups based on the presence or absence of renal  renal (Fig. 4) and cardiac (Fig. 5) involvement, and bio-
involvement. Fabry patients with renal involvement marker levels were compared between those with and
(Fig. 2) and Fabry patients without renal involvement without organ involvement.

(Fig. 3) were compared with the control groups. Finally,
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KIM-1 levels did not differ significantly between
groups. MCP-1 levels were significantly lower in Fabry
patients and Fabry patients without renal involvement
compared to CKD patients (p=0.006, p=0.001, respec-
tively) (Figs. 1 and 3). YKL-40 levels were lower in Fabry
patients than in both control groups but it did not reach
statistical significance. Cystatin C levels were significantly
elevated in Fabry patients compared to healthy controls
(p<0.001), particularly in those with renal involvement
(Figs. 1, 2 and 3). TNFR-2 levels were significantly lower
in Fabry patients than CKD group (p=0.016) (Fig. 1).
TNER-2 levels were also significantly lower in Fabry
patients without renal involvement than in both control
groups (p=0.029) (Fig. 3).

After adjusting for age, gender and BMI, MCP-1 lev-
els remained significantly lower in Fabry patients than
in CKD patients (f = -0.110, p=0.046). TNFR-2 levels
were also significantly lower in Fabry patients (p = -0.040,
p=0.045). Cystatin C was significantly higher in Fabry
and CKD groups compared to healthy controls (both
p<0.001). KIM-1 and TNFR-1 were not significantly
associated with disease group after adjustment.

Organ-specific biomarker associations
The analysis of Fabry patients based on the presence of
renal or cardiac involvement revealed the following:

+ Renal Involvement: Fabry patients with renal
involvement had higher cystatin C levels compared
to healthy controls (p <0.001) (Fig. 2). MCP-1 levels
were higher in Fabry patients with renal involvement
than in those without renal involvement (p = 0.019).

+ Cardiac Involvement: Fabry patients with cardiac
involvement exhibited higher MCP-1 levels than
those without cardiac involvement but that did not
reach statistical significance (p =0.069).

Correlation of biomarkers with Lyso-Gb3

When comparing Fabry patients receiving ERT (n=62)
to those not receiving ERT (n=14), no significant differ-
ences were observed in biomarker levels. However, when
ERT-treated Fabry patients were stratified by median
Lyso-Gb3 levels (cutoff: 4 ng/mL), patients with higher
Lyso-Gb3 levels showed significantly elevated KIM-1
(p=0.023) and YKL-40 (p=0.001) levels. (Supplemen-
tary Table 3). There was a weak but statistically signifi-
cant positive correlation between Lyso-Gb3 and KIM-1
(r=0.296, p=0.024). Additionally, a moderate positive
correlation was observed between Lyso-Gb3 and YKL-
40 (r=0.345, p=0.008). These findings may suggest that
KIM-1 and YKL-40 might be useful in monitoring disease
activity and response to ERT in FD. However, given that
the clinical utility of Lyso-Gb3 in monitoring treatment
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response remains uncertain, these results should be
interpreted with caution.

Subgroup analysis: patients undergoing renal replacement
therapy

A subgroup analysis comparing Fabry patients on hemo-
dialysis (HD, n=8) with those not receiving RRT but
having renal involvement (1n=30) is presented in Sup-
plementary Table 4. Cystatin C levels were significantly
higher in the HD group (p=0.012). Additionally, YKL-40
levels were also significantly elevated in the HD group
(p=0.007), further supporting the hypothesis that YKL-
40 may be associated with worsening renal function in
ED.

Discussion

In this study, we investigated the relationship between
multiple plasma biomarkers (Cystatin-C, KIM-1, MCP-1,
YKL-40, TNFR-1 and 2) and disease activity in FD, focus-
ing on their potential roles in reflecting renal and cardiac
involvement as well as the effectiveness of ERT. Our find-
ings indicate that MCP-1, YKL-40, TNFR-2 and cystatin
C are valuable biomarkers that offer distinct insights
into the pathophysiology and clinical progression of FD,

though further validation is required before these bio-
markers can be considered for routine clinical use.

Our findings indicate that Cystatin C is the most con-
sistent marker of renal dysfunction in Fabry patients. Its
levels were significantly higher in Fabry patients than in
healthy controls. Our findings are consistent with previ-
ous studies, that demonstrated the utility of cystatin C
as an early marker of renal dysfunction in Fabry patients
[10-12]. Even after adjusting for potential confounders,
elevated cystatin C levels remained consistently associ-
ated with renal involvement. This supports its clinical
relevance for early detection, monitoring of kidney func-
tion, and timely initiation of treatment to help slow CKD
progression in Fabry patients.

MCP-1 levels were significantly lower in Fabry patients
without renal involvement than in CKD patients, even
after adjusting for age, gender and BMI. Additionally,
MCP-1 levels were significantly higher in Fabry patients
with renal involvement compared to those without, sup-
porting its potential utility as a marker of renal dysfunc-
tion in FD. A comparable pattern was noted in relation
to cardiac involvement, with elevated MCP-1 levels
observed in patients with cardiac manifestations; how-
ever, this trend did not reach statistical significance
(p=0.069). Despite the lack of significance, this finding
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Fig. 5 Comparison of biomarker levels in Fabry disease subgroups with and without cardiac involvement. The middle line represents the median value,
the bottom and top edges of the box represent the 25th and 75th percentiles, and the whiskers indicate the minimum and maximum values

aligns with existing evidence linking MCP-1 to inflam-
mation and cardiac fibrosis, suggesting its possible con-
tribution to multiorgan involvement in FD [13].

Additionally, MCP-1’s lack of association with Lyso-
Gb3 levels implies it could serve as an independent
marker for renal involvement, especially in cases of sub-
clinical damage. MCP-1 has been linked to fibroblast
infiltration and interstitial fibrosis in cell culture models
[14]. In animal models, MCP-1 inhibition has demon-
strated a protective effect in diabetic kidney disease and
has been shown to inhibit hepatic monocyte/macrophage
infiltration during chronic liver injury [15, 16]. Thus,
MCP-1 inhibition may represent a promising new phar-
macological approach for treating organ involvement in
ED.

A previous study by Yogasundaram et al. reported
elevated TNFR-1 and TNFR-2 levels in Fabry patients
with left ventricular hypertrophy [17], however, we did
not observe such elevations in our cohort. Differences in
findings may stem from variations in ELISA kits or the
antigenic properties of sphingolipids in FD [18]. Notably,
TNER-2 levels were significantly lower in ERT-treated
Fabry patients without renal involvement compared to
both CKD patients and healthy controls. This may reflect
the anti-inflammatory effects of ERT and a more stable
disease state. Clinically, TNFR-2 could serve as a poten-
tial marker for monitoring systemic inflammation and

treatment response in FD. Further longitudinal research
is warranted to clarify the role of TNFR-2 in FD and eval-
uate its potential as a marker of treatment response.

KIM-1 is known as a marker of tubular injury and,
although it has primarily been reported as a biomarker
for acute kidney injury, there are studies indicating its
role in predicting CKD progression [19]. KIM-1 did not
show significant differences across groups, however, the
positive correlation between KIM-1 and Lyso-Gb3 lev-
els, particularly in patients receiving ERT, highlights its
potential role in monitoring disease activity or subclini-
cal progression, though additional studies are necessary
to confirm this.

YKL-40 did not differ significantly between Fabry
patients and controls, yet it was significantly elevated in
patients with high Lyso-Gb3 levels. Additionally, it was
higher in patients with renal involvement than in those
without, although this difference did not reach statistical
significance. The significant correlation between YKL-
40 and Lyso-Gb3 levels (r=0.345, p=0.008) supports
the idea that YKL-40 could be used to monitor disease
progression, especially in relation to renal involvement.
Additionally, elevated YKL-40 levels in Fabry patients
undergoing hemodialysis further indicate its potential
as a marker of worsening renal function. A study found
that plasma chitotriosidase levels are significantly higher
in male Fabry patients, which is linked to the presence of
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lipid-filled macrophages [20]. It was suggested that these
elevated levels can be detected even before symptoms
appear at a very young age [20]. Particularly in female
patients, where treatment decisions can be challenging,
early initiation of ERT guided by YKL-40 levels may be
considered even before symptom onset. Our study has
some limitations. First, due to the genetic and pheno-
typic diversity of FD, further studies are needed to gen-
eralize our findings. Second, the patient control group
was older and healthy controls had more males than the
other groups, which may influence the results; however,
we made statistical adjustments to account for these dif-
ferences. Third, as this was a cross-sectional study, lon-
gitudinal follow-up would provide stronger evidence for
the relationships we observed. Lastly, potential variabil-
ity in sample collection and storage across centers may
have impacted biomarker levels, but we addressed this by
implementing a standardized protocol for blood collec-
tion and storage.

In conclusion, our findings support the notion that
MCP-1, cystatin C, and YKL-40 may serve as organ-
specific markers in FD. Cystatin C appears robust in
reflecting renal impairment, while MCP-1 may help iden-
tify both renal and cardiac involvement. TNFR-2 may
reflect the efficacy of ERT. YKL-40 and KIM-1, particu-
larly when associated with elevated Lyso-Gb3 levels, may
offer insight into residual disease activity despite ther-
apy. These biomarkers could complement existing tools
such as eGFR and Lyso-Gb3 in comprehensive disease
monitoring. These biomarkers may play a crucial role in
improving clinical management by facilitating early diag-
nosis and personalized treatment strategies for FD. Fur-
ther research is warranted to validate these findings and
explore the development of new therapeutic approaches
targeting the pathways associated with these biomarkers.
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