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Atherosclerotic cardiovascular
disease and mortality in a cohort
of patients with rheumatoid
arthritis: a prospective study
Investigating microRNAs

as predictors of atherosclerosis
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Rheumatoid arthritis (RA) is a chronic autoimmune disorder associated with an
increased risk of atherosclerotic cardiovascular disease (ASCVD) that is not fully
explained by traditional risk factors. This study investigated whether a novel
microRNA (hsa-miR) panel could improve cardiovascular risk prediction and
stratification in RA patients. In this 8-year prospective cohort study, 235 RA
patients were enrolled, of whom 148 completed follow-up. We quantified six
hsa-miRs (hsa-miR-24, -146, -Let7a, -425, -451, and -155-5p) using qPCR and
evaluated their predictive value for two primary endpoints: ASCVD progression
(new atherosclerotic plaques and/or non-fatal cardiovascular events) and all-
cause mortality using partial least squares discriminant analysis (PLS-DA), linear
mixed models, and multivariate regression. During follow-up, 58 patients (39%)
experienced ASCVD progression, and 35 died (ASCVD accounting for 31% of
deaths). PLS-DA models indicated that baseline hsa-miR levels predicted both
ASCVD progression and mortality, explaining 43% and 42% of outcome variability,
respectively. Longitudinal changes in five hsa-miRs (-24, -146, -let-7a, -425, and
-155-5p) also predicted ASCVD progression. Age, hypertension, and disease
duration modulated hsa-miR expression levels over time. This hsa-miR panel
represents a promising tool for improving cardiovascular risk prediction in RA,
potentially addressing critical gaps in current stratification approaches. Following
validation, it could support implementation of personalized cardiovascular risk
assessment in RA clinical practice.
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rheumatoid arthritis
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148 patients completed
the follow-up period

Evaluation of atherosclerosis progression (new carotid plaques and/or incident cardiovascular events) and mortality

hsa-miR quantification at both time points:
has-miR-24, -146, -let-7a, -425, -451, and 155-5p

PLS-DA: miRs as predictors of
atherosclerosis OVERALL COHORT

Initial Model

hsa-miR-Let7a

ASCVD progression

hsa-miR-425

hsa-miR-24

hsa-miR-146 ——

Latent variable 2: 14%

58 patients (38%) experienced
ASCVD progression

GRAPHICAL ABSTRACT
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Individual association of miRs with ASCVD progression

miRs, individually and in combination, improved the prediction of both
ASCVD progression and mortality

Predictors of ASCVD and mortality?

PLS-DA: miRs as predictors of mortality

C-Statistic AIC
0.897 183.10
0.32(0.20-0.51), p=0.03 0.916 166.24
0.23(0.16-0.55),p=0.02  0.930 156.16
0.29(0.18-0.52),p=0.01 0823 162.38
0.27(0.20-0.53),p=0.03  0.923 161.65
0.30(0.17-0.48), p=0.04 0915 166.85

35 patients died (31% due to
fatal ASCVD events)

MicroRNAs as predictors of atherosclerotic cardiovascular disease and mortality in rheumatoid arthritis.

1 Introduction

Rheumatoid arthritis (RA) is a chronic autoimmune disease
characterised by synovial inflammation, leading to cartilage and
bone erosion, functional disability, and increased mortality (1).
Systemic inflammation in RA also predisposes patients to extra-
articular complications, including an increased risk of developing
atherosclerotic cardiovascular disease (ASCVD), the leading cause
of death in this population. Individuals with RA face a 50% higher
risk of ASCVD than the general population, primarily due to the
instability and rupture of atherosclerotic plaques (2-4). Although
traditional risk factors such as smoking, obesity, and hypertension
are more prevalent in RA, they do not fully explain the heightened
ASCVD risk, underscoring the need to identify novel biomarkers to
enhance risk prediction and understand underlying mechanisms.

MicroRNAs (hsa-miRs) have emerged as key regulators in the
pathophysiology of various diseases, including ASCVD (5-7). These
small, non-coding RNAs negatively regulate gene expression post-
transcriptionally. To prevent rapid degradation in extracellular
fluids, hsa-miRs are transported within microvesicles, exosomes,
or lipoproteins, which enhance their stability and bioavailability (8).
Several studies have identified specific hsa-miRs as potential
biomarkers for acute myocardial infarction and coronary artery
disease in the general population, potentially due to their roles in
endothelial dysfunction and inflammatory responses (9-11). In a
previous study, our group quantified 754 circulating hsa-miRs and
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identified a panel of 10 with similar expression patterns in patients
with RA and in non-RA individuals with acute myocardial
infarction, while both groups displayed distinct profiles compared
with healthy controls (12), suggesting a potential role of these
microRNAs in mediating ASCVD risk in RA. From this initial
discovery, we subsequently focused on hsa-miR-24, -146a, -let-7a,
-425, and -451, which have since been linked to systemic
inflammation and subclinical atherosclerosis in RA (13-15). In
addition, hsa-miR-155 has emerged as a key regulator of
inflammation and immunity (16, 17). This miR functions as a
master regulator of the immune response and inflammation and has
been implicated in the pathogenesis of various diseases, including
RA and cardiovascular disease, demonstrating inflammatory effects
in plasma and foam cell formation and potential as a therapeutic
target (18-21). However, the potential of these microRNAs as
predictive biomarkers for ASCVD progression and mortality in
longitudinal studies remains largely unexplored.

This prospective long-term study investigated ASCVD
progression and overall mortality in a cohort of patients with RA
over an 8-year period. The expression levels of a panel of hsa-miRs
(hsa-miR-24, -146, -Let7a, -425, -451, and -155) as potential
predictors of ASCVD progression and mortality in RA was
assessed, with the aim of improving risk stratification and clinical
management and providing insight into the interplay between hsa-
miRs, inflammation, and atherosclerosis. In addition, we studied
the biological variables most strongly associated with longitudinal
changes in the expression of these selected hsa-miRs.
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2 Materials and methods
2.1 Study design and participants

This was a prospective cohort study including 235 patients with
RA, as previously described (13, 22, 23), recruited consecutively
from outpatient clinics at Sant Joan University Hospital (Reus,
Spain) between November 2011 and January 2015. Eligible
participants were aged 18-80 years and had a confirmed
diagnosis of RA based on the 1987 American College of
Rheumatology (ACR) criteria, complemented by the 2010 ACR/
EULAR classification to improve diagnostic specificity. Exclusion
criteria included age <18 or >80 years, and the presence of acute
intercurrent conditions such as neoplasia, chronic kidney disease,
active infections, and other autoimmune diseases or significant
comorbidities, including psoriatic arthritis, systemic lupus
erythematosus, chronic liver disease, inflammatory bowel disease,
or multiple sclerosis, among others. All participants provided blood
samples and clinical data at baseline. Follow-up assessments were
conducted between December 2020 and January 2022. During
follow-up, patients who were reclassified with a different
diagnosis, died, or were lost to follow-up were excluded from the
longitudinal analysis. The final cohort included 148 patients with
complete data at both time points and a median follow-up of 8
years. The study was approved by the Clinical Research Ethics
Committee of our hospital (CEIm: 11-04-28/4proj5 for baseline and
CEIm: 222/2020 for follow-up) and conducted in accordance with
our institution’s guidelines and the Declaration of Helsinki.

2.2 Laboratory measurements

Data on classical cardiovascular risk factors (smoking,
hypertension, type 2 diabetes mellitus (T2DM), and
dyslipidaemia), history of ASCVD events, and medication use
were collected. Clinical measurements included body mass index
(BMI), systolic, and diastolic blood pressures. Disability was
assessed using the Health Assessment Questionnaire (HAQ)
index. Disease activity was measured with the disease activity
score (DAS28), which was derived from the erythrocyte
sedimentation rate (ESR) and the number of tender and swollen
joints. DAS28-ESR variable was categorised into remission (<2.6),
low activity (2.6-3.2), moderate activity (3.2-5), and high activity
(>5). Rheumatoid factor (RF) positivity was defined as RF>20 UI/L,
and anti-citrullinated protein antibody (ACPA) positivity as ACPA
> 3 U/mL (BioPlex 2200 Anti-CCP, Bio-Rad Laboratories).

Blood samples were collected after at least 12 hours of fasting,
using EDTA as an anticoagulant. Plasma was separated from the
whole blood by centrifugation at 3000 rpm for 10 minutes and
stored at -80°C for further analysis. Analytical assessments,
performed using enzymatic and standard methods, included
measurements of RF (Roche, Germany), ACPA (BioRad, USA),
and inflammatory markers such as ESR (Diesse DiagnosticaSenese
S.pA., Ttaly), CRP (Roche, Germany), and fibrinogen
(Instrumentation Laboratory SpA, USA).
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2.3 Study endpoints

The study endpoints were: (i) ASCVD progression, defined as
the development of new carotid atherosclerotic plaques and/or the
occurrence of non-fatal cardiovascular events (including coronary
artery disease, stroke, or peripheral artery disease) during the
follow-up period. Patients who developed either a new plaque
and/or a non-fatal ASCVD event were classified as ASCVD
progressors (code = 1), whereas those without new plaques or
events were classified as non-progressors (code = 0). This composite
endpoint was designed to capture in the same endpoint the different
stages of atherosclerosis, reflecting its progressive nature (24).
Incident ASCVD events were documented by the physician
during follow-up visits, whereas carotid plaque presence was
assessed using a MyLab 60 X-Vision sonographer (Esaote SpA,
Genoa, Italy). A plaque was defined as a focal structure protruding
into the arterial lumen by at least 0.5 mm or 50% of the surrounding
intima-media thickness value, or as having a thickness greater than
1.5 mm (25); (ii) all-cause mortality, defined as death from any
cause occurring during the follow-up period. To ensure robustness
of the results, endpoints were also evaluated individually: carotid
plaque progression and incident cardiovascular events.

2.4 Plasma microRNA expression

A panel of microRNAs, including hsa-miR-24, -146, -Let7a, -425,
-451 and -155, were analysed in the baseline and followed-up samples.
Prior to RNA extraction, haemolysis was assessed in 200 pl plasma
aliquots using spectrophotometric analysis at A=414 nm,
corresponding to the oxyhaemoglobin absorption peak. Samples
with haemolysis were excluded. RNA containing the small RNA
fraction was extracted from 200 pL of frozen plasma using the
commercial miRCURY RNA Isolation Kit (Exiqon), following the
manufacturer’s instructions. Prior to extraction, 1 pL of a synthetic
RNA mixture (UniSp2, UniSp4, and UniSp5; Exiqon) was spiked into
plasma to monitor extraction efficiency. In addition, 1.25 pL of MS2
RNA carrier (Roche) was added to improve RNA recovery. The final
RNA was eluted in 50 pL of nuclease-free water. Reverse transcription
(RT) was performed using 2 pL of RNA in a 10 pL reaction with the
miRCURY LNA Universal RT microRNA PCR and Universal cDNA
Synthesis Kit II (Exiqon, Denmark). RT conditions were: 60 min at
42°C, 5 min at 95°C, and cooling at 4°C. RT efficiency was controlled
by adding 0.5 pL of cel-miR-39-3p and UniSp6 (Exiqon). The
resulting cDNA was diluted 1:40 before quantification by qPCR.
Candidate microRNAs were quantified using the miRCURY LNA
Universal RT microRNA PCR system, ExiLENT SYBR Green Master
Mix Kit (Exiqon, Denmark), and specific commercial LNA™ PCR
primer sets (UniRT). Amplification was performed on a 7900HT Fast
Real-Time PCR System (Applied Biosystems) under the following
conditions: 10 min at 95°C, followed by 40 cycles of 10 s at 95°C and
1 min at 60°C. A melting curve analysis was performed to verify the
specificity of amplification (13). Hsa-miR-16-5p was selected as the
reference for normalization, as it showed optimal stability after
evaluation with RefFinder (26) in our previous studies (13, 14).
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Relative expression levels were calculated using the ACt method,
where ACt = Ct (candidate hsa-miR) - Ct (hsa-miR-16-5p). The ACt
method was selected to allow normalization to a stable endogenous
control, consistent with established approaches in circulating hsa-miR
studies (27, 28). A higher ACt value indicated a lower expression level
of the candidate hsa-miR. Cycle threshold (Ct) values were obtained
using SDS v2.3 software (Applied Biosystems, USA).

2.5 Statistical analysis
We conducted four main types of analyses:

1. Baseline plasma expression levels of the selected panel of hsa-
miRs were jointly evaluated as predictors of the study
endpoints (all-cause mortality and ASCVD progression)
using partial least squares discriminant analysis (PLS-DA).
PLS-DA relates the predictor matrix (X; independent
variables) to the response variable (Y; ASCVD progression
or mortality) by maximising group discrimination and the
covariance between X and Y, enabling dimensionality
reduction and visual interpretation. Latent variables (LVs),
which are linear combinations of the predictors, are generated
to optimise this relationship, providing insights into the
contribution of individual variables to classification. We
used the sparse variant of PLS-DA (sPLS-DA) to identify
the most predictive variables per LV while ensuring model
parsimony. In addition to the selected hsa-miRs, the sPLS-
DA model included clinical covariates such as age, sex, BMI,
disease duration, hypertension status, T2DM, dyslipidaemia,
RA treatments, DAS28-ESR, and lipid-lowering therapies.
Model performance was assessed using 5-fold cross-
validation to estimate the area under the ROC curve (AUC)
for each latent variable, and a bootstrap procedure (N =
1,000) was used to calculate error rates as an additional
measure of classification accuracy. The study was designed
with sufficient statistical power to detect meaningful
differences in AUC for predicting mortality and ASCVD
progression, requiring 151 and 78 individuals, respectively,
based on expected event rates and conventional statistical
thresholds (ot = 0.05, power = 80%).

. We then examined whether the baseline levels of each hsa-miR,
analysed individually and independently, could predict the
study endpoints. For this, we fitted multivariate logistic
regression models adjusted for relevant confounders,
including age, sex, BMI, disease duration, hypertension
status, T2DM, dyslipidaemia, RA treatments and lipid-
lowering therapies. Model performance was assessed using
the C-statistic (AUC) to evaluate discriminative ability and
the Akaike Information Criterion (AIC) to compare model fit,
with lower AIC values indicating better performance. Sample
size adequacy for these models was estimated using Cohen’s
formula, based on the effect size derived from the proportion of
variance explained by the predictors (o0 = 0.05; 80% power).
This analysis indicated that a sample size of 50 participants was
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sufficient to detect significant associations between individual
microRNAs and ASCVD progression.

. We also investigated whether changes in hsa-miR levels
over the follow-up period were predictive of the study
endpoints using repeated measures analyses with
generalized linear mixed-effects models for participants
with data available at both time points. In these models,
ASCVD progression was the dependent variable, while hsa-
miR expression at both time points and relevant
confounders were included as independent variables. To
reduce model complexity and avoid overfitting, a
confounder selection process was applied beforehand.
Candidate variables included age, sex, BMI, disease
duration, dyslipidaemia, T2DM, hypertension, RA
treatments (including Janus kinase (JAK) inhibitors), and
lipid-lowering therapies. A full model including all
candidate confounders was first fitted to identify non-
influential variables. Confounders with p-values >0.10
were excluded, while those with p-values <0.10 were
retained for the final predictive model. Sample size
estimation for the mixed-effects logistic regression model
was performed using a simplified approximation for binary
outcomes with repeated measures, as described by Diggle
etal. (29). Assuming a within-subject correlation of 0.4, two
repeated observations per patient, an o = 0.05, and 80%
power, the minimum required sample size to detect an OR
of 0.50 for hsa-miR expression and ASCVD progression,
based on previous findings (14), was 106 subjects,

. Finally, repeated measures analyses using linear mixed-
effects models were conducted to identify the biological
variables most strongly affecting hsa-miR expression over
the follow-up period. Here, microRNA expression levels at
both time points were the dependent variables, and
independent variables included age, sex, BMI, disease
duration, hypertension, dyslipidaemia, and T2DM. Model
performance was assessed using the C-statistic and AIC.

For descriptive analyses, differences between baseline and
follow-up variables were tested using the paired t-test for
normally distributed data or the Wilcoxon signed-rank test for
non-normal data. The McNemar test was used for dichotomous
variables. Differences between men and women at baseline and
follow-up were evaluated using the Student’s t test, the Mann-
Whitney U test, or the chi-square ()°) test, as appropriate. P-values
<0.05 were considered statistically significant. All analyses were
performed using R software, version 4.2.0.

3 Results

3.1 General characteristics at baseline and
at follow-up

The baseline characteristics of the 235 patients initially
included, as well as those of the 148 patients who completed
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follow-up, are summarised in Table 1. The median age at baseline
was 57 years (IQR 49-67), with 64% of the cohort being women. At
follow-up (median duration: 8 years), the median age was 63 years
(IQR 56-69), and 68% were women. The prevalence of
dyslipidaemia increased significantly over time (p = 0.005), while
the proportions of patients with hypertension, T2DM, and current
smoking remained stable. Triglyceride levels showed a slight
increase, and LDL-C levels a modest decrease, although neither
reached statistical significance (p=0.06 and p=0.08, respectively).
Markers of disease activity and inflammation improved
significantly: DAS28-ESR (p<0.001), ESR (p=0.01), and CRP
(p=0.003) all decreased. The proportion of patients in remission
increased (p=0.005), while those with moderate and high disease
activity decreased (p=0.02 and p<0.001, respectively). Regarding
treatment, the use of biologics (including JAK inhibitors) increased
significantly (p<0.001), whereas the use of csDMARDs, NSAIDs,
and corticosteroids decreased (p<0.05 for all). There was also a
trend toward increased use of lipid-lowering therapies (p=0.06).
Sex-stratified analyses (Supplementary Tables 1, 2) showed that
women had higher disease activity at baseline, which decreased at
follow-up to levels similar to men. The prevalence of atherosclerotic
plaques and cardiovascular events remained higher in men at both
time points.

3.2 ASCVD progression

Over the follow-up period, ASCVD progression was observed in
39% (n= 58) of patients (those who developed either a new plaque
and/or suffered a non-fatal cardiovascular event). Overall, there was
an absolute increase of 11% in carotid plaque prevalence, rising
from 39% at baseline to 50% at follow-up (p = 0.047). The
proportion of patients with non-fatal ASCVD events increased
from 8% to 14% over the follow-up period (p = 0.09).

3.3 Mortality and causes of loss to follow-up

Of the 235 patients initially included in the cohort, 16 were
reclassified with a different diagnosis, 36 were lost to follow-up (due
to relocation, severe frailty precluding hospital visits, or voluntary
withdrawal), and 35 died during the study period. Causes of death
included infections (n=12, 34%), cardiovascular disease (n=11,
31%), neoplasms (n=7, 20%), and other causes (n=>5, 14%).

Supplementary Table 3 compares the baseline characteristics of
patients who completed follow-up with those who died. Patients
who died were older (p<0.001), more likely to be male (p=0.02), had
a higher BMI (p=0.003), and showed a greater prevalence of
hypertension (p=0.001) and T2DM (p=0.01). They also had
higher levels of inflammatory biomarkers, including ESR
(p=0.004) and CRP (p=0.01), although no significant differences
were observed in lipid profiles or disease activity measures.
Regarding ASCVD parameters, they also had a higher prevalence
of carotid plaques (p<0.001) and cardiovascular events (p=0.01).
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TABLE 1 General characteristics of the patients with RA included at
baseline and at follow-up.

Basal Follow-up

(n = 235) (n = 148)
Clinical and demographic
Age

57 (49 - 67 63 (56 - 69 0.001
(years, IQR) ( ) ( ) <
Sex, female

150, 64% 101, 68% 0.44
(n, %)
Body mass index 271 26.5 0.40
(kg/m2, IQR) (23.6 - 30.8) (23.3 - 30.8) ’
Hypertension

138, 59% 95, 64% 0.34
(n, %)
T2DM

27, 11% 23, 16% 0.32
(n, %)
Dyslipidaemia

96, 41% 83, 56% 0.005
(n, %)
Current smoker

61, 26% 28, 19% 0.14
(n, %)
Lipidic profile
Total cholesterol 203 199.5 0.20
(mg/dL, IQR) (182.5 - 227.5) (170.8 - 228) ’
LDL-C 114 (99 - 135.5) 110 (90 - 132) 0.08
(mg/dL, IQR) ’ :
HDL-C

65 (52 - 76 61.50 (51 - 78 0.68
(mg/dL, IQR) ( ) ( )
TG 94 (70 - 127.5) 98 (77 - 140) 0.06
(mg/dL, IQR) ' :

RA disease features and treatments

Disease duration

6(2-13 14 (10 - 20 < 0.001
(years, IQR) ( ) ( )
DAS28-ESR 342 (2.6 - 4.4) 274 (2.2 - 3.7) < 0.001
(median, IQR) ’ ’ : ’ ’ ’ ’
Remission (n, %) 59, 25% 58, 39% 0.005
Low activity (n, %) 45, 19% 40, 27% 0.10
Moderate activity (n, %) = 106, 45% 48, 32% 0.02
High activity (n, %) 25,11% 2,1% <0.001
DAS28-CRP
2.12 (1.3 -3.0 1.95 (1.5 -2.7 0.81
(median, IQR) ( ) ( )
RF+
173, 74% 118, 80% 0.21
(%, n)
ACPA+
167, 71% 116, 78% 0.14
(%, n)
ESR 30 (18 - 50) 2430 0.01
(mm/h, IQR) (13.75 - 42) :
CRP 0.40 (0.2 - 0.9) 0.20 (0.1 - 0.6) | <0.001
(mg/dL, IQR) ’ ’ . ’ ’ ’ :
csDMARDs
175, 74% 84, 57% <0.001
(n, %)
(Continued)
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TABLE 1 Continued

Follow-up

(n = 148)

RA disease features and treatments

Biological agents
(n, %) 46, 20% 71, 48% <0.001
- JAK inhibitors 0, 0% 11, 7% <0.001
NSAIDs
> 0 > 0 !
(0, %) 137, 58% 18, 12% <0.001
n, %
Corticoids
(1, %) 122, 52% 45, 30% <0.001
Lipid-lowering therapies
42, 18% 39, 26% 0.06
(n, %)
Atherosclerotic cardiovascular disease progression
Carotid plaque presence
92, 39% 74, 50% 0.047
(n, %)
Ccv t
events 18, 8% 20, 14% 0.09
(n, %)
ASCVD i
SCVD progression 57, 30% 0.03
(n, %)

Comparison of the general characteristics, disease features, treatments and cardiovascular
progression of the cohort at baseline and after 8 years.

IQR, interquartile range; T2DM, type 2 diabetes mellitus; LDL-C, low-density lipoprotein
cholesterol; HDL-C, high-density lipoprotein cholesterol; TG, triglycerides; DAS28, disease
activity score; RF, rheumatoid factor; ACPA, anti-citrullinated peptide antibodies; ESR,
erythrocyte sedimentation rate; CRP, C-reactive protein; csDMARDS, conventional
synthetic disease modifying antirheumatic drugs; NSAIDs, non-steroidal anti-inflammatory
drugs; JAK, Janus Kinase; CV, cardiovascular; ASCVD, atherosclerotic cardiovascular disease.

3.4 Prediction of ASCVD progression using
baseline expression of the selected hsa-
miR

A sparse PLS-DA model was developed to assess the combined
contribution of a panel of hsa-miRs for predicting ASCVD
progression at follow-up in the entire cohort. The model selected

10.3389/fimmu.2025.1667553

the 10 mostrelevant variables for each LV. The resulting model
(Figure 1) explained 40% of the total variability (LV-1 = 13%, LV-2
= 14%, LV-3 = 13%) and significantly discriminated between
ASCVD progressors and non-progressors (p=0.001). Notably,
hsa-miRs -24, -146, -Let7a, -425, -451 and 155-5p were key
contributors to the model’s performance. The model showed fair
discriminative accuracy, with mean AUCs of 0.76, 0.75, and 0.74 for
LV-1 to LV-3, respectively, and moderate classification errors
ranging from 0.33 to 0.31 across components. A bootstrap
validation showed an overall mean error rate of 0.20 (95% CI:
0.13-0.29), supporting the robustness of the model’s predictive
performance. When hsa-miRs were excluded in a sensitivity
analysis (Supplementary Figure 1), the model’s predictive capacity
declined, with total explained variability decreasing to 33% (LV1 =
19%, LV2 = 8%, LV3 = 6%) and a less clear separation between
groups. Discriminative performance also slightly decreased, with
mean AUCs of 0.76, 0.73, and 0.73 for LV1 to LV3, respectively, and
marginally higher classification errors (ranging from 0.34 to 0.32 for
all LV), supporting the added predictive value of circulating hsa-
miRs for the classification of ASCVD progression in RA.

3.5 Prediction of ASCVD progression using
individual baseline expression of hsa-miRs

When baseline expression levels of each hsa-miR were evaluated
individually, no significant associations with ASCVD progression
were found in the overall cohort (Figure 2). However, in sex-
stratified analyses lower baseline expression levels of hsa-miR-24
(OR = 0.48, p=0.02), -146 (OR = 0.52, p=0.02) and -Let7a (OR =
0.48, p=0.02) significantly predicted ASCVD progression in
women. The inclusion of these hsa-miRs in the models enhanced
predictive performance, as reflected by an increased C-statistic and
a reduced AIC, thereby improving model accuracy (Figure 2). In
contrast, no significant associations were observed in men. To
ensure robust analyses, models were adjusted for age, sex, BMI,

Predictive power of hsa-miRs basal expression for the occurrence of the primary endpoint

WOMEN OR (95% Cl) C-Statistic AIC

Initial Model 0.821 109.52

hsa-miR-Let7a . 0.48(0.23-0.87), p=0.02 0.864 105.12

hsa-miR-24 . 0.48 (0.24-0.88), p=0.02 0.843 105.88

hsa-miR-146 - 0.52(0.27-0.91),p=0.02  (.862 104.91
0 0.5 1

FIGURE 1

OR (95% CI)

sPLS-DA model to predict ASCVD progression. Graphical representation of the Partial Least Square Discriminant Analysis (PLS-DA) model to predict
ASCVD progression including all hsa-miRs and confounders (age, sex, BMI, disease duration, hypertension status, T2DM, dyslipidaemia, RA
treatments, DAS28, and lipid-lowering therapies), along with the feature importance of each LV.
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disease duration, hypertension status, T2DM, dyslipidaemia,
DAS28, RA treatment and lipid-lowering therapies.

Baseline expression levels of hsa-miR-24, -146 -Let7a, and -425
were also individual predictors of carotid plaque progression in
women, again improving model accuracy (Supplementary Table 4).
Similarly, hsa-miR-146, -Let7a, and -155-5p were associated with
incident cardiovascular events (Supplementary Table 5). Models
consistently adjusted for the same set of clinical variables.

3.6 Prediction of ASCVD progression using
longitudinal individual hsa-miR changes

Multivariate generalised linear mixed-effect models were fitted
to assess whether changes in the expression of individual hsa-miRs
over the follow-up period predicted ASCVD progression. The
selection of the most influential confounders for these models are
shown in Supplementary Table 6, and model summaries are
presented in Figure 3. Including each hsa-miR in the initial
model revealed that lower expression levels of hsa-miR-24 (OR =
0.29, p=0.01), hsa-miR-146 (OR = 0.30, p=0.04), hsa-miR-Let7a
(OR = 0.32, p=0.03), hsa-miR-425 (OR = 0.23, p=0.02) and hsa-

10.3389/fimmu.2025.1667553

miR-155-5p (OR = 0.27, p=0.03) were individually associated with
decreased odds of ASCVD progression. The role of these hsa-miRs
was further demonstrated by an improvement in model
performance upon their inclusion, as evidenced by an increased
C-statistic and a reduced AIC, enhancing both classification and
overall predictive capacity.

In sex-stratified analyses, all five hsa-miRs were predictive in
women (hsa-miR-24: OR = 0.54, p=0.02; hsa-miR-146: OR = 0.53,
p=0.01; hsa-miR-Let7a: OR = 0.52, p=0.01; hsa-miR-425: OR =
0.43, p=0.01); hsa-miR-155-5p: OR = 0.52, p=0.01) while only hsa-
miR-146 (OR = 0.48, p=0.02) and hsa-miR-Let7a (OR = 0.46,
p=0.01) were predictive in men.

The inclusion of these hsa-miRs in the generalized linear mixed
models improved performance in both sexes, as reflected by an
increased C-statistic and reduced AIC (Figure 3).

3.7 Prediction of mortality using baseline
expression of the selected hsa-miRs

A sparse sPLS-DA model was developed to predict all-cause
mortality using baseline levels of a selected hsa-miR panel (excluding

Association between each hsa-miR level fluctuation over time and the primary endpoint

OVERALL COHORT C-Statistic AIC
Initial Model 0.897 183.10
hsa-miR-Let7a —_———— 0.32(0.20-0.51), p=0.03 0.916 166.24
hsa-miR-425 —_———— 0.23(0.16-0.55), p = 0.02 0.930 156.16
hsa-miR-24 —_——— 0.29(0.18-0.52), p=0.01 0.923 162.38
hsa-miR-155-5p —_— 0.27 (0.20-0.53), p=0.03 0.923 161.65
hsa-miR-146 —-— 0.30(0.17-0.48), p=0.04 0.915 166.85
MEN
Initial Model 0.864 78.23
hsa-miR-Let7a . 0.46 (0.26 - 0.85), p = 0.02 0.916 71.38
hsa-miR-146 h 0.48 (0.25-0.81), p=0.02 0.919 70.37
WOMEN
Initial Model 0.904 108.81
hsa-miR-Let7a 0.52(0.26-0.86), p=0.01 0.918 106.55
hsa-miR-425 0.43(0.28-0.88),p=0.02  0.927 105.82
hsa-miR-24 * 0.54(0.29-0.88), p=0.02 0.923 108.81
hsa-miR-155-5p . 0.52(0.31-0.93), p = 0.01 0.925 107.31
hsa-miR-146 . 0.53(0.25-0.86), p=0.01 0.921 107.33
0 0.5 1

FIGURE 2

OR (95% CI)

Associations between individual basal expression of each hsa-miR and ASCVD progression. Complete summaries of the logistic regressions
evaluating the power of basal expression levels of the selected hsa-miRs, stratified by sex, on predicting ASCVD progression. Models are adjusted for
age, sex, BMI, disease duration, hypertension, T2DM, dyslipidaemia, DAS28, RA treatment and lipid-lowering therapies. P < 0.05 are considered
statistically significant. OR, odds ratio; Cl, confidence interval; AIC, Akaike information criteria; hsa-miR, microRNA; ASCVD, atherosclerotic

cardiovascular disease.
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Association of the change of expression of each hsa-miR over time with ASCVD progression. Summaries of the generalized linear-mixed models
assessing the association of each hsa-miR with ASCVD progression. The models were adjusted for age, sex, BMI, NSAID use, biologic use, lipid-

lowering medication use, T2DM status, and DAS28. P < 0.05 are considered statistically significant. BMI, body mass index; T2DM, type 2 diabetes
mellitus; ASCVD, atherosclerotic cardiovascular disease; AlC, Akaike Information Criteria.

hsa-miR-155-5p due to missing data) in combination with traditional
CV risk factors. The resulting model (Figure 4) demonstrated strong
discriminative capacity for classifying patients who died during
follow-up, with AUCs of 0.85, 0.85, and 0.86 for LV1, LV2, and
LV3, respectively (p=0.001). Overall, the model explained 42% of the
total variability (LV1 = 12%, LV2 = 16%, LV3 = 14%). A bootstrap
validation showed an overall mean error rate of 0.10 (95% CI: 0.06—
0.15). Although classification errors were moderate (0.37, 0.30, and
0.28 for LV1 to LV3, respectively), the high AUC values indicated
robust discrimination between patients who died and those who
survived. Notably, LV2 and LV3 were enriched with the selected hsa-
miRs, underscoring their contribution to the model’s predictive
structure. When hsa-miRs were excluded in a sensitivity analysis
(Supplementary Figure 2), the model’s predictive performance
decreased, with total explained variability dropping to 37%.
Discriminative accuracy was also reduced, reflected by slightly
increased classification errors (0.39, 0.31, and 0.30 for LV1 to LV3,

Frontiers in Immunology 08

respectively) and marginally lower AUCs (0.83, 0.84, and 0.84 for
LV1 to LV3, respectively), supporting the contribution of the selected
circulating hsa-miRs as informative biomarkers that enhance the
model’s capacity to predict mortality outcomes in RA patients.
Finally, baseline expression levels of individual hsa-miRs were
not significantly associated with mortality risk in the overall cohort,

nor were any significant associations observed in sex-
stratified analyses.

3.8 Biological determinants of hsa-miR

expression changes over the follow-up
period

Expression levels of hsa-miR-24, -146, -Let7a, -425, and -155-5p
increased over the follow-up period (ACt decreased), while hsa-
miR-451 expression decreased (ACt increased) (Figure 5).
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sPLS-DA model to predict the mortality. Graphical representation of the sPLS-DA model to predict mortality including all hsa-miRs and confounders
(age, sex, BMI, disease duration, hypertension status, T2DM, dyslipidaemia, RA treatments, DAS28, and lipid-lowering therapies), along with the

feature importance of each LV.

Linear mixed-effects models identified age and dyslipidaemia as
significant predictors of changes in the expression of hsa-miR-24
(B=-0.19, p=0.01; B=-0.32, p=0.01, respectively) and hsa-miR-146
(B=-0.18, p=0.001; B=-0.31, p=0.01, respectively). Disease duration
and hypertension influenced hsa-miR-Let7a (B=-0.15, p=0.04;
B=0.14, p=0.035, respectively) while BMI and disease duration
affected hsa-miR-425 ($=0.17, p=0.008; B=-0.15, p=0.04,
respectively). Sex was associated with changes in hsa-miR-451
(B=-0.26, p=0.04), and disease duration also influenced hsa-miR-
155-5p (B=-0.16, p=0.04) (Supplementary Table 7).

4 Discussion

This 8-year prospective study investigated the progression of
ASCVD and overall mortality in a cohort of 235 patients with RA, of
whom 148 completed the follow-up. We further evaluated the
predictive value of a panel of hsa-miR (hsa-miR-24, -146, -Let7a,
-425, -451, and -155-5p) for these outcomes, both individually and in
combination. In addition, we explored how longitudinal changes in

Frontiers in Immunology

hsa-miR expression levels were associated with ASCVD progression
and identified biological factors that may underlie these fluctuations.
During the study, 16 patients were reclassified as having other
autoimmune diseases, 36 were lost to follow-up due to relocation,
fragility, or withdrawal, and 35 patients died. Diagnostic
reclassification is not uncommon in RA, particularly in its early
stages, as clinical features often overlap with other autoimmune
conditions. Over time, disease progression typically reveals more
distinct manifestations that help refine the diagnosis (30).
Infections were the leading cause of death (34%), followed by
CVD (31%) and neoplasia (20%). The high incidence of infection-
related deaths may, in part, reflect the overlap of the follow-up
period with the COVID-19 pandemic, as RA is associated with
worse COVID-19 outcomes (31, 32). Patients who died were older,
more often male, and had a higher prevalence of cardiovascular
comorbidities, such as hypertension and T2DM. They also
exhibited elevated inflammatory markers (ESR and CRP), despite
having similar DAS28-ESR scores compared to survivors. This
suggests that low-grade subclinical inflammation, insufficiently
captured by composite disease activity indices and potentially
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amplified by concomitant cardiometabolic conditions, may
contribute to the increased mortality risk observed in RA (33, 34).

A key finding of our study is that adding the hsa-miR panel to
sPLS-DA models that already included traditional cardiovascular
risk factors and medication significantly improved the prediction of
ASCVD progression (hsa-miRs -24, -146, -Let7a, -425, -451 and
-155-5p) and overall mortality (hsa-miRs -24, -146, -Let7a, -425,
and -451), increasing the explained variability by 7% and 5%,
respectively, compared to models without these biomarkers. This
underscores the added value of the hsa-miR panel for identifying
patients at higher risk, consistent with previous studies
demonstrating the superior predictive accuracy of hsa-miR panels
over individual hsa-miRs (35, 36). Longitudinal analyses further
revealed that lower expression levels of hsa-miR-24, -146, -Let7a,
-425, and -155-5p were each independently associated with reduced
odds of ASCVD progression, after adjustment for multiple
confounders. These models showed good performance based on
C-statistic and AIC. Sex-stratified analyses revealed that all tested
hsa-miRs had significant predictive value for ASCVD progression
in women, whereas only hsa-miR-146 and -Let7a were significant
predictors in men. In women, lower baseline expression of hsa-
miR-24, -146, and -Let7a was also significantly associated with
reduced odds of ASCVD progression.

Circulating hsa-miRs are implicated in atherosclerosis in both
the general population and in RA (5, 7). The specific selected hsa-
miRs for this study are known regulators of key inflammatory and
atherosclerotic pathways, including oxidative stress, endothelial
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dysfunction, angiogenesis and plaque stability (37-46). Among
these, miR-24, miR-146, miR-155-5p, and miR-Let-7a have been
described as protective against these processes, whereas miR-425
and miR-451 are often dysregulated in patients with established
ASCVD. In RA, these hsa-miRs have previously been linked to
markers of subclinical atherosclerosis, including increased carotid
intima-media thickness and the presence of carotid plaques (13-
15). However, to our knowledge, their predictive value for ASCVD
progression and mortality in longitudinal studies has not
been assessed.

From a clinical perspective, despite advances in disease
management, likely due to the introduction of new targeted
therapies such as JAK inhibitors and novel lipid-lowering agents,
ASCVD progression, defined as the development new plaques and/
or non-fatal cardiovascular events, significantly increased during
the follow-up period. This underscores the urgent need for novel
biomarkers to identify patients at high risk of atherosclerotic
progression, enabling more personalized and intensive therapeutic
strategies. Our results, pending further validation, highlight the
potential of these hsa-miRs as biomarkers for predicting future
ASCVD and worse clinical outcomes, as reflected by overall
mortality. Notably, different associations were observed in sex-
stratified analyses, suggesting differential roles of hsa-miRs in
men and women. While the mechanisms remain incompletely
understood, several factors may contribute to sex-related
differences. Hormonal influences, particularly the
immunomodulatory effects of estrogens and androgens, can shape
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immune responses and may modulate vascular function. Moreover,
genetic and epigenetic variations, including differences in hsa-miRs
regulation, could further contribute to divergent inflammatory and
cardiovascular pathways between women and men.

Finally, we identified several biological factors influencing hsa-
miR expression over time. Among them, age, disease duration, sex
and several related cardiometabolic conditions such as hypertension
or BMI had a significant effect. These findings reinforce that hsa-
miR expression is modulated by specific conditions and highlight
the unexplored significance of disease duration in hsa-miR
regulation and disease pathogenesis (47-49).

Despite rigorous statistical analyses, including lineal mixed-
models and machine learning approaches that accounted for known
confounders and were cross-validated, several limitations should be
acknowledged. First, although the sample size is substantial for a
longitudinal RA cohort, it may still have limited the detection of
certain associations, particularly regarding mortality. Therefore,
validation in independent and larger cohorts is essential to
confirm the robustness and clinical relevance of these findings.
Second, the generalizability of the results may be limited, as the
cohort consisted exclusively of European Caucasian patients. Third,
stratification of the ASCVD progression endpoint inevitably
reduced the sample size and may have limited statistical power.
Nevertheless, even with the relatively small numbers of carotid
plaque progression and incident ASCVD events individually,
several hsa-miRs remained significantly associated with these
outcomes. This consistency reinforces their potential role in both
subclinical and clinical stages of atherosclerotic progression. Also,
while stratifying all analyses by patients’ inflammatory status (low
vs. high disease activity) would have been of interest, the relatively
small subgroup sizes would have compromised the robustness and
reliability of the results. To mitigate this limitation, all models were
adjusted for DAS28 (specifically DAS28-ESR), thereby accounting
for disease activity and minimizing potential bias related to
inflammation. Finally, although hsa-miR quantification is widely
used and accepted, the inherent measurement variability may limit
the extrapolation of these results to other settings using different
quantification techniques. Nonetheless, the use of a standardized
internal control, such as hsa-miR-16, strengthens the reliability and
validity of our findings.

Conclusions

This study demonstrates that a substantial proportion of
patients with RA experience ASCVD progression and elevated
mortality from cardiovascular events or infections, despite
advances in disease control likely due to the widespread use of
biological therapies. Our findings identify a panel of hsa-miRs as a
promising biomarker for predicting ASCVD progression and
mortality in RA. With further validation, this hsa-miR panel
could be integrated into clinical practice, enabling refined risk
stratification and personalized therapeutic strategies to mitigate
ASCVD-related complications and improve long-term outcomes
in RA.

Frontiers in Immunology

11

10.3389/fimmu.2025.1667553

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The studies involving humans were approved by Clinical
Research Ethics Committee Hospital Sant Joan de Reus (CEIm:
11-04-28/4proj5 for baseline and CEIm: 222/2020 for follow-up).
The studies were conducted in accordance with the local legislation
and institutional requirements. The participants provided their
written informed consent to participate in this study.

Author contributions

DL: Formal Analysis, Data curation, Methodology, Investigation,
Writing - original draft, Writing - review & editing, Conceptualization.
SP: Project administration, Methodology, Investigation,
Conceptualization, Writing — review & editing, Funding acquisition.
DI: Investigation, Writing — review & editing, Data curation,
Methodology. RR: Methodology, Investigation, Writing — review &
editing. LM: Supervision, Writing — review & editing. JR: Writing -
review & editing, Investigation. JV: Writing — review & editing, Project
administration, Writing — original draft, Conceptualization,
Investigation, Funding acquisition.

Funding

The author(s) declare financial support was received for the
research and/or publication of this article. This study has been
funded by Instituto de Salud Carlos III (ISCIII) through the project
“P120/00443” and co-funded by the European Union.

Acknowledgments
We would like to thank all the patients for their

essential collaboration.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative AI was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1667553
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Llop et al.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure
accuracy, including review by the authors wherever possible. If
you identify any issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Smolen JS, Aletaha D, McInnes IB. Rheumatoid arthritis. The Lancet. (2016) 388
(10055):2023-38. doi: 10.1016/S0140-6736(16)30173-8. Erratum in: Lancet. 2016 Oct
22;388(10055):1984. doi: 10.1016/S0140-6736(16)30794-2.

2. Weber BN, Giles JT, Liao KP. Shared inflammatory pathways of rheumatoid
arthritis and atherosclerotic cardiovascular disease. Nat Rev Rheumatol. (2023) 19:417-
28. doi: 10.1038/s41584-023-00969-7

3. Lindhardsen ], Ahlehoff O, Gislason GH, Madsen OR, Olesen JB, Torp-Pedersen
C, et al. The risk of myocardial infarction in rheumatoid arthritis and diabetes mellitus:
a Danish nationwide cohort study. Ann Rheum Dis. (2011) 70:929-34. doi: 10.1136/
ard.2010.143396

4. Corrales A, Vegas-Revenga N, Rueda-Gotor ], Portilla V, Atienza-Mateo B,
Blanco R, et al. Carotid plaques as predictors of cardiovascular events in patients
with Rheumatoid Arthritis. Results from a 5-year-prospective follow-up study. Semin
Arthritis Rheumatol. (2020) 50:1333-8. doi: 10.1016/j.semarthrit.2020.03.011

5. Caporali A, Anwar M, Devaux Y, Katare R, Martelli F, Srivastava PK, et al. Non-
coding RNAs as therapeutic targets and biomarkers in ischaemic heart disease. Nat Rev
Cardiol. (2024) 21:556-73. doi: 10.1038/s41569-024-01001-5

6. Singh DD, Kim Y, Choi SA, Han I, Yadav DK. Clinical significance of
microRNAs, long non-coding RNAs, and CircRNAs in cardiovascular diseases. Cells.
(2023) 12(12):1629. doi: 10.3390/cells12121629

7. Salehi E, Eftekhari R, Oraei M, Gharib A, Bidad K. MicroRNAs in rheumatoid
arthritis. Clin Rheumatol. (2015) 34:615-28. doi: 10.1007/s10067-015-2898-x

8. Pozniak T, Shcharbin D, Bryszewska M. Circulating microRNAs in Medicine. Int
J Mol Sci. (2022) 23(7):3996. doi: 10.3390/ijms23073996

9. Zhou SS, Jin JP, Wang JQ, Zhang ZG, Freedman JH, Zheng Y, et al. miRNAS in
cardiovascular diseases: potential biomarkers, therapeutic targets and challenges. Acta
Pharmacol Sin. (2018) 39:1073-84. doi: 10.1038/aps.2018.30

10. Romaine SPR, Tomaszewski M, Condorelli G, Samani NJ. MicroRNAs in
cardiovascular disease: an introduction for clinicians. Heart. (2015) 101:921-8.
doi: 10.1136/heartjnl-2013-305402

11. Trusinskis K, Lapsovs M, Paeglite S, Knoka E, Caunite L, Mazule M, et al. Plasma
circulating microRNAs in patients with stable coronary artery disease — Impact of different
cardiovascular risk profiles and glomerular filtration rates. ] Clin Transl Res. (2021) 7:270-6.

12. Paredes S, Taverner D, Ferré R, Alegret JM, Masana L, Vallvé JC. MicroRNA
differential expression shared between rheumatoid arthritis and acute myocardial
infarction: an exploratory study. Clin Exp Rheumatol. (2019) 37(5):886-7.

13. Taverner D, Llop D, Rosales R, Ferré R, Masana L, Vallvé JC, et al. Plasma
expression of microRNA-425-5p and microRNA-451a as biomarkers of cardiovascular
disease in rheumatoid arthritis patients. Sci Rep. (2021) 11(1):15670. doi: 10.1038/
541598-021-95234-w

14. Llop D, Ibarretxe D, Plana N, Rosales R, Taverner D, Masana L, et al. A panel of
plasma microRNAs improves the assessment of surrogate markers of cardiovascular
disease in rheumatoid arthritis patients. Rheumatol (Oxford). (2022) 62(4):1677-86.
doi: 10.1093/rheumatology/keac483

15. Llop D, Paredes S, Ibarretxe D, Taverner D, Plana N, Rosales R, et al. Plasma
expression of carotid plaque presence-related microRNAs is associated with
inflammation in patients with rheumatoid arthritis. Int J Mol Sci. (2023) 24
(20):15347. doi: 10.3390/ijms242015347

16. Hu J, Huang S, Liu X, Zhang Y, Wei S, Hu X. miR-155: an important role in
inflammation response. J Immunol Res. (2022) 2022:7437281. doi: 10.1155/2022/
7437281

17. Mahesh G, Biswas R. MicroRNA-155: A master regulator of inflammation. J
Interferon Cytokine Res. (2019) 39:321-30. doi: 10.1089/jir.2018.0155

Frontiers in Immunology

10.3389/fimmu.2025.1667553

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.
1667553/full#supplementary-material

18. Alivernini S, Gremese E, McSharry C, Tolusso B, Ferraccioli G, McInnes IB, et al.
MicroRNA-155-at the critical interface of innate and adaptive immunity in arthritis.
Front Immunol. (2018) 8:1932. doi: 10.3389/fimmu.2017.01932

19. Zhang RL, Wang WM, Li JQ, Li RW, Zhang J, Wu Y, et al. The role of miR-155
in cardiovascular diseases: Potential diagnostic and therapeutic targets. Int J Cardiol
Cardiovasc Risk Prev. (2025) 24:200355. doi: 10.1016/j.ijcrp.2024.200355

20. Bagheri-Hosseinabadi Z, Mirzaei MR, Hajizadeh MR, Asadi F, Rezaeian M,
Abbasifard M. Plasma MicroRNAs (miR-146a, miR-103a, and miR-155) as Potential
Biomarkers for Rheumatoid Arthritis (RA) and Disease Activity in Iranian Patients.
Mediterr ] Rheumatol. (2021) 32:324-30. doi: 10.31138/mjr.32.4.324

21. Jankauskas SS, Gambardella J, Sardu C, Lombardi A, Santulli G. Functional role
of miR-155 in the pathogenesis of diabetes mellitus and its complications. Noncoding
RNA. (2021) 7:39. doi: 10.3390/ncrna7030039

22. Taverner D, Paredes S, Ferré R, Masana L, Castro A, Vallvé JC. Assessment of
arterial stiffness variables in patients with rheumatoid arthritis: A mediation analysis.
Sci Rep. (2019) 9(1):4543. doi: 10.1038/541598-019-41069-5

23. Taverner D, Vallvé JC, Ferré R, Paredes S, Masana L, Castro A. Variables
associated with subclinical atherosclerosis in a cohort of rheumatoid arthritis patients:
Sex-specific associations and differential effects of disease activity and age. PloS One.
(2018) 13(3):¢0193690. doi: 10.1371/journal.pone.0193690

24. Bjorkegren JLM, Lusis AJ. Atherosclerosis: recent developments. Cell. (2022)
185:1630-45. doi: 10.1016/j.cell.2022.04.004

25. Touboul PJ, Hennerici MG, Meairs S, Adams H, Amarenco P, Bornstein N, et al.
Mannheim carotid intima-media thickness and plaque consensus (2004-2006-2011).
Cerebrovasc Dis. (2012) 34:290-6. doi: 10.1159/000343145

26. Xie F, Xiao P, Chen D, Xu L, Zhang B. miRDeepFinder: a miRNA analysis tool
for deep sequencing of plant small RNAs. Plant Mol Biol. (2012) 80:75-84.
doi: 10.1007/s11103-012-9885-2

27. Vékony B, Nyir6 G, Herold Z, Fekete ], Ceccato F, Gruber S, et al. Circulating
miRNAs and Machine Learning for Lateralizing Primary Aldosteronism. Hypertension.
(2024) 81:2479-88. doi: 10.1161/HYPERTENSIONAHA.124.23418

28. Peltier HJ, Latham GJ. Normalization of microRNA expression levels in
quantitative RT-PCR assays: Identification of suitable reference RNA targets in
normal and cancerous human solid tissues. RNA. (2008) 14:844-52. doi: 10.1261/
rna.939908

29. Diggle P, Heagerty P, Liang K, Zeger SL. Analysis of longitudinal data (2002).
Available online at: https://global.oup.com/academic/product/analysis-of-longitudinal-
data-9780198524847.

30. Taylor PC. Update on the diagnosis and management of early rheumatoid
arthritis. Clin Med. (2020) 20:561. doi: 10.7861/clinmed.2020-0727

31. Williamson EJ, Walker AJ, Bhaskaran K, Bacon S, Bates C, Morton CE, et al.
OpenSAFELY: factors associated with COVID-19 death in 17 million patients. Nature.
(2020) 584:430. doi: 10.1038/s41586-020-2521-4

32. Dewanjee S, Kandimalla R, Kalra RS, Valupadas C, Vallamkondu J, Kolli V, et al.
COVID-19 and rheumatoid arthritis crosstalk: emerging association, therapeutic
options and challenges. Cells. (2021) 10:3291. doi: 10.3390/cells10123291

33. Emerging Risk Factors Collaboration, Kaptoge S, Di Angelantonio E, Pennells L,
Wood AM, White IR, et alC-reactive protein, fibrinogen, and cardiovascular disease
prediction. N Engl ] Med. (2012) 367:1310-20. doi: 10.1056/NEJMoal107477

34. Bonaccio M, Di Castelnuovo A, Pounis G, De Curtis A, Costanzo S, Persichillo
M, et al. A score of low-grade inflammation and risk of mortality: prospective findings
from the Moli-sani study. Haematologica. (2016) 101:1434. doi: 10.3324/
haematol.2016.144055

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2025.1667553/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1667553/full#supplementary-material
https://doi.org/10.1016/S0140-6736(16)30173-8
https://doi.org/10.1038/s41584-023-00969-7
https://doi.org/10.1136/ard.2010.143396
https://doi.org/10.1136/ard.2010.143396
https://doi.org/10.1016/j.semarthrit.2020.03.011
https://doi.org/10.1038/s41569-024-01001-5
https://doi.org/10.3390/cells12121629
https://doi.org/10.1007/s10067-015-2898-x
https://doi.org/10.3390/ijms23073996
https://doi.org/10.1038/aps.2018.30
https://doi.org/10.1136/heartjnl-2013-305402
https://doi.org/10.1038/s41598-021-95234-w
https://doi.org/10.1038/s41598-021-95234-w
https://doi.org/10.1093/rheumatology/keac483
https://doi.org/10.3390/ijms242015347
https://doi.org/10.1155/2022/7437281
https://doi.org/10.1155/2022/7437281
https://doi.org/10.1089/jir.2018.0155
https://doi.org/10.3389/fimmu.2017.01932
https://doi.org/10.1016/j.ijcrp.2024.200355
https://doi.org/10.31138/mjr.32.4.324
https://doi.org/10.3390/ncrna7030039
https://doi.org/10.1038/s41598-019-41069-5
https://doi.org/10.1371/journal.pone.0193690
https://doi.org/10.1016/j.cell.2022.04.004
https://doi.org/10.1159/000343145
https://doi.org/10.1007/s11103-012-9885-2
https://doi.org/10.1161/HYPERTENSIONAHA.124.23418
https://doi.org/10.1261/rna.939908
https://doi.org/10.1261/rna.939908
https://global.oup.com/academic/product/analysis-of-longitudinal-data-9780198524847
https://global.oup.com/academic/product/analysis-of-longitudinal-data-9780198524847
https://doi.org/10.7861/clinmed.2020-0727
https://doi.org/10.1038/s41586-020-2521-4
https://doi.org/10.3390/cells10123291
https://doi.org/10.1056/NEJMoa1107477
https://doi.org/10.3324/haematol.2016.144055
https://doi.org/10.3324/haematol.2016.144055
https://doi.org/10.3389/fimmu.2025.1667553
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Llop et al.

35. Ormseth M]J, Solus JF, Sheng Q, Chen SC, Ye F, Wu Q, et al. Plasma
miRNAs improve prediction of coronary atherosclerosis in patients with
rheumatoid arthritis. Clin Rheumatol. (2021) 40:2211-9. doi: 10.1007/s10067-
020-05573-8

36. Ormseth M]J, Solus JF, Sheng Q, Ye F, Wu Q, Guo Y, et al. Development and
validation of a microRNA panel to differentiate between patients with rheumatoid
arthritis or systemic lupus erythematosus and controls. ] Rheumatol. (2020) 47:188-96.
doi: 10.3899/jrheum.181029

37. Wang ZC, Lu H, Zhou Q, Yu SM, Mao YL, Zhang HJ, et al. MiR-451 inhibits
synovial fibroblasts proliferation and inflammatory cytokines secretion in rheumatoid
arthritis through mediating p38MAPK signaling pathway. Int J Clin Exp Pathol. (2015)
8:14562-7.

38. Mahdavi FS, Mardi S, Mohammadi S, Ansari S, Yaslianifard S, Fallah P, et al.
MicroRNA-146: biomarker and mediator of cardiovascular disease. Dis Markers.
(2022) 2022:7767598. doi: 10.1155/2022/7767598

39. Bae SC, Lee YH. MiR-146a levels in rheumatoid arthritis and their correlation
with disease activity: a meta-analysis. Int ] Rheum Dis. (2018) 21:1335-42. doi: 10.1111/
1756-185X.13338

40. Song J, Jun M, Ahn MR, Kim OY. Involvement of miR-let7A in inflammatory
response and cell survival/apoptosis regulated by resveratrol in THP-1 macrophage.
Nutr Res Pract. (2016) 10:377-84. doi: 10.4162/nrp.2016.10.4.377

41. Tang]J, LinJ, Yu Z, Jiang R, Xia J, Yang B, et al. Identification of circulating miR-
22-3p and let-7a-5p as novel diagnostic biomarkers for rheumatoid arthritis. Clin Exp
Rheumatol. (2022) 40:69-77. doi: 10.55563/clinexprheumatol/4me6tg

Frontiers in Immunology

13

10.3389/fimmu.2025.1667553

42. Su LC, Huang AF, Jia H, Liu Y, Xu WD. Role of microRNA-155 in rheumatoid
arthritis. Int ] Rheum Dis. (2017) 20:1631-7. doi: 10.1111/1756-185X.13202

43. Cheng HS, Sivachandran N, Lau A, Boudreau E, Zhao JL, Baltimore D, et al.
MicroRNA-146 represses endothelial activation by inhibiting pro-inflammatory
pathways. EMBO Mol Med. (2013) 5:1017-34. doi: 10.1002/emmm.201202318

44. Maier N, Gatterer C, Haider P, Salzmann M, Kaun C, Speidl WS, et al. MiRNA
Let-7a and Let-7d are induced by globotriaosylceramide via NF-kB activation in fabry
disease. Genes (Basel). (2021) 12. doi: 10.3390/genes12081184

45. Collura S, Ciavarella C, Morsiani C, Motta I, Valente S, Gallitto E, et al.
MicroRNA profiles of human peripheral arteries and abdominal aorta in normal
conditions: MicroRNAs-27a-5p, -139-5p and -155-5p emerge and in atheroma too.
Mech Ageing Dev. (2021) :198:111547. doi: 10.1016/j.mad.2021.111547

46. Wang L, Liu J, Xu B, Liu YL, Liu Z. Reduced exosome miR-425 and miR-744 in
the plasma represents the progression of fibrosis and heart failure. Kaohsiung ] Med Sci.
(2018) 34:626-33. doi: 10.1016/j.kjms.2018.05.008

47. Sedgeman LR, Michell DL, Vickers KC. Integrative roles of microRNAs in lipid
metabolism and dyslipidemia. Curr Opin Lipidol. (2019) 30:165-71. doi: 10.1097/
MOL.0000000000000603

48. Nemecz M, Alexandru N, Tanko G, Georgescu A. Role of microRNA in
endothelial dysfunction and hypertension. Curr Hypertens Rep. (2016) 18(12):87.
doi: 10.1007/s11906-016-0696-8

49. Roganovi¢ J. Downregulation of microRNA-146a in diabetes, obesity and
hypertension may contribute to severe COVID-19. Med Hypotheses. (2021), 146.
doi: 10.1016/j.mehy.2020.110448

frontiersin.org


https://doi.org/10.1007/s10067-020-05573-8
https://doi.org/10.1007/s10067-020-05573-8
https://doi.org/10.3899/jrheum.181029
https://doi.org/10.1155/2022/7767598
https://doi.org/10.1111/1756-185X.13338
https://doi.org/10.1111/1756-185X.13338
https://doi.org/10.4162/nrp.2016.10.4.377
https://doi.org/10.55563/clinexprheumatol/4me6tg
https://doi.org/10.1111/1756-185X.13202
https://doi.org/10.1002/emmm.201202318
https://doi.org/10.3390/genes12081184
https://doi.org/10.1016/j.mad.2021.111547
https://doi.org/10.1016/j.kjms.2018.05.008
https://doi.org/10.1097/MOL.0000000000000603
https://doi.org/10.1097/MOL.0000000000000603
https://doi.org/10.1007/s11906-016-0696-8
https://doi.org/10.1016/j.mehy.2020.110448
https://doi.org/10.3389/fimmu.2025.1667553
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Atherosclerotic cardiovascular disease and mortality in a cohort of patients with rheumatoid arthritis: a prospective study investigating microRNAs as predictors of atherosclerosis and mortality
	1 Introduction
	2 Materials and methods
	2.1 Study design and participants
	2.2 Laboratory measurements
	2.3 Study endpoints
	2.4 Plasma microRNA expression
	2.5 Statistical analysis

	3 Results
	3.1 General characteristics at baseline and at follow-up
	3.2 ASCVD progression
	3.3 Mortality and causes of loss to follow-up
	3.4 Prediction of ASCVD progression using baseline expression of the selected hsa-miR
	3.5 Prediction of ASCVD progression using individual baseline expression of hsa-miRs
	3.6 Prediction of ASCVD progression using longitudinal individual hsa-miR changes
	3.7 Prediction of mortality using baseline expression of the selected hsa-miRs
	3.8 Biological determinants of hsa-miR expression changes over the follow-up period

	4 Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References


