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Inflammatory arthritis, including rheumatoid arthritis and psoriatic arthritis, is characterized by
physical function impairment. This becomes apparent even before arthritis onset, as in psoriasis (PsO).
Chronic inflammation triggers an accelerated remodeling of the extracellular matrix (ECM), resulting
in released ECM fragments detectable in blood. We aimed to investigate levels of blood-based ECM
biomarkers in patients with RA, PsA, PsO, and healthy controls and to explore the association of ECM
biomarkers with hand function impairments. Patients with RA (n=85), PsA (n=115), PsO (n=102) and
controls (n=110) were included in this cross-sectional study. ECM catabolic (C1M, C2M, C3M, C4M,
PRO-C4, C6M, ARG), formation (PRO-C1, PRO-C3, PRO-C6) and inflammation biomarkers (VICM) were
measured in serum from all patients. Objective hand function (fine motor skills (Moberg-Picking-Up
Test), isometric grip strength (dynamometer) and patient-perceived hand function (Michigan Hand
Questionnaire (MHQ)) were assessed. Patients with RA and PsA received treatment with disease-
modifying anti-rheumatic drugs. VICM levels were higher in RA, PsA, and PsO than in controls
(p<0.0001). PsA and PsO showed higher C4M levels compared to controls (p <0.0001, p<0.0001),
while C6M was lower in patients with RA, PsA and PsO than in controls (p<0.0001, p<0.001, p<0.01).
PsO presented with higher levels of C1M compared to controls and to RA (p <0.001 and p <0.0001).
PRO-C6 correlated negatively with MHQ (p=-0.39, p <0.01) and grip strength (p=-0.31, p<0.05) in
PsO, while only weak correlations were observed between biomarkers and hand function scores for
RA and PsA patients (all p< £0.2-0.3). Patients with RA, PsA, and PsO showed significant alterations
in ECM remodeling biomarkers. Especially PsA and PsO had higher levels of inflammatory biomarkers
compared to RA and controls, likely due to modulation by treatment. Predominantly in PsO, ECM
formation biomarkers were associated with hand function impairments.
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Rheumatoid arthritis (RA), psoriatic arthritis (PsA), and psoriasis (PsO) are chronic inflammatory disorders
that primarily affect the musculoskeletal system and the skin. RA is characterized by joint inflammation and
cartilage degradation, leading to pain, swelling, and stiffness'. PsO is a chronic auto-immune skin disease with
erythematous and scaly patches in the skin, resulting from abnormal proliferation and differentiation of epidermal
keratinocytes. Because up to 30% of patients with PsO progress to PsA (characterized by inflammatory arthritis,
enthesitis, dactylitis and spondylitis®) PsO patients are considered an at-risk population to develop PsA. RA, PsA
and PsO share several clinical features and have altered tissue turnover of the joints and skin, respectively>*. To
avoid structural damage of the musculoskeletal system, timely treatment at disease onset or change of treatment
with flare is the goal, and sensitive, pragmatic biomarkers for the detection of disease onset or flare are needed.

The extracellular matrix (ECM) consists of proteins, including collagen and proteoglycans, which provide
support and elasticity to various tissues of joints and skin®. Type I and III collagens are the most abundant
proteins in soft tissues, providing structural support, while type II collagen and aggrecan are key proteins in
articular cartilage, maintaining tissue integrity>®. Type IV collagen forms the basement membrane, acting as a
barrier between tissue compartments®’, and Type VI collagen contributes to tissue organization and stability
of connective tissues such as the skin, tendons, and cartilage®. Vimentin is an intermediate filament protein
involved in maintaining cellular structure and supporting tissue integrity®. Citrullinated vimentin has been
predominantly studied as an autoantigen in RA and is elevated compared to controls’. However, there is
emerging evidence of its potential role in PsA and PsO, suggesting its involvement in the inflammatory and
tissue remodeling processes associated with these diseases!’.

An altered ECM turnover leads to tissue inflammation, destruction, and fibrosis. The persistent strain
leads to higher recruitment of immune cells which increase the concentration of degradative enzymes, such as
metalloproteinases (MMP) and aggrecanases, resulting in a vicious cycle of tissue remodeling of the surrounding
ECM in the various tissues!!. Several MMPs play a role in tissue degradation: MMP-1 degrades type I, I, 11
collagen; MMP-3 degrades type III collagen; MMP-9 degrades type IV and V and VI collagens and MMP-13
degrades type 1, 11, and III collagen'!!?. Degradation and formation metabolites of these ECM proteins have
been studied in RA, PsA and PsO previously, and found to be elevated in both joint and skin disorders®*1314,
More specifically, higher levels of MMP-1, -3, -9 and -13 have been observed in RA'® while only MMP-1 and -3
showed increased levels in psoriatic patients!®!”. In RA, type I (CIM), type I (C2M), type III (C3M), and type VI
(C6M) collagen degradation biomarkers have shown increased levels, indicating elevated collagen degradation
and turnover'8-2%, In PsA, C1M, C2M, C3M, type IV (C4M) collagen degradation, C6M and type III (PRO-C3)
and type VI (PRO-C6) collagen formation biomarkers were elevated compared to controls>!*2!. Lastly, in PsO,
PRO-C3 and C2M were elevated compared to controls, while PRO-C1 and C3M were lowered®.

The quantitative assessment of changes in blood biomarker levels that reflect alterations at the tissue level
has the potential to serve as a biomarker to assist in the diagnosis (especially in the early phases of disease
manifestation) and monitoring of disease. Therefore, it is essential to identify biomarkers that are pathology-
relevant and reflect treatment effect or disease flares.

Besides ECM biomarkers, biomarkers of patients functional state are of great importance for disease
monitoring. Inflammatory arthritis often affects the small joints in the hands, leading to hand impairments as a
major cause of disability in these patients®* that can be quantified by objective functional tests**. Grip strength,
extensively studied in RA, is a valuable tool for predicting disease progression?%. Fine motor skills are important
for maintaining adequate hand function and can be objectively measured with the Moberg Picking-Up Test
(MPUT)?%, Previous studies indicated a similar decline in hand function in PsA and PsO?’. In RA patients,
functional impairments could already be related to clinical scores like the Disease Activity Score 28 (DAS-28)%".
Evaluating the functional state of patients enables the grading of disease burden and the impact of the disease on
quality of life, and may be indicative of subclinical alterations?*. Understanding and measuring functional status
is crucial for personalized treatment approaches. While it has been demonstrated that functional scores can be
related with subclinical inflammation (by MRI or ultrasonography?®), it is not well-studied how changes in ECM
tissue turnover relates with functional status in inflammatory arthritis.

In this observational cross-sectional study, we aimed to investigate differences in biomarker concentrations
of ECM formation and degradation, together with measures of hand function impairment between patients with
RA, PsA and PsO and controls. Furthermore, we explored the relationship between the ECM biomarkers, hand
function and clinical scores.

Materials and methods

Study participants

This analysis includes data from patients and non-arthritic control subjects (controls) of three cross-sectional
studies conducted in the outpatient clinics of the Department of Internal Medicine 3, Universitatsklinikum
Erlangen, Germany. For study 1 and 2 (ethical approval #125_16B), patients diagnosed with RA (American
College of Rheumatology/European League Against Rheumatism (ACR/EULAR) 2010 criteria®, study 1
only), PsA (Classification Criteria for Psoriatic Arthritis (CASPAR)*°) and PsO (without any signs of arthritis,
dactylitis, enthesitis or inflammatory back pain) were included. Controls were locally recruited from an existing
cohort® and using social platforms, flyers and personal conversation (study 3 ethical approval #357_20B).
Exclusion criteria for all participants were injuries or fractures of the hand joints within the last five years,
disorders of the musculoskeletal system beyond the rheumatic disease, gross bony deformities of the hands and
sign of psoriasis (controls only). All assessments included in this analysis were undertaken at the same day and
performed identically in all three studies.
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Clinical data and patient-reported outcomes

Demographic data, including age, sex, and body mass index (BMI) were recorded for all participants. All
participants underwent a standardized 68 tender (TJC) and 66 swollen joint count (SJC) by a trained physician.
C-reactive protein (CRP) was analyzed from serum samples by standard clinical procedures. Data on disease,
disease activity and treatment were retrospectively retrieved from patient records for the day of assessment.
Current treatment and treatment history were categorized with respect to history of biological treatments, i.e.
biologic naive or as undergoing treatment with biological or targeted Disease-Modifying-Anti-Inflammatory
Drugs (DMARDs) and/or taking Glucocorticoids. All participants reported perceived physical function (health
assessment questionnaire (HAQ)), pain (visual analogue scale (VAS) for pain), quality of life (Short Form 36
Health Survey Questionnaire (SF-36))*? and physical activity (International Physical Activity Questionnaire
(IPAQ)™).

ECM biomarkers

Blood samples were drawn on the day of clinical data collection. Samples were allowed to clot at room temperature
for at least 30 min, centrifuged and serum was aliquoted and frozen at -80°C until analysis. ECM turnover
biomarkers of type I (C1M), II (C2M), IIT (C3M), IV (C4M) and VI (PRO-C6) collagen degradation, type IV
collagen 7S domain (PRO-C4), type I (PRO-C1), III (PRO-C3) and VI (PRO-C6) collagen formation, aggrecan
degradation (ARG), degraded prolargin (PROM) and citrullinated and degraded vimentin (VICM) were
measured using validated manual or automated enzyme-linked immunosorbent assays (ELISAs). Assays were
either colorimetry or chemiluminescence-based and information on assay development, validation parameters,
and references to their technical papers are summarized in Table 1. Sample measurements were conducted in
duplicates, and samples with a coeflicient of variation (CV) > 15% were re-run.

Hand function tests

Fine motor skills were assessed by the MPUT according to a standardized protocol®®. Participants picked up
and transported 12 small objects into a little box while task completion (seconds) was recorded. The test was
performed twice with each hand and the fastest trials for each hand were used for the analysis. Isometric grip
strength (Ibs) was measured with a hand dynamometer (Lafayette Instrument, Lafayette, IN, USA). For each
hand the highest attempt out of three trials was used for the analysis. Perceived hand function was recorded
by the Michigan Hand Questoinnaire (MHQ): based on 6 domains (overall hand function, activities of daily
living (ADLs), pain, work performance, aesthetics, and satisfaction with hand function) a total MHQ score was
calculated (range: 0 (poorest function) to 100 (ideal function))*.

Statistical analysis

Baseline characteristics are described as number (frequency) and percentage for categorical variables, and as
mean *standard deviation (SD) for continuous variables. A heatmap analysis was conducted to visualize the
hierarchical clustering of the biomarkers and to categorize groups of biomarkers based on their relative proximity
in the heatmap. Kruskal-Wallis rank test was used to examine baseline differences between groups and between
each diseased group and controls. The biomarker data was natural log-transformed for normalization. Linear
regression models using robust standard errors were performed to compare biomarker levels between groups
while controlling for the effects of the demographic confounders age, sex and BMI. Targeting an overall type-1
error rate of 5%, the significance threshold for each comparison was set at 0.004 considering that in total 12
biomarkers were analyzed. The p-values from post-hoc comparisons between groups were adjusted using Holm’s
method.

Spearman’s rank correlation coefficients were calculated to assess the relationships between biomarker
levels, hand function and clinical scores. The p-values were adjusted using the false discovery rate method, with
significance considered below an adjusted value of 0.05. For all regression models and correlations full-case
analysis was performed.

Biomarker | Description of the biomarker Implication Reference
CIM MMP-2/9/13-degraded type I collagen Interstitial matrix degradation 34
c2M MMP (multiple) -degraded type II collagen | Cartilage degradation *
ARG ADAMTS-4/5-cleaved aggrecan Cartilage degradation 36
C3M MMP-9-degraded type III collagen Interstitial matrix degradation 37
C4M MMP (multiple)-degraded type IV collagen | Primarily basal lamina disruption | 3
C6M MMP-2/9-degraded type VI collagen Microfibril degradation 3
VICM Citrullinated and MMP-degraded vimentin | Inflammation 0
PRO-C1 Type I collagen N-terminal propeptide Bone formation 4
PRO-C3 Type 1I collagen N-terminal propeptide Fibrosis 42
PRO-C4 Type IV 7S domain collagen Basement membrane turnover 3
PRO-C6 Type VI collagen, alpha-3 chain, C5 domain | Fibrosis 4

Table 1. Extracellular biomarkers measured in the study.
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Statistical analysis was performed with R (version 4.2.2, R Foundation for Statistical Computing, Vienna,
Austria) and figures were designed using GraphPad Prism version 9.5.1 (GraphPad Software, San Diego,
California, USA).

Results

Study participant characteristics

A total of 412 subjects were included in this study (RA, n=85; PsA, n=115; PsO, n=102; controls, n=110).
Participant characteristics are summarized in Table 2.

At the time of assessment, the majority of the RA and PsA patients were under standard of care treatment
with biological or targeted DMARDS and/or Glucocorticoids; more than 80% of the RA and 60% of the PsA
patients were treated with biological DMARDs. More RA patients were on Glucocorticoid treatment compared
with PsA and PsO patients. Approximately 60% of PsO patients had no history of biological treatments. Most
RA and PsA patients were in clinical remission or with mild disease activity (DAS-28 3.0 (1.3), 2.9 (1.4); PASI
1.4 (2.7) respectively) at the time of data collection.

RA (N=85) PsA (N=115) | PsO (N=102) Control (N=110) | p value
Age 58.4 (13.2)% 53.7 (12.1)% 45.8 (14.4) 46.6 (18.1) <0.001
Sex, male, n(%) 30 (35.3%) 57 (49.6%) 62 (60.8%)T 49 (45.0%) 0.006
BMI, kg/m2 27.3 (5.2)% 29.4 (6.6)% 28.8 (6.5)F 24.7 (4.8) <0.001
CRP, mg/l 7.2 (12.3)% 7.1 (12.8)% 6.0 (5.6) 32(3.0) <0.001
Disease duration, years 10.8 (10.1) 9.1(9.7) 12.2 (11.4) NA NA
VAS pain, mm 33.4(24.2)% 35.8 (27.2)% 25.5(26.0)% 4.3 (12.2) <0.001
HAQ score (0-3 units) 0.9 (0.6)% 0.6 (0.6)% 0.4 (0.6)% 0.0(0.2) <0.001
IPAQ total walking, MET-min/week 1700.1 (2203.1) | 2217.5 (3021.4) | 989.5 (1605.3) + | 988.3 (1272.0) 0.001
IPAQ total medium, MET-min/week 3504.5 (4365.7) | 4018.9 (4499.6) | 2926.6 (4260.3) | 2793.4 (3360.0) 0.123
IPAQ total sitting, min/week 2094.4 (1150.3) | 2189.6 (1298.2) | 2349.1 (1321.9) | 2437.6 (1401.4) 0.153
MHQ dominant (0-100 units) 63.9 (14.3)% 70.1 (15.6)% 76.1 (16.6)% 88.6 (10.3) <0.001
MHQ non dominant (0-100 units) 63.3(9.7)% 66.7 (9.2) 68.5 (10.4)% 85.9 (12.2) <0.001
RAID score (0-10 units) 2.9(1.7) NA NA NA NA
DLQI score (0-30 units) NA 3.1(3.9)% 8.8 (7.1)% 0.7 (1.5) NA
PSAID score (0-20 units) NA 5.2 (4.0) 4.5(5.3) NA NA
Grip strength dominant hand, pounds 56.5 (32.6)% 72.8 (35.0)% 88.4 (36.4) 89.3 (25.3) <0.001
Grip strength non dominant hand, pounds | 59.0 (31.0)% 72.7 (32.4)% 80.3 (26.2)% 91.2 (18.8) <0.001
MPUT dominant hand, seconds 16.9 (7.3)% 16.0 (7.7)% 14.7 (5.0)% 10.4 (2.1) <0.001
MPUT non dominant hand, seconds 20.3 (41.7)% 17.0 (13.2)% 14.5 (4.7)% 10.8 (2.0) <0.001
MASES (0-13 units) NA 1.4 (23)% 12 (2.7)% 0.1(0.3) NA
PASI score (0-72 units) NA 1.4 (2.7) 33(4.2) NA NA
Tender joint count 78, n 5.4 (7.0)% 5.4 (7.7)% 1.8 (4.8)% 0.2 (1.0) <0.001
Swollen joint count, 76, n 0.6 (1.1) ¥ 0.7 (1.9) # 0.2 (1.0) T 0.0 (0.1) <0.001
Tender joint count 28, n 3.6 (4.3)% 39 (5.4)% 1.7 (3.4)% 0.2 (0.7) <0.001
Swollen joint count 28, n 0.7 (1.4)% 0.5 (1.3)% 0.0 (0.2) 0.0 (0.1) <0.001
DAS-28 total (0-10 units) 3.0 (1.3)% 2.9 (1.4)% 22(1.2)% 1.6 (0.7) <0.001
ksk36 (0-100 units) 38.0 (9.7)% 41.6 (11.3)% 46.1 (10.5)% 54.0 (6.1) <0.001
psk36 (0-100 units) 46.2 (11.9) 48.3 (11.0)% 45.6 (11.4)% 52.2(8.2) <0.001
Treatment
Biological naive, n (%) 11 (13.1%) 29 (27.6%) 52 (57.1%) NA
Biological DMARD:s, n (%) 66 (80.5%) 64 (62.1%) 31 (34.4%) NA
Targeted DMARD:s, n (%) 2 (2.6%) 3 (3.0%) 2(2.2%) NA
Glucocorticoids, n (%) 34 (41.5%) 10 (10.0%) 4 (4.4%) NA

Table 2. Summary of subject characteristics and clinical data. BMI body mass index, CRP C-reactive protein,
VAS visual analogue scale, HAQ Health Assessment Questionnaire, IPAQ International Physical Activity
Questionnaire, MHQ Michigan Hand Questionnaire, RAID Rheumatoid Arthritis Impact of Disease Score,
DLQI Dermatology Life Quality Index, PSAID Psoriatic Arthritis Impact of Disease, MPUT Moberg Picking-
Up Test, MASES Maastricht Ankylosing Spondylitis Enthesitis Score, PASI Psoriasis Area Severity Index,

DAS Disease Activity Score, ksk36 physical scale of Short Form 36 Health Survey Questionnaire (SF-36),
psk36 psychological scale of SF-36, DMARDs disease modified anti-rheumatic drugs. Except where indicated
otherwise, mean + SD is presented. Kruskal-Wallis rank test was used. Each diseased group was further
compared with the control group. Significant differences are indicated as + 0.01 <p <0.05, p <0.01. Biomarker
and hand function scores missing data can be found in Supplementary Table S1.
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For both, the dominant and non-dominant hand, all patients showed slower MPUT performance, lower grip
strength and more perceived hand impairment by MHQ compared to controls. Within the patient groups, RA
patients showed the worst hand impairment followed by PsA and PsO. In RA patients grip strength was lower
in the dominant hand compared with the non-dominant hand; for all other groups the dominant hand was the
stronger one. The MPUT times and MHQ scores did not differ between non-dominant and dominant hand
within the groups (Supplementary Table S2).

ECM turnover biomarkers in RA, PsA and PsO

Serum concentrations of ECM biomarkers and group difference for RA, PsA, PsO and controls are summarized
in Fig. 1. Absolute biomarker levels for each group and comparison of linear regression models using
robust standard errors with adjustments for age, sex and BMI to those without adjustments are presented in
Supplementary Table S3.

The heat map analysis shows the hierarchical clustering of the biomarkers (Supplementary Figure S2).
Subsequently, the biomarkers were categorized into three groups based on their relative proximity in the
heatmap: inflammation (VICM, C4M, C6M and CRP), tissue degradation and formation (C3M, PRO-C4, C2M,
C1M, ARG and PRO-C1), and tissue fibrosis (PRO-C3 and PRO-C6).

Levels of the inflammation marker VICM were higher in RA, PsA, and PsO compared to controls (Fig. 1A,
p<0.0001). PsA and PsO showed significantly higher C4M levels compared to controls (p <0.0001, p <0.0001),
while C6M was lower in patients with RA, PsA and PsO than in controls (p <0.0001, p<0.001 and p<0.01,
Fig. 1A). The tissue fibrosis markers, PRO-C3 and PRO-C6, did not present any significant differences among
the groups (Fig. 1B). The tissue turnover biomarkers C1M presented higher levels in PsO compared to controls
and RA (Fig. 1C, p<0.004, p<0.0001, respectively). C2M and PRO-C4 showed higher levels in PsA and PsO
compared to RA and controls but did not reach statistical significance (Fig. 1C). ARG and PRO-CI1 presented
similar levels and no significant differences across the different groups (Fig. 1C).

Association between ECM biomarkers, clinical features, and hand function in patients with
RA, PsA and PsO

In patients with RA and PsA, we observed weak and non-significant correlations between the ECM biomarkers
and the hand function scores (all p<0.3, Fig. 2A and 2B). However, among patients with PsO, we found that
PRO-C6 displayed a negative correlation with the MHQ Score and grip strength of the dominant hand (p=-0.39
and -0.31; p<0.01 and p < 0.05, respectively, Fig. 2C).

We did not find any significant correlations between the specific disease activity scores (DAS-28, Rheumatoid
Arthritis Impact of Disease Score (RAID), Psoriatic Arthritis Impact of Disease (PSAID), Psoriasis Area Severity
Index (PASI)) and the ECM biomarkers in any of the groups. PRO-C4 and PRO-C6 moderately correlated with
HAQ in PsO patients (p=-0.35 and 0.36; all p <0.05, respectively, Fig. 2C).

Discussion

The present study evaluated differences in ECM turnover biomarker levels between patients with RA, PsA,
PsO and controls, and the relationship of the biomarker levels with hand function impairments measured by
objective and subjective scores. Overall, our results suggested that patients with PsA and PsO had higher tissue
degradation and inflammation compared to patients with RA (under well-controlled disease) and controls,
whereas RA patients presented with the worst hand function impairments among study groups. Furthermore,
ECM biomarkers correlated more frequently and stronger with hand function scores in patients with PsO
compared with RA and PsA, while no significant correlations were found for clinical disease activity scores and
ECM biomarkers in any of the diseased groups.

In this study, concentrations of MMP-degraded fragments of citrullinated vimentin, type I and IV collagen,
reflected by VICM, C1M and C4M, respectively, were higher in patients with RA, PsA and PsO, compared with
controls. In agreement with our findings, previous studies have shown increased levels of C1M, C4M and VICM
in RA compared to controls*’, elevated levels of CIM and C4M in PsA>!44647 and in PsO>*. We found that
C6M (MMP-degraded type VI collagen) was higher in controls than in RA, PsA and PsO.

When comparing the biomarker levels within the diseased groups, we observed that patients with PsA and
PsO had higher levels of the catabolic markers (C1M and C4M) compared with RA, but only significant for
CIM. In our cohort, the RA group had the highest number of patients treated with bDMARDs (N =66, 80.5%)
and at the same time presented with the lowest C1M levels. This is consistent with previous studies that showed
that biomarkers reflecting type I, IL, III, IV and VI collagen degradation, C1M, C2M, C3M, C4M and C6M,
respectively, were modulated by treatment (Janus kinase inhibitor?, IL-6 inhibitors'®3, or methotrexate®’)
in patients with RA, resulting in lower biomarker concentrations independently of disease activity. Another
study showed that serum levels of C1M, C3M C4M and C6M were also decreased in PsA patients treated with
interleukin-23p19-subunit monoclonal antibody, and those biomarkers were higher compared to controls at
baseline!.

No differences in the catabolic markers were found between the psoriatic diseases. In contrast to our findings,
Holm Nielsen et al.> found that CIM was able to differentiate between PsA and PsO, with PsA patients having
higher levels of the biomarker. However, the mentioned study had a smaller sample size and patients with PsA
had higher skin disease activity (reflected by PASI score of 2.8). On the other hand, they also found no differences
in C2M, C3M and C4M between the two diseases. Other ECM related proteins have been studied previously, and
a combination of CRP, MMP-3 and type II collagen (CPII, C2C) biomarkers were able to distinguish patients
with PsA from those with PsO*”. The study of Groen et al.*” did not report current treatment of the included PsA
patients, which might be causing the differences in the ECM biomarker levels between the studies. In addition,
while the PsO patients included in this study had no inflammatory arthritis at the time of data collection, they

Scientific Reports |

(2025) 15:13656 | https://doi.org/10.1038/541598-025-98395-0 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Citrullinated fragment
of vimentin

*kAkk
256 *dkk

—E— *kkk

+ 3

-

VICM (ng/mL)
D
3

RA PsA PsO Control

Type lll collagen
formation (PRO-C3)

64

PRO-CI;(ng/mL)
1w
1
;_+_4
F+4

o
[x

T T
RA  PsA PsO Control

Type | collagen
degradation (C1M)

256 *kkk

Kk kk

C1M (ng/mL)
8

+
{r%*}

Inflammation

Type IV collagen

Systemic inflammation (CRP) degradation (C4M)

* *okkk
8 * 512 *kk
—E— i *kk *kkk

I oy
E E
24 2256 += +
o =
: + i |* ~

T T T T
RA PsA PsO Control

RA  PsA PsO Control

Tissue fibrosis

Type VI collagen
formation (PRO-C6)

32

Type VI collagen
degradation (C6M)

*kkk
1024

*%k

—I—_I_
512 _I__I_

C6M (ng/mL)

T T T T
RA PsA PsO Control

Type IV collagen
turnover (PRO-C4)

8192

%%%%

PRO-C4 (ng/mL)

T T T T
RA PsA PsO Control

Aggrecan degradation (ARG)

128

+
i+
F+—I

ARG (ng/mL)
@
{

£
£, TsT =
Q
o
&
8
RA PsO PsA Control
Tissue degradation and formation
Type lll collagen Type Il collagen
degradation (C3M) degradation (C2M)
1024 64
*%
z z
2 512 + * &+ 23 _}
: |+ = +
8 |+ +
RA PsA PsO Control RA PsA PO Control

Type | collagen
formation (PRO-C1)

512

PRO-C1 (ng/mL)

EEE R

T T T T
RA  PsA PsO Control

T T T T
RA  PsA PsO Control

T T T T
RA  PsA PsO Control

Fig. 1. Extracellular matrix remodeling biomarker levels in serum samples from patients with RA (N =85),
PsA (N=115), PsO (N=102) and controls (N =110). Linear regression models using robust standard errors
were performed to compare biomarker levels within the groups with age, sex and BMI as covariates. Y axis is in
log2 scale and values are shown as the estimated mean with 95% confidence intervals. P-values were adjusted
by Holm correction and significance threshold was set at 0.004 considering that 12 biomarkers were analyzed.
Significance is shown as ** p <0.004, ***p <0.001 and ****p <0.0001. Raw biomarker values for each group are

provided in Supplementary Figure S1.

Scientific Reports|  (2025) 15:13656

| https://doi.org/10.1038/s41598-025-98395-0

nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

had been referred to a rheumatologist to exclude psoriasis arthritis. Therefore, the role of catabolic biomarkers
as early predictors for the transition from PsO to PsA should be further studied in prospective trials specifically
designed for the purpose to further elucidate their potential to indicate disease onset.

In this study we did not find an association between anabolic or fibrotic markers (reflected by PRO-C1,
PRO-C3 and PRO-C6) and the studied diseases. However, lower PRO-C1 levels have been previously reported
in PsA compared to healthy subjects’. Regarding the levels of PRO-C3 and PRO-C6 in these diseases, previous
study results are inconclusive: Schett et al.'* observed no differences in PRO-C3 and PRO-C6 levels between
PsA patients and controls, whereas Holm Nielsen et al. observed higher levels of PRO-C3 in PsO compared to
controls, where the patients with PsO had high disease activity (PASI score of 8.1). These results indicate that
catabolic activity is clearly associated with RA, PsA and PsO whereas fibrotic or anabolic activity needs to be
further elucidated in these diseases.

To our knowledge, this is the first study investigating the association between a panel of ECM biomarkers and
hand function impairment to better understand the relationship between tissue-related changes and functional
impairments of the musculoskeletal system. While it is well known that hand function is highly impaired in
RA, Liphardt et al.?? found that hand function was also altered in patients with PsO. In this study, PRO-C6 was
negatively correlated to grip strength and perceived hand function (MHQ) in PsO patients, meaning that high
type VI collagen formation might contribute to a worsening in hand function and weaker grip strength, hence
greater functional impairment. Previous studies have already established a link between PRO-C6 and increased
arterial stiffness in patients with type 1 diabetes*. Considering that PsO patients are at high risk of developing
arterial stiffness®®, which could potentially be reflected in a decrease in grip strength, this functional parameter
is an important factor in the progression of PsO. In this study, we observed only weak correlations between the
ECM biomarkers and hand function scores in patients with RA and PsA. As discussed above, treatment likely
modulates biomarker levels of the well-treated patients and in low disease activity individual variation in hand
functions may be greater than in active disease, both resulting in weak associations between disease activity and
the state of functional impairment with ECM biomarkers in this cross-sectional analysis. Our findings suggest
that hand impairment is present in both, acute inflammation and as a result of chronic tissue deterioration. The
association of hand function with tissue turnover by ECM biomarkers may be prominent in acute, untreated
disease activity.

In this study we did not observe significant correlations between clinical scores (RAID or DAS-28) and the
ECM biomarker concentrations. This may be due to the target-driven treatment strategy resulting in a narrow
range of disease activity in this cohort, which may impede our ability to observe such an association even if it
exists. Indeed, other studies have shown that, CIM and C3M correlated with DAS28, joint counts and HAQ®
in patients with RA and when treated with methotrexate, changes in biomarker levels of C1M, C3M, C4M and
CRPM correlate with change in disease activity after 8 weeks of treatment also in RA patients!®. Further studies
should therefore focus on long-term follow up to investigate intra-individual disease activity and treatment-
related changes for both ECM biomarkers and hand function in the different patient groups of RA, PsA and PsO.
Additionally, this would allow to quantify how the patient specific change in hand function is related to change
in ECM biomarkers and provide insights on the extent to which they are linked.

Some limitations were encountered in this study. Firstly, there was a large inter-individual variation of
biomarker levels which we tried to minimize by using linear regression models and robust standard errors.
Secondly, out of the three patient groups, all RA and most of the PsA patients were under well-regulated standard
of care treatment with the already discussed effects on ECM biomarker concentrations. The cross-sectional data
set included current treatment and treatment history which we reported in the subject characteristics, but the
study design did not allow for a detailed sub-analysis of a treatment effect on the investigated associations.
These limitations highlight the need for longitudinal studies in large cohorts and in the context of treatment to
validate our findings and gain deeper understanding of the ECM remodeling and hand function impairment.
In addition, the impact of adjusting for confounders on biomarker levels, in particular BMI, as one disease
characteristic in Pso and PsA patients, needs to be further investigated.

Conclusion

In conclusion, this study showed that patients with RA, PsA, and PsO had significant alterations in the ECM
as quantified by biomarkers of citrullinate vimentin degradation, type I, III, IV and VI collagen degradation.
However, it is important to consider that blood-based biomarkers are highly dynamic and dependent on
treatment, and RA and PsA patients were in a relatively low disease activity state due to current targeted-
treatment strategies. Weak associations were found between the blood biomarker levels and quantitative hand
function, especially in the PsO group including the highest number of patients with no history of biological
treatment. This underlines that both markers reflect different pathological processes and a possible causal
relationship between the change in these markers need to be further explored with longitudinal data. While
blood-based biomarkers reflect tissue turnover, hand function impairments mirror the overall disability caused
by the disease progression, which is present even in patients with low to moderate disease activity. The use of
blood-based biomarkers can help to identify patients at risk to develop inflammatory arthritis and hand function
is well suited to grade functional impairment in addition to common clinical scores.
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«Fig. 2. Spearman’s correlation between serological biomarkers and clinical scores were performed. Spearman’s

rho (p) is shown. Significance of correlations are shown as * p <0.05, **p <0.01, and ***p <0.001. BMI body
mass index, VAS pain visual analogue scale pain, HAQ Health Assessment Questionnaire, IPAQ International
Physical Activity Questionnaire, RAID Rheumatoid Arthritis Impact of Disease Score, PSAID Psoriatic
Arthritis Impact of Disease, MPUT Moberg Picking-Up Test, PASI Psoriasis Area Severity Index, DAS Disease
Activity Score, ksk36 physical scale of Short Form 36 Health Survey Questionnaire (SF-36), psk36 psychological
scale of SF-36, MHQ Michigan Hand Questionnaire, CRP C-reactive protein, ARG aggrecan ADAMTS
degradation, CIM MMP-2/9/13-degraded type I collagen, C2M MMP (multiple) -degraded type II collagen,
C3M MMP-9-degraded type III collagen, C4M MMP (multiple)-degraded type IV collagen, C6M MMP
(multiple)-degraded type IV collagen, PRO-CI Type I collagen N-terminal propeptide, PRO-C4 Type IV 7S
domain collagen, VICM citrullinated and MMP-degraded vimentin, PRO-C6 Type VI collagen, alpha-3 chain,

C5 domain, PRO-C3 type II collagen N-terminal propeptide.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author on
reasonable request.
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