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ARTICLE INFO ABSTRACT
Keywords: Background: Rheumatoid arthritis (RA) is the most prevalent non-infectious inflammatory disorder, often asso-
Metabolic syndrome ciated with comorbidities such as cardiovascular alterations and metabolic syndrome. These comorbidities
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Diastolic dysfunction
Experimental arthritis
Fibrosis

significantly influence RA activity, flare duration, and treatment outcomes. This study investigated the effects of
the Janus-kinase (JAK) inhibitor on cardiometabolic alterations in the complete Freund’s adjuvant (CFA)-
induced RA model combined with metabolic syndrome using ZSF1 rats.

Methods: Fifty male ZSF1 rats were divided into lean and obese groups with or without CFA-induced arthritis and
tofactinib treatment.

Inflammation was assessed by paw volume, thermal and mechanical nociceptive testing, and Positron emission
tomography (PET) imaging of the tibiotarsal joints using fluorodeoxyglucose ([*®F] FDG). Cardiac effects were
assessed with [1®F] FDG-PET scans of the heart and echocardiography. Key metabolic parameters, including lipid
metabolism, glucose homeostasis, blood pressure, and body weight, were recorded, followed by histological and
molecular analyses.

Results: CFA-induced arthritis led to increased inflammatory and functional cardiac alterations, while metabolic
syndrome further aggravated cardiovascular dysfunction. In obese animals, the tofacitinib treatment partially
modulated inflammatory and metabolic alterations, whereas in lean animals, it was associated with subtle
structural cardiac changes. JAK inhibition did not consistently reduce myocardial fibrosis across experimental
groups. Histological analysis confirmed differential patterns of cardiac remodelling between lean and metabol-
ically diseased animals, with more pronounced structural alterations in the presence of metabolic syndrome.
Conclusions: Overall, these findings indicate that JAK inhibition exerts context-dependent effects on cardiac
remodelling, suggesting that metabolic status is a key determinant of treatment response in inflammatory
arthritis-associated cardiometabolic disease.
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1. Introduction

Rheumatoid arthritis (RA) is a systemic autoimmune disease marked
by chronic inflammation and a 7.4% rise in global prevalence from 1990
to 2017 [1], representing a growing health burden.

RA doubles cardiovascular risk, while metabolic syndrome (MS)
further contributes as a comorbidity [2,3]. Elevated cytokines (tumour
necrosis factor alpha: TNF-q, interleukins: IL-1, IL-2, IL-6, IL-23) from
synovial inflammation affect distant organs, causing cardiovascular
changes, lipid dysregulation, insulin resistance, and muscle adipose
replacement, contributing to atherogenesis and mortality [4]. These
changes are also common in MS, suggesting an interconnection in the
cytokine homeostasis of the two disorders.

MS prevalence in RA patients is 30-40%, depending on disease
severity and MS criteria [5,6].

RA treatments, Nonsteroidal Anti-Inflammatory Drugs (NSAIDs),
glucocorticoids, and Disease Modifying Antirheumatic Drugs (DMARDs)
reduce inflammation but may impair immunity, alter lipid profiles
(TNF-a inhibitors, Janus kinase inhibitors), or induce pulmonary fibrosis
by blocking IL-6 receptors (tocilizumab) [7,8]. The effects of DMARDs
and JAK inhibitors on MS and cardiovascular events remain debated,
risk factors must be considered per the latest European Alliance of
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Associations for Rheumatology (EULAR) [9]. Particularly, tofacitinib
has been less extensively studied regarding its effects on MS and the
cardiovascular system [10,11].

In conclusion, the mechanisms by which cytokine levels change and
how these alterations in homeostasis influence the progression,
morbidity, and mortality of RA patients with MS remain unclear. Un-
derstanding the additive effects of these two chronic inflammatory
disorders on the immune system could significantly enhance pharma-
cological therapy, enabling targeted treatment of harmful cytokines.
Therefore, this study aims to elucidate the clinically significant car-
diometabolic changes associated with RA and MS in addition to
commonly used Janus-kinase inhibitor (tofacitinib) treatment.

2. Methods
2.1. Animals

Fifty male Virus Antibody Free (VAF) ZSF1 rats (10 weeks old) were
obtained from Charles River Laboratories, Research Models and Services
Germany GmbH, Sulzfeld, Germany (Health Certificate No. XXXXX). At
baseline (10 weeks of age), lean rats weighed 373.0 & 15.93 g and obese
rats 489.0 + 22.49 g, while at the end of the experiment, the
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Fig. 1. Experimental design and methodological overview for evaluating the cardiometabolic effects of tofacitinib in ZSF1 rats. A, Group allocation for the in vivo
experimental study. ZSF1 lean and obese rats were divided into four subgroups each (n = 5-9/group) based on treatment conditions: no treatment (Control), CFA
injection, CFA injection + tofacitinib (Tofa), and tofacitinib administration only. B, Schematic representation of the experimental timeline. After a 2-weeks of
acclimatization period, baseline assessments were conducted, including OGTT, body weight, blood pressure, and echocardiography. CFA injection and/or tofacitinib
treatment (10 mg/kg/day per os for 28 days) were initiated from Day 0. Functional assessments (paw volume, von Frey, hot plate), [*®F]FDG-PET imaging, and
metabolic measurements were performed at designated time points. Animals were terminated at the end of the study (Day 28) for post-mortem analyses, including
blood biomarker profiling, endothelial function tests, and proteomic analysis of cardiac tissue. Arrows and icons indicate timing and type of each measurement.
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corresponding body weights were 392.6 + 24.1 g and 561.0 + 25.66 g,
respectively (mean + SD). The difference between lean and obese
groups was statistically significant at both time points (p < 0.0001). The
sample size was determined using the G-Power program (version
3.1.9.4, Universitat Kiel, Germany). A detailed description of the source
of the animals and housing conditions can be found in the
supplementary material (Additional File 1.).

2.2. Induction of experimental arthritis

The experimental model involved the administration of 150 pl of
Freund’s Complete Adjuvant (CFA, consisting of heat-killed Mycobacte-
rium tuberculosis suspended in paraffin oil at 1 mg/ml, Sigma, St. Louis,
MO). CFA was injected as described previously (Fig. 1.) [12].

2.3. Administration of tofacitinib and groups of animals

The animals were divided into eight groups based on the induction of
experimental arthritis and the administered treatment. Randomisation
was performed manually by an investigator using randomly shuffled
animal identifiers. Among these groups, there were two control groups
(one lean and one obese) that did not receive either CFA injection or
tofacitinib treatment. The Janus kinase inhibitor was administered
orally using the gavage technique, after pulverization and dispersion
with Mucilago hydroxyethylcellulosi (purchased from a local phar-
macy). The dose was set at 10 mg/kg body weight per day, as recom-
mended by the literature [13] (Additional File 1., Fig. 1.). The study
concluded on the 28th day with the animals being euthanized through
over-anesthesia using ketamine/xylazine (Calypsol Richter Gedeon
Nyrt., Budapest, Hungary; Sedaxylan, Eurovet Animal Health B.B.,
Bladel, Hollandia, ip.: 300/30 mg/kg body weight). Group allocation
was performed by an investigator aware of the experimental groups.
Experimental procedures were conducted by trained professionals
following standardized protocols. Due to technical constraints inherent
to specific experimental procedures, identical sample sizes could not be
maintained across all experiments. Where the full cohort was not
included, the exact number of animals used is explicitly reported in the
corresponding figure legends.

2.4. In vivo measurements

2.4.1. Measurement of body weight
Body weight measurements were performed as detailed in the
supplementary material (Additional File 1., Fig. 1.).

2.4.2. Measurement of paw volume

Measurement of paw volume was performed according to a previ-
ously described method, with specific modifications for this study, as
detailed in the supplementary material (Additional File 1., Fig. 1.) [14].

2.4.3. Measurement of nociceptive thresholds

To evaluate changes in nociceptive thresholds, von Frey and hot
plate methods were used according to a previously described method,
with specific modifications for this study, as detailed in the
supplementary material (Additional File 1., Fig. 1.) [15,16].

2.4.4. ['®FJFDG-PET scan of the tibiotarsal joints

The examination of the tibiotarsal joints was conducted similarly to
the cardiac tissue, as described below. PET images were acquired over
the tibiotarsal joint, and Volumes of Interest (VOIs) were placed around
this region.

2.4.5. Blood pressure and glucose measurements

Cardiometabolic changes due to CFA and tofacitinib treatments were
monitored as detailed in the supplementary material (Additional File 1.)
(Fig. 1.).
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2.4.6. ['F] FDG-PET scan of the hearts

To assess fluorodeoxyglucose uptake in myocardial tissue, [*°F]
FDG-PET imaging was performed under isoflurane anaesthesia as
detailed in the supplementary material (Additional File 1.) (Fig. 1.).

2.4.7. Echocardiography

The examination was conducted in the dorsal position under light
anaesthesia as detailed in the supplementary material (Additional File
1.) (Fig. 1.).

2.5. Ex vivo analysis of the samples

2.5.1. Blood level measurements

Blood samples were collected directly from the heart via cardiac
puncture after thoracotomy with the protocol described in the
supplementary material (Additional File 1., Fig. 1.). HOMA- B (Ho-
meostasis Model Assessment of B-cell function) and HOMA-IR (Ho-
meostatic Model Assessment for Insulin Resistance) were calculated
using fasting glucose (mmol/L) and fasting insulin (ng/ml) according to
the formula by Matthews et al. and used as a relative index for com-
parison between groups. Due to assay-dependent variability in insulin
measurements (measured by radioimmunoassay according to the man-
ufacturer’s protocol: RK—547A150701, Institute of Isotope, Budapest,
Hungary), values were not interpreted as absolute physiological
thresholds. [17,18].

2.5.2. Endothelial function

Endothelial function tests were performed according to a previously
described method, with specific modifications for this study, as detailed
in the supplementary material (Additional File 1., Fig. 1.) [19].

2.5.3. Cytokine level measurements

After the evaluation of protein concentrations with the method
described previously, the proteome profiler cytokine array and western
blot analysis were performed with specific modifications for this study,
as detailed in the supplementary material [12] (Additional File 1.,
Fig. 1),

2.5.4. Histological analysis

Histological analysis of the heart samples was performed according
to a previously described method, with specific modifications for this
study, as detailed in the supplementary material [19] (Additional File 1.,
Fig. 1.).

2.6. Statistical analysis

Statistical analyses were performed using GraphPad Prism software
for Windows, version 9.5.1 (La Jolla, CA, USA). Data are presented as
the mean =+ standard deviation (SD). The D’Agostino-Pearson normality
test was used to assess a Gaussian distribution. For non-Gaussian dis-
tributions, the Kruskal-Wallis test followed by Dunn’s multiple com-
parisons test was applied. For Gaussian distributions, 1-, 2-, or 3-way
analysis of variance (ANOVA) was performed, followed by Tukey’s
multiple comparisons test. In all multi-group comparisons, appropriate
post hoc tests were used to correct for multiple testing. Probability
values (p) less than 0-05 were considered significantly different, indi-
cated as follows: *p < 0-05, **p < 0-01, ***p < 0-001, ****p < 0-0001.
Outcome assessment and data analysis were performed by a blinded
investigator who was unaware of group allocation.

2.7. Funding

Project no. TKP2021-EGA—18 has been implemented with the sup-
port provided by the Ministry of Culture and Innovation of Hungary
from the National Research, Development and Innovation Fund,
financed under the TKP2021-EGA funding scheme. The publication was
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supported by the GINOP —2.3.4-15-2016-00002 project, co-financed
by the European Union and the European Regional Development
Fund. The research was financed by the Higher Education Institutional
Excellence Programme (NKFIH-1150-6/2019) of the Ministry of
Innovation and Technology in Hungary, within the framework of the
Therapeutic Purpose Development thematic programme of the Univer-
sity of Debrecen and UNKP—23-3-1I-DE—252.
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3. Results

The results of the in vivo measurements related to experimental
arthritis, including the bodyweight measurements, are presented in
Additional File 1. (Supplementary Figures 1., 2., 3.; Supplementary
Tables 1.,2.).
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Fig. 2. Endothelial function and cardiometabolic alterations in response to metabolic state, inflammation, and Tofacitinib treatment. A, The endothelium-dependent
arterial relaxation in the different groups (mean + SD) plotted against the evoking acetylcholine levels (expressed as the common logarithm of the molar con-
centrations) * p < 0-05 **** p < 0-0001; n = 4 in all lean groups except of Lean Tofa (n = 5), n = 6 in all obese groups at all acetylcholine concentrations B, changes
in the arterial relaxation at the physiological acetylcholine concentration at 0.1 nmol/L Ach concentration (evaluated by three-way ANOVA). C-E, Baseline systolic
(Q), diastolic (D), and pulse rate (E) measurements in lean versus ZSF1 obese rats, expressed in mmHg or bpm. n = 20 in the lean and 30 in the obese groups F-H,
Endpoint measurements of systolic (F), diastolic (G), and pulse rate (H) following treatment interventions. Results are expressed as percentage changes relative to the
Lean Control group (mean + SD.). n =5 in all lean groups, n = 7 in ZSF1 Control, ZSF1 CFA Tofa and ZSF1 Tofa groups, n = 9 in ZSF1 CFA group. Statistical
comparisons were performed using three-way ANOVA (B), unpaired t-probe (C, D, E), one-way ANOVA followed by appropriate post hoc testing (A, F, G, H).

*p < 0-05, **p < 0-01, ***p < 0-001, ****p < 0-0001.
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3.1. Hemodynamic and vascular function assessments

3.1.1. endothelial function test

At the physiological Ach concentration reported in the rat plasma (at
0-1 nmol/L) [20] tofacitinib worsened endothelial function in both the
lean and obese animals when arthritis (and periarthritis) was induced
with CFA, although this difference reached the level of statistical sig-
nificance only in the obese animals (ZSF1 CFA vs. ZSF1 CFA Tofa:
p < 0-0001). However, without arthritis induced by CFA, tofacitinib
improved endothelial function in the lean animals (Lean Control vs.
Lean Tofa: p = 0-0294), whereas no considerable change was observed
between the obese groups (Fig. 2. B, Additional File 1. Supplementary
Table 6.). At higher Ach concentrations (above 1 pmol/L), the differ-
ences among the treatment groups became smaller (and statistically
non-significant) (Fig. 2. A,).

3.1.2. blood pressure and pulse measurements

The ZSF1 animals had significantly higher systolic and diastolic
blood pressure even at the beginning of the study, confirming the
metabolic syndrome phenotype (Fig. 2. C, D). The diastolic blood
pressure increased throughout the study in the ZSF1 CFA and ZSF1 CFA
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Tofa groups compared to the Lean Tofa group (Lean Tofa vs. ZSF1 CFA
p = 0-027, Lean Tofa vs. ZSF1 CFA Tofa p = 0-0069) while the systolic
blood pressure remained unchanged (Fig. 2. F, G). The pulse rate of the
obese animals was lower at the beginning of the study, and this differ-
ence persisted by the endpoint measurements too, especially when
examining the Lean CFA group compared to all of the obese animals
(Lean CFA vs. ZSF1 Control p = 0-0006, vs. ZSF1 CFA p = 0-014, vs.
ZSF1 Tofa p = 0-022, vs. ZSF1 CFA Tofa p = 0-0021) (Fig. 2. E,H). A
significant difference was observed in the OGTT results between lean
and obese animals, confirming the presence of metabolic syndrome
(Lean vs. ZSF1, p < 0-0001) (Additional File 1. Supplementary
Figure 4.).

3.1.3. Comparison of [18F] FDG uptake of the cardiac tissue between lean
and ZSF1 groups

['®F] FDG uptake was significantly higher in all Lean groups
compared to the ZSF1 groups. A notable difference was observed be-
tween the Lean Control and Lean Tofa groups (p = 0-0477). In the obese
groups, radiotracer accumulation was significantly increased in
response to CFA treatment and the combination of treatments, whereas
tofacitinib alone did not affect the glucose homeostasis of the hearts in
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Fig. 3. Alterations in myocardial glucose uptake assessed by [18 FIFDG-PET Imaging. A, Representative transverse PET images of myocardial ''® FJFDG uptake across
experimental groups, illustrating differences between lean and obese (ZSF1) rats in the control, CFA-induced inflammation, tofacitinib (Tofa) treatment, or combined
CFA Tofa conditions. The scale represents standardized uptake values (SUV; range: 0-20). B, Quantitative analysis of myocardial SUV mean (g/ml) among the
treatment groups. Data are presented as mean + SD. Statistical comparisons were conducted using mixed-effects analysis followed by appropriate post hoc testing.
Significance levels are indicated as follows: *p < 0-05, **p < 0-01, ****p < 0-0001. Number of values were 5in the Lean Control, 8 in the Lean CFA, 10 in the Lean
CFA Tofa, 11 in the Lean Tofa groups, and 7 in all obese groups.
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obese animals (ZSF1 Control vs. ZSF1 CFA, p = 0-0078; ZSF1 CFA vs.
ZSF1 Tofa, p = 0-0245; ZSF1 CFA Tofa vs. ZSF1 Tofa, p = 0-0044)
(Fig. 3.).

3.1.4. Evaluation of systolic and diastolic function

To assess systolic function, ejection fraction (EF) was measured,
revealing significantly higher levels in the ZSF1 Control (Lean Control
vs. ZSF1 Control, p = 0-0200) and ZSF1 CFA groups compared to the
Lean Control (Lean Control vs. ZSF1 CFA, p = 0-0004). The difference
was even more pronounced when comparing the CFA-treated obese
animals to the Lean CFA group (Lean CFA vs. ZSF1 CFA, p < 0-0001).
Differences were also detected between the Lean CFA and Lean CFA Tofa
groups (p = 0-0033) (Fig. 4. C).

The diameter of the posterior wall of the left ventricle was highest in
the ZSF1 CFA group (mean + SD: 2:452 + 0-09462), showing a signif-
icant difference compared to the Lean CFA, Lean Control, ZSF1 CFA
Tofa, and ZSF1 Tofa groups (ZSF1 CFA vs. Lean CFA, p = 0-0161; vs.
Lean Control, p = 0-0002; vs. ZSF1 CFA Tofa, p = 0-0001; vs. ZSF1 Tofa,
p = 0-0002). In the Lean CFA Tofa group, the posterior wall of the left
ventricle was significantly thicker compared to the ZSF1 Tofa and ZSF1
CFA Tofa groups (Lean CFA Tofa vs. ZSF1 Tofa, p = 0-0046; vs. ZSF1
CFA Tofa, p = 0-0041). Among obese animals, both the Control and
CFA-treated groups exhibited greater posterior wall thickness compared
to their respective lean counterparts (ZSF1 Control vs. Lean Control,
p = 0-0234; ZSF1 CFA vs. Lean CFA, p = 0-0161). However, in obese
animals treated with tofacitinib solely, lower values were observed
compared to the ZSF1 Control group (ZSF1 Tofa vs. ZSF1 Control,
p = 0-0328). In the Lean CFA group, LVpWd was higher compared to the
control (Lean CFA Tofa vs. Lean Control, p = 0-0035) (Fig. 4. D,).

In line with the previous results, the relative wall thickness (RWT) of
obese CFA-induced animals was significantly higher compared to the
identical Lean, to the Lean Control, and to both treated obese groups
(ZSF1 CFA vs. Lean CFA, p = 0-0403 vs. Lean Control, p = 0-0014 vs.
ZSF1 CFA Tofa, p = 0-0003 vs. ZSF1 Tofa p = 0-0003). This parameter
was the highest in the Lean CFA Tofa group, measurable differences
were observed compared to the Lean Control, ZSF1 Tofa, and ZSF1 CFA
Tofa groups (Lean CFA Tofa vs. Lean Control, p = 0-0044, vs. ZSF1 Tofa,
p = 0-0016, vs. ZSF1 CFA Tofa, p = 0-0015) (Fig. 4. E).

Regarding diastolic function, MV DecT was shorter in the Lean
Control group compared to the Lean Tofa and ZSF1 Control groups (Lean
Control vs. Lean Tofa p = 0-0003 vs. ZSF1 Control, p < 0-0001), and a
significant decrease was observed in the CFA-treated lean group due to
tofacitinib treatment (Lean CFA vs. Lean CFA Tofa, p = 0-0326). The
mitral valve deceleration time appeared to be the highest in the ZSF1
Tofa group (ZSF1 Control: 54-86 + 3-364 ms vs Lean Control: 30-40
+ 3-234 ms, p < 0-0001) (Fig. 4. H,).

IVRT was shortest in the Lean Control group compared to other Lean
animal groups (Lean Control vs. Lean CFA, p = 0-0037 vs. Lean CFA
Tofa, p = 0-0209 vs. Lean Tofa, p = 0-0112). The highest rates were
observed in the Lean CFA (mean: 35-80 + 2:131) and ZSF1 CFA groups
(mean: 35-11 + 1-274), with a significant difference between the Lean
Tofa and ZSF1 Tofa groups (Lean Tofa vs. ZSF1 Tofa, p = 0-0003)
(Fig. 4. 1).

The Tei-index was higher in the Lean CFA and ZSF1 CFA groups
compared to their respective control groups (Lean Control vs. Lean CFA,
p = 0-0155; ZSF1 Control vs. ZSF1 CFA, p = 0-0024) and significantly
lower in the ZSF1 CFA Tofa group compared to the ZSF1 CFA group
(ZSF1 CFA vs. ZSF1 CFA Tofa, p = 0-0029). This parameter was the
lowest in the obese tofacitinib-treated group (mean: 0-3910 + 0-02068)
(Fig. 4. J,).

No differences were detected in the E/A ratio (Fig. 4. E). The E/e’
ratio was significantly higher in the ZSF1 CFA Tofa group than in the
Lean Control group (p = 0-0045), whereas the e’/a’ ratio was found to
be the lowest following the combination treatments in both lean and
obese animals (Lean CFA Tofa vs. Lean Tofa, p = 0-0007; vs. Lean
Control, p = 0-0441; ZSF1 CFA Tofa vs. ZSF1 Tofa, p = 0-0001) (Fig. 4.
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K, L, M).

3.1.5. Results of blood tests regarding cardiac function

The CK levels of the animals remained within normal limits without
any observable differences (Additional File 1. Supplementary Figure 4.).
However, CK-MB levels were reduced in obese animals following tofa-
citinib treatment (ZSF1 Control vs. ZSF1 Tofa p = 0-0420), as was
observed with LDH (ZSF1 Control vs. ZSF1 Tofa p = 0-0312) (Fig. 5. A,
B).

3.1.6. Results of blood tests regarding metabolic syndrome

Total cholesterol levels were significantly elevated in all obese ani-
mals compared to the Lean Control group (p < 0-0001). Neither CFA nor
tofacitinib, either alone or in combination, altered these levels. No dif-
ferences were observed in the colourimetric pancreatic lipase assay.
However, triglyceride levels were higher in ZSF1 animals across all
treatment groups compared to their Lean counterparts, except for the
control groups (Lean Tofa vs. ZSF1 Tofa p = 0-0105, Lean CFA vs. ZSF1
CFA p = 0-0174, Lean CFA Tofa vs. ZSF1 CFA Tofa p = 0-0163). HDL
levels in ZSF1 animals were consistently higher in all groups compared
to Lean animals (Lean Control vs. ZSF1 Control p < 0-0001, Lean CFA
vs. ZSF1 CFA p < 0-0001, Lean CFA Tofa vs. ZSF1 CFA Tofa p < 0-0001,
Lean Tofa vs. ZSF1 Tofa p < 0-0001), in the obese animals, tofacitinib
treatment resulted in a higher HDL level (ZSF1 Control vs. ZSF1 Tofa
p = 0-0394). A significant difference in LDL levels was observed be-
tween Lean Tofa and ZSF1 Tofa animals (p = 0-0137) (Table 1.).

Regarding other parameters connected to the liver function, char-
acteristic differences were observed due to MS (Additional Filel.
Supplementary Table 4).

All ZSF1 animals exhibited elevated glucose levels compared to their
respective Lean groups (Lean Control vs. ZSF1 Control p = 0-0192, Lean
CFA vs. ZSF1 CFA p = 0.0488, Lean CFA Tofa vs. ZSF1 CFA Tofa
p < 0-0001, Lean Tofa vs. ZSF1 Tofa p < 0-0001). Neither CFA nor
tofacitinib, alone or combined, affected blood glucose levels (Fig. 5. C).
Additionally, there were no changes observed in fructosamine and
HbA1C levels across the study period (Additional File 1. Supplementary
Table 5.).

The HOMA-IR and HOMA-{ indices were calculated to assess insulin
resistance and pancreatic B-cell function, respectively. ZSF1 Control
animals exhibited significantly higher HOMA-IR values compared with
their lean counterparts (p = 0,0376). This disparity between the lean
and obese phenotypes remained evident following CFA, tofacitinib, or
combination treatment (ZSF1 Control vs. Lean CFA p = 0,0376, vs. Lean
CFA Tofa p = 0,0007, vs. Lean Tofa p = 0,0003). Furthermore, signifi-
cant differences were observed between lean and obese animals
receiving either tofacitinib monotherapy or combination treatment
(Lean CFA Tofa vs. ZSF1 CFA Tofa p = 0,0004, Lean Tofa vs. ZSF1 Tofa
p = 0,0010). Interestingly, the Lean Tofa group exhibited significantly
higher HOMA-B values compared with all other lean groups, including
Lean Control (p < 0,0001), Lean CFA (p < 0,0001), and Lean CFA Tofa
(p = 0,0151). Moreover, HOMA-B values in the Lean Tofa group were
significantly greater than those observed in both ZSF1 Control
(p < 0,0001) and ZSF1 Tofa (p < 0,0001) groups. In addition, the Lean
CFA Tofa group demonstrated higher HOMA-B values than the ZSF1
Control group (p = 0,0385) (Fig. 6.).

3.1.7. Alterations in cardiomyocyte diameter and fibrotic area of cardiac
tissue sections

Compared to the Lean Control group, cardiomyocyte size was
significantly increased in ZSF1 Control animals (p < 0-0001). In lean
animals, both CFA and tofacitinib treatments increased cardiomyocyte
diameter compared to the control group (Lean Control vs. Lean CFA,
Lean Tofa, p < 0-0001), and the Janus kinase inhibitor reduced the
enlargement induced by CFA (Lean CFA vs. Lean CFA Tofa, p < 0.0001).
Among lean groups, the largest cardiomyocyte diameter was observed in
the tofacitinib-treated groups (mean =+ SD: 14-55 + 0-1895). In obese
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Fig. 4. Effects of CFA-induced inflammation and tofacitinib treatment on left ventricular diastolic and systolic function as assessed by echocardiography. A,
Representative pulsed-wave (PW) Doppler image showing early (E) and late (A) transmitral filling velocities in an obese rat treated with tofacitinib solely B,
Representative tissue Doppler image at the septal mitral annulus, displaying early (e") and late (a) diastolic myocardial velocities of a CFA and tofacitinib treated lean
rat. C,D Representative M-mode echocardiographic traces (PSLAX view) of the left ventricle in lean rats with CFA A, and CFA + tofacitinib (Tofa) treatment B,; E, F,
G, Quantitative analysis of echocardiographic parameters related to systolic function: E, Ejection fraction (EF, %); F, Mitral valve deceleration time (MV DecT, ms); G,
Left ventricular posterior wall thickness in diastole (LVPWd, mm); H, I, J, Quantitative analysis of echocardiographic parameters related to diastolic function: H, E/€'
ratio, reflecting LV filling pressure; I, ¢'/a’ ratio, indicative of myocardial relaxation. J, Isovolumic relaxation time (IVRT, ms); K, Relative wall thickness (RWT),
calculated as (2 x LVPWd) / LVIDd; L, E/A ratio M, Myocardial performance index (Tei index), calculated as (IVRT + IVCT) / LVET. Data are expressed as mean +
SD. Statistical analysis was performed using one-way ANOVA followed by Tukey’s post hoc test. *p < 0-05, **p < 0-01, ***p < 0-001, ****p < 0-0001. n =5 in all
lfan groups, n = 7 in ZSF1 Control, ZSF1 CFA Tofa and ZSF1 Tofa groups, n = 9 in ZSF1 CFA group.
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Fig. 5. Blood parameters reflecting heart function and metabolic alterations. A, Serum levels of CK-MB, n = 5 in all lean groups, n = 4 in ZSF1 Control, n = 6 in ZSF1
CFA and ZSF1 Tofa groups, n = 7 in ZSF1 CFA Tofa group B, LDH in response to CFA and/or tofacitinib treatment. n = 5 in all lean groups, n = 5 in ZSF1 Control,
n = 6 in ZSF1 CFA and ZSF1 Tofa groups, n = 7 in ZSF1 CFA Tofa group Data are presented as mean + SD. Statistical significance was assessed by one-way ANOVA;
*p < 0-05, except for CK levels, where Kruskal-Wallis appeared to be the accurate test. Parameters were analysed using one-way ANOVA. Data are expressed as mean
+ SD. Statistical significance: *p < 0-05, ***p < 0-001, ****p < 0-0001.

Table 1
Blood parameters reflecting metabolic alterations.

CHOL (mmol/L) LIPC (U/L) Triglyceride (mmol/L)

mean SD mean SD mean SD
Lean Control 1-56 013 5-00 0-19 0-89 0-15
Lean CFA 1-47 0-03 4.82 0-63 0-39 0-03 vs. ZSF1 CFA *
Lean CFA Tofa 1-64 0-03 4.78 0-22 0-39 0-18 vs. ZSF1 CFA Tofa *
Lean Tofa 1.57 0-27 4-64 0-18 0-34 0-06 vs. ZSF1 Tofa *
ZSF1 Control 4-43 0-89 vs. Lean Control **** 7-32 2:77 8-79 2:27
ZSF1 CFA 4-42 0-56 vs. Lean Contro! 5-38 0-23 10.07 1-56
ZSF1 CFA Tofa 5.31 1-26 vs. Lean Control * 5.59 0-44 9:56 1-16
ZSF1 Tofa 5-35 0-84 vs. Lean Control **** 5-78 0-43 10-50 1-43

HDL (mmol/L) LDL (mmol/L) Glucose (mmol/L)

mean SD mean SD mean SD
Lean Control 117 0-1 vs. ZSF1 control **** 0-25 0-03 17-60 195 vs. ZSF1 control *
Lean CFA 1-09 0-05 vs. ZSF1 CFA ** 0-30 0-02 15.01 0-70 vs. ZSF1 CFA *
Lean CFA Tofa 1-30 0-05 vs. ZSF1 CFA Tofa **** 0-23 0-03 9-47 0-70 vs. ZSF1 CFA Tofa ****
Lean Tofa 1-16 0-2 vs. ZSF1 Tofa **** 0-22 0-07 vs. ZSF1 Tofa * 7-60 1-59 vs. ZSF1 Tofa *
ZSF1 Control 1-99 0-39 vs. ZSF1 Tofa * 0-33 018 2882 9-58
ZSF1 CFA 1-84 017 0-18 0-03 2429 3.78
ZSF1 CFA Tofa 212 0-33 0-30 0-10 2576 6-96
ZSF1 Tofa 2-44 0-23 0-43 0-15 25-54 597

Metabolic blood profile including total cholesterol (CHOL), colorimetric pancreatic lipase assay (LIPC), triglycerides, HDL, LDL, and glucose levels across all
experimental groups. Kruskal-Wallis test was used for triglyceride levels; all other parameters were analyzed using one-way ANOVA. Data are expressed as mean + SD.
Statistical significance: *p < 0-05, ***p < 0-001, ****p < 0-0001.

groups, CFA injection increased cardiomyocyte diameter (ZSF1 Control
vs. ZSF1 CFA, p < 0-0001), and tofacitinib treatment reduced it (ZSF1
CFA vs. ZSF1 CFA Tofa, p < 0-0001), although it remained higher than
in the ZSF1 Control group (ZSF1 Control vs. ZSF1 CFA Tofa, p < 0-0001)
(Fig. 7. B,).

There were no significant differences in fibrotic areas among lean
animals; however, the tofacitinib-treated group showed a slight increase
in fibrosis compared to the Lean Control group. In all obese animals,

except for ZSF1 Control, cardiac tissue exhibited higher fibrosis
compared to the Lean Control group (Lean Control vs. ZSF1 CFA,
p = 0-0029; ZSF1 CFA Tofa vs. Lean Control, p = 0-0004; ZSF1 Tofa vs.
Lean Control, p = 0-0116). Neither CFA nor tofacitinib treatments had
pronounced effects on fibrosis (Fig. 7. C,).

3.1.8. Results of cytokine array
Of the 79 examined cytokines, seven showed significant differences
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Fig. 6. HOMA-IR and HOMA-B indices across experimental groups. HOMA-IR, an index of systemic insulin resistance, and HOMA-B, an estimate of pancreatic 5-cell
function, were calculated in lean and obese ZSF1 rats under control conditions and following CFA, tofacitinib, or combined treatments. Data are presented as mean +
SD. Statistical comparisons between groups are indicated as *p < 0-05, ***p < 0-001, ****p < 0-0001, n = 5 in all lean groups, n = 6 in ZSF1 Control and ZSF1 Tofa

groups, n = 7 in ZSF1 CFA Tofa group, n = 9 in ZSF1 CFA group.

in the treatment groups. In the CYR—61 and CNTF levels, similar dif-
ferences were observed between the tofacitinib-treated lean and obese
animals (Lean Tofa vs. ZSF1 Tofa CYR-61 p=0-0166, CNTF
p = 0-0094). Examining the Resistin levels of the animals, significant
differences were observed. The Lean CFA Tofa group had significantly
higher expression than the ZSF1 CFA Tofa, the Lean Tofa group had
significantly higher expression than the ZSF1 Control and ZSF1 Tofa
groups (Lean CFA Tofa vs. ZSF1 CFA Tofa p = 0-0245, Lean Tofa vs.
ZSF1 Control p =0-0043, Lean Tofa vs. ZSF1 Tofa p = 0-0038).
Regarding the cytokine IL-22, significantly lower expression was
observed in the CFA and tofacitinib-treated animals (ZSF1 Control vs.
Lean CFA p = 0-0395, vs. Lean Tofa p = 0-0206). RAGE had a signifi-
cantly higher level in the ZSF1 CFA group compared to the Lean CFA
(p = 0-0382). In the tofacitinib-treated group, the cytokine VEGF-A was
expressed significantly higher than in the obese group (Lean Tofa vs.
ZSF1 Tofa p < 0-0001) The CCL5 level was lower in the tofacitinib-
treated CFA-induced obese animals compared to the obese animals
suffering from the symptoms of experimental arthritis (ZSF1 CFA vs.
ZSF1 CFA Tofa p = 0-0057) (Fig. 8. A,).

3.1.9. Results of Western blot analysis

Among the cytokines investigated in relation to the Janus kinase
system, a significant difference was noted in the expression of CNTF. The
CNTF level was higher in the Lean Tofa group compared to obese ani-
mals with arthritis (Lean Tofa vs. ZSF1 CFA, p = 0-0466). Although
slight increases were observed in NRF2 in the CFA and/or Tofacitinib
groups, these differences did not reach statistical significance. The dif-
ference in TGF-B1 expression between the Lean Control and Lean Tofa
groups approached statistical significance (p = 0-0523). A significant
increase in the relative expression of TGF-1 was observed in the Lean
CFA Tofa group compared to the Lean Control group (Lean CFA Tofa vs.
Lean Control, p = 0-0204). (Fig. 9.B,). To further investigate the un-
derlying mechanisms, the nuclear expression levels of STAT3 and NF-«xB
were assessed by Western blot analysis. However, no significant differ-
ences were observed between the experimental groups (Fig. 9. A,).

4. Discussion

Our research team investigated the impact of the FDA-approved
Janus kinase inhibitor tofacitinib on the progression of experimentally
induced arthritis. We used a complete Freund’s adjuvant (CFA) animal
model to induce systemic inflammation and chronic polyarthritis
mimicking autoimmune arthritis, suitable for studying inflammation-
driven cytokine and organ changes [21]. Metabolic syndrome also

involves chronic inflammation and altered cytokine levels, yet their
shared pathways remain incompletely understood [22,23].

4.1. Metabolic syndrome in the present study

The ZSF1 rat model closely mimics MS, meeting four of the five
criteria: hyperglycemia, hypertension, dyslipidemia, and abdominal
obesity [24]. These metabolic alterations were reflected in the marked
differences in metabolic and cardiovascular parameters between lean
and obese animals throughout the study.

4.1.1. Systemic metabolic profile

Obese animals exhibited elevated HDL levels, as typical in rats, but
opposite to human patterns [25]. Triglyceride and total cholesterol
levels differed significantly but were unaffected by treatments (Fig. 5. C,
). Tofacitinib's influence on LDL and HDL levels, particularly in obese
animals, aligns with our findings [26,27].

While previous studies reported no weight effect [28], our study
confirms reduced weight gain in animals with normal metabolism
(Additional File 1. Supplementary Figure 1, Supplementary Tables 1.,
2.). In rheumatoid cachexia, elevated TNF-« increases fat mass, while
reducing muscle, yielding an unchanged BMI but higher morbidity [29,
30]. Both RA and MS increase adipose tissue, perpetuating inflammation
[311.

Tofacitinib’s reported impact on blood pressure is inconsistent [10,
27]. In our study, it caused no significant changes except a mild diastolic
drop in lean Tofa animals (Fig. 2. G,).

4.1.2. Glucose homeostasis

Insulin resistance and type—2 diabetes are prominent features of MS
in the ZSF1 model. Obese rats showed persistent hyperglycaemia and
elevated HOMA-IR, confirming significant insulin resistance. In
contrast, increased HOMA-B in Lean Tofa animals may indicate
enhanced RB-cell function or compensatory insulin secretion under
metabolically healthy conditions. This effect was absent in obese ani-
mals, implying that obesity-related metabolic disturbances may blunt
potential treatment-related improvements in 8-cell function. As HOMA-
B is an indirect marker of B-cell activity, the finding should be inter-
preted with caution, and further mechanistic studies are warranted
(Fig. 6.).

In contrast to the systemic insulin resistance reflected by HOMA-IR,
[8F] FDG-PET scan results potentially indicate improved insulin sensi-
tivity and enhanced glucose utilization [32]. Cardiac ['8F] FDG-PET
scan methodology revealed glucose metabolism performed under
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Fig. 7. Histological evaluation of experimental arthritis and tofacitinib treatment on cardiac morphology and fibrosis. A, Representative hematoxylin and eosin
(H&E)- stained sections of left ventricular myocardium in lean and obese (ZSF1) rats across treatment groups (Control, CFA, CFA Tofa, Tofa) (magnification: 400 x;
scale bars shown). B, Quantification of cardiomyocyte diameter. Cardiomyocyte size was significantly increased in ZSF1 Control rats and in Lean rats following CFA
or Tofa treatment. Statistical analysis was performed using the Kruskal-Wallis test; ****p < 0-0001; 100 cells were measured by each animal, n = 500 in all lean
groups, n = 700 in ZSF1 Control, ZSF1 CFA Tofa and ZSF1 Tofa groups, n = 900 in ZSF1 CFA group C, Quantification of myocardial fibrosis (% fibrotic area) across
treatment groups. Fibrosis was markedly elevated in ZSF1 rats compared to Lean Controls, with the highest levels observed in the ZSF1 CFA Tofa group. Statistical
analysis was performed using the Kruskal-Wallis test; **p < 0-01, n =5 in all lean groups, n = 7 in ZSF1 Control, ZSF1 CFA Tofa and ZSF1 Tofa groups, n = 9 in
ZSF1 CFA group D, Representative images of Masson’s trichrome-stained cardiac sections showing interstitial and perivascular fibrosis (indicated by black arrow-
heads) in Lean and ZSF1 rats across treatment groups (magnification: 40 x; scale bars shown).
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Fig. 8. Cardiac cytokine profile and protein expression in response to experimental arthritis and tofacitinib treatment examined via protein array. A, Quantitative
analysis of cytokines identified by array analysis. Relative concentrations (%) of CNTF, CYR61, Resistin, IL-22, RAGE, VEGF-A, and CCL5 were quantified from
cardiac tissue lysates. Significant alterations were observed among groups. Statistical differences were assessed using one-way ANOVA (*p < 0-05; **p < 0-01;
***p < 0-001; ****p < 0-0001). Each animal sample was measured three times, and three different animals were selected from each group. Statistical analysis was
performed using nested one-way ANOVA (*p < 0-05). Results are presented as mean =+ SD, those n = 3 in each experimental group B, Representative cytokine array
membranes for each treatment group, showing protein spot intensities. Cytokines selected for further analysis are marked with red rectangles. C, Map of the cytokine
array membrane, indicating the location of each cytokine. Analyzed proteins are highlighted in yellow.

non-fasting, basal conditions, with significant differences detected only
in obese animals, suggesting that metabolic alterations in these groups
may be detectable at the level of myocardial substrate preference despite
the absence of corresponding normalization in systemic insulin sensi-
tivity markers (Fig. 3.).

4.1.3. Effects of CFA and tofacitinib treatment on experimental arthritis

Hot plate tests suggest analgesic effects of tofacitinib in altered
cytokine conditions like MS. Its efficacy was seen in metabolic syndrome
without CFA-induced inflammation, likely through reduced pro-
inflammatory cytokines [33,34]. CFA and tofacitinib both influenced
paw oedema, whereas metabolic syndrome impacted this parameter
only in conjunction with RA. PET scans confirmed the drug’s
anti-inflammatory action, CFA-induced radiotracer uptake was attenu-
ated by tofacitinib (Additional File 1., Supplementary Figures 2., 3.)
[35].

4.2. Cardiometabolic changes

4.2.1. Serum parameters related to cardiometabolic homeostasis
CK-MB and LDH levels decreased in lean animals only with

combination treatment, underscoring cytokine homeostasis's role in
cardiac function control.

4.2.2. Results of cardiac imaging

Echocardiography and PET revealed that CFA and tofacitinib wors-
ened lean animals’ function but improved RA-induced dysfunction in
Lean CFA Tofa rats, highlighting the differences caused by metabolic
syndrome and tofacitinib treatment on cardiac function (Fig. 3.,4.).
Systolic function in ZSF1 animals appeared superior to that in lean an-
imals, possibly reflecting compensatory mechanisms leading to heart
failure with preserved ejection fraction (HFpEF) [36]. E/e' confirmed
worse diastolic function in ZSF1 CFA Tofa animals, consistent with
histological evaluations.

4.2.3. Inflammation-induced left ventricular (LV) remodelling

Changes in IVRT, RWT, and Tei index indicate cytokine-related
remodelling, with tofacitinib offering protection under high cytokine
levels (Fig. 4.).

Previous studies have shown that concentric remodelling charac-
terized by high RWT is associated with Left ventricular hypertrophy
(LVH), which is an important compensatory process that develops over

11
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Fig. 9. Cardiac cytokine profile and protein expression in response to experimental arthritis and tofacitinib treatment examined via western blot analysis. A,
Validation of selected cytokines and fibrosis-related proteins by western blot. Relative protein expression levels were quantified and normalized to p-actin. VEGF-A,
RAGE, CYR61, CNTF, and NRF2 were given as relative expression in percentages, along with activated TGF-p1 (26 kDa dimer). The relative expression of dimerized
TGF-B1 was calculated as a percentage of total TGF-$1 [26 kDa / (26 kDa + 13 kDa) x 100]. Representative immunoblot bands are shown for each protein. Statistical
analysis was performed using nested one-way ANOVA (*p < 0-05). Results are presented as mean + SD. n = 3 in all groups B, Analysis of nuclear protein expression
Relative protein expression levels of STAT3 and NFkB were quantified and normalized to Histone H3. Representative immunoblot bands are shown for each protein.
Statistical analysis was performed using nested one-way ANOVA. Results are presented as mean + SD. n = 3 in all groups.

time in response to a significant increase in diastolic ventricular pres-
sures, often occurring in the obese population [37]. RWT was the highest
in the Lean group treated with both CFA and tofacitinib, as well as in the
ZSF1 group treated with CFA, which refers to inflammation-induced LV
remodelling.

A heart undergoing hypertrophy typically exhibits changes in ar-
chitecture and histology, where one key histopathologic component is
the degree of cardiomyocyte diameter. Our observation of increased
myocyte width was accompanied by a slight elevation in RWT and
enhanced endothelial function. In contrast, the MS group treated with
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tofacitinib did not exhibit visible hypertrophy in functional measure-
ments (Fig. 7. B,).

4.2.4. Cytokine level changes in the cardiac tissue

Western blot analysis was employed to elucidate differences among
the eight treatment groups, focusing on key cytokines implicated in CFA-
and metabolic syndrome-induced inflammatory processes. The main
cytokine that appears in the progression of RA, MS, and in the mecha-
nism of action of tofacitinib is IL-6 [38,39]. Pro-inflammatory cytokines,
such as IL-6 and TNF-a, are key drivers of MF [40].
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In our study ZSF1 animals inoculated with CFA did not show an in-
crease in the mass of fibrotic tissues compared to the ZSF1 control, and
tofacitinib did not altered this outcome. In addition, TGF-1 (a principal
isoform of TGF-p) is implicated in the activation of fibrosis development
within cardiac tissue. The existing literature indicates that the TGF-f1
signalling pathway facilitates the upregulation of various pro-fibrotic
gene expressions such as connective tissue growth factor (CTGF) and
CYR61 both being part of the CCN family [41]. In our study, lean ani-
mals showed a tendency toward increased fibrotic tissue deposition,
which was accompanied by parallel activation of TGF- 1 and CYR61,
however, these changes did not reach clear statistical significance
(Fig. 9. B,).

Manilall et al. reported that although IL-6 is strongly linked to
adverse cardiovascular outcomes, blocking its singalling with tocilizu-
mab did not prevent inflammation-induced left ventricular dysfunction,
suggesting that other gpl30-superfamily cytokines may compensate
through IL-6-related pathways [42]. Consistent with this concept,
elevated CNTF expression was observed in lean tofacitinib-treated ani-
mals. Although the underlying mechanism was not directly investigated,
CNTF upregulation may represent a compensatory response to JAK/-
STAT pathway inhibition and could contribute to the cardiac remodel-
ling pattern observed in this group [43-45]. The observed interaction
between CNTF and TGF-p further underscores the complex role of
cytokine balance in regulating cardiac remodelling across different
conditions (Fig. 10.).

4.2.5. Emerging interrelations

In lean animals, CFA immunization induced mild experimental
autoimmune myocarditis (EAM) via IL-6-mediated inflammation [46],
while in ZSF1 rats, fibrosis progression was aggravated by hypertension,
hyperglycaemia, insulin resistance, and metabolic dysfunction.

Myocardial fibrosis is a key component of LVH and contributes to
progressive diastolic dysfunction in both inflammatory and metabolic
cardiac disease. Persistently elevated wall stress and compromised
myocardial perfusion led to myocyte degradation and extracellular
matrix accumulation. In the present study, Masson’s trichrome staining
confirmed fibrotic deposition predominantly in obese animals, whereas
lean groups showed only minimal changes [47] (Fig. 7. C,). Cardiac
remodelling in this model is driven by overlapping inflammatory and
metabolic stressors, including Ang II- mediated pressure overload,
AGE-RAGE activation under hyperglycaemic conditions, and
JAK/STAT-associated pathways [48,49] (Fig. 10.).

EAM with MS comorbidities intensified cardiac hypertrophy and
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diastolic dysfunction, though fibrosis remained stable, whereas lean
tofacitinib-treated rats showed mild fibrotic remodelling despite pre-
served cardiac function. In this context, JAK inhibition alone was
insufficient to attenuate established fibrosis. Lean tofacitinib-only ani-
mals exhibited subtle fibrotic remodelling while maintaining preserved
global cardiac function, suggesting a potential drug-related or
compensatory effect [50], although direct evidence for activation of the
Ang II-JAK/STAT axis was not obtained in the present study.

Compensatory mechanisms included pathological arterial relaxa-
tion, reduced diastolic blood pressure, increased heart rate, and
enhanced glucose uptake on [18 FIFDG-PET, alongside enlarged car-
diomyocytes and elevated CNTF (Fig. 9.). As both lean and ZSF1 rats
received tofacitinib in the absence of autoimmune induction, the find-
ings suggest potential adverse cardiac remodelling under non-
inflammatory conditions, consistent with safety concerns reported for
JAK inhibitors in diseases lacking systemic inflammation, such as alo-
pecia areata [51].

5. Conclusion

Our study revealed that while tofacitinib effectively improved car-
diac function and metabolic parameters in the context of comorbid RA
and MS, it also produced unexpected adverse cardiac effects under non-
inflammatory conditions. These findings highlight the central yet com-
plex role of the JAK/STAT pathway in cardiac remodelling, beneficial
for inflammation-driven dysfunction but insufficient to prevent fibrosis.
Tofacitinib showed favorable effects on blood pressure, lipid, and
glucose metabolism in MS, yet may be associated with signs of adverse
cardiac remodelling under non-inflammatory conditions. Although
several cytokine alterations (including TGF-81, CYR61, and CNTF) were
associated with the observed structural and functional cardiac changes
and with markers suggestive of early fibrotic remodelling, the present
study was not designed to establish causal mechanistic links between
JAK inhibition and fibrosis development. Consequently, the proposed
mechanisms should be interpreted as biologically plausible hypotheses
supported by current findings, warranting further investigation in
dedicated mechanistic studies. Overall, the distinct cytokine-driven
mechanisms underlying RA and MS underscore the need for carefully
tailored and possibly combination-based JAK-targeted therapies, ac-
counting for metabolic status to maximize efficacy and minimize harm
(Fig. 10.).

Myocyte / /
Inflammatory impaired energy

* Diastolic BP immune cells -
metabolism
l F‘\'bro(\c
tissue
f Pulse rate diastolic dysfuntion decreased
glucose
l uptake

I enlarged diameter

cardiomyocyte

Sy

PET scan

Fig. 10. Graphical evaluation of the section Conclusion.
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Limitations of the study

The relatively short study duration and limited sample size,
restricted to male animals, represent important limitations of this work.
A further limitation is the unequal number of animals included across
the different experimental analyses, which arose due to technical con-
straints inherent to complex in vivo and ex vivo sample processing.
Another limitation of the present study is the translational gap between
the experimental models and human disease. In particular, while the
ZSF1 rat model and CFA-induced arthritis model recapitulate key fea-
tures of cardiometabolic dysfunction and systemic inflammation,
respectively, they do not fully reflect the complexity and chronic pro-
gression of human rheumatoid arthritis and its associated cardiovascular
comorbidities. Therefore, caution is warranted when extrapolating the
present findings to clinical settings.
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