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Abstract: Adropin is a secretory protein that mainly modulates metabolic homeostasis and en-
dothelial function. There is growing evidence supporting association of adropin with various
inflammatory diseases, including rheumatoid arthritis (RA). This study aimed to compare serum
adropin levels between 70 patients with RA and 70 matched healthy controls. Furthermore, we
explored adropin correlations with RA disease activity, glucose metabolism parameters and in-
flammatory biomarkers. Serum adropin levels were determined by a competitive enzyme-linked
immunosorbent assay. Serum adropin levels were significantly lower in RA patients than in the
control group (2.85 ± 0.91 vs. 4.02 ± 0.99 ng/mL, p < 0.001). In the RA group, serum adropin
levels had a significant negative correlation with total cholesterol (r = −0.172, p = 0.043), HbA1c
(r = −0.406, p < 0.001), fasting glucose (r = −0.377, p < 0.001) and HOMA-IR (the homeostasis
model assessment-estimated insulin resistance; (r = −0.315, p = 0.008)). Multiple linear regression
analysis showed that serum adropin levels retained a significant association with levels of fasting
glucose (β ± SE, −0.450 ± 0.140, p = 0.002) and HbA1c (−0.528 ± 0.223, p = 0.021) after model
adjustments. These findings imply that adropin could have an impact on metabolic homeostasis
in RA, although further well-designed studies are warranted in order to establish this.

Keywords: adropin; rheumatoid arthritis; metabolic homeostasis; inflammatory disease

1. Introduction

Rheumatoid arthritis (RA) is the most prevalent inflammatory rheumatic disease that
primarily affects synovial tissue leading to joint damage and long-term impairment, and
is often burdened with numerous comorbidities. The most important among them are
cardiovascular diseases (CVDs) [1]. Major cardiovascular events (CVEs) are the leading
causes of death in RA and reduce patient life expectancy [2]. There are several crucial
factors contributing to the development of these comorbidities, including the interference of
traditional cardiovascular (CV) risk factors (type 2 diabetes (T2D) and high blood pressure
(HBP)), in addition to rheumatoid pro-inflammatory ambience [3–6]. Moreover, it is well
established that RA related pro-inflammatory cytokines, tumor necrosis factor alpha (TNF-
α), interleukin-1b (IL-1b) and IL-6, have a pivotal role in atherosclerosis and metabolic
dysregulation [7]. Furthermore, those cytokines seem to be involved in the pathophysiology
of insulin resistance (IR) [8].

Adropin is a secretory peptide consisting of 76 amino acids, and it is encoded by the
Energy Homeostasis Associated gene (ENHO) [9]. ENHO is primarily expressed in the
liver and brain, but its presence is also detected in the peripheral blood mononuclear cells,
heart, muscles and kidneys [9,10]. Several studies on genetically modified animals have
demonstrated a significant correlation of adropin overexpression with improved glucose
tolerance, reduced IR (the homeostatic model assessment of insulin resistance–HOMA-
IR) and the promotion of carbohydrates in oxidative reactions [10,11]. Apart from these
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well-investigated roles in glucose homeostasis and lipid metabolism, recent data have
highlighted the role of adropin as a potentially prominent regulatory component of the
vascular endothelium [9,12]. Some studies have shown that adropin is involved in diverse
pathologies, including diabetes mellitus (DM) [13], coronary artery disease [14], arterial
hypertension [15], inflammatory bowel disease (IBD) [16] and osteoarthritis (OA) [17].
Interestingly, serum adropin levels in patients with aforementioned diseases were found
to be low [13–17]. Moreover, serum adropin levels have been investigated in systemic
sclerosis (SSc) and Sjögren’s syndrome (SS), suggesting a potential interrelation between
adropin and these autoimmune diseases [18,19].

To the best of our knowledge, only one study compared serum adropin levels with
ENHO gene expression in a small subset of patients with RA and systemic lupus erythe-
matosus (SLE) with a group of healthy controls. However, they did not find significant
differences of serum adropin levels among the study groups [20]. Taking into consideration
the role of adropin in glycolipid metabolism [9,12] and its association with inflammatory
signaling pathways, including TNF-α and IL-6 [17,21], we hypothesized that adropin may
be implicated in the pathophysiology of RA. Hence, the aim of this study was to evaluate
the relationship between serum adropin levels and RA disease activity, glucose metabolism
parameters and inflammatory biomarkers.

2. Materials and Methods
2.1. Study Design

This cross-sectional study was performed at the Department of Internal Medicine,
Division of Clinical Immunology and Rheumatology, University Hospital of Split from
October 2020 to June 2021.

2.2. Ethical Considerations

All subjects gave their informed and individually signed consent for inclusion before
they participated in the study. The study was approved by the Ethics Committee of
University Hospital of Split (Class: 500-03/20-01/109; Registration number: 2181-147-
01/06/M.S.-20-02) and was conducted in accordance with all ethical principles of the
Seventh Revision of the Helsinki Declaration from 2013.

2.3. Subjects

Seventy patients with RA and 70 healthy controls, matched by age and sex, were
included in this study. The flow diagram of the study is depicted in the Supplementary
Figure S1. Patients with RA were enrolled consecutively from the outpatient clinic of the
Department of Clinical Immunology and Rheumatology, University Hospital of Split. The
control group consisted of healthy volunteers from the local primary health care center.
RA diagnosis was made in accordance with the latest 2010 ACR/EULAR classification
criteria [22]. The inclusion criteria were age between 18 and 80 years; RA duration of at
least two years; obligatory treatment with biologic or targeted synthetic disease-modifying
antirheumatic drugs (DMARDs): TNF-α inhibitors, IL-6 inhibitors, B-cell targeted therapies
and Janus kinase (JAK) inhibitors. The exclusion criteria were chronic autoimmune disease
other than RA, DM, congestive heart failure, coronary heart disease, chronic kidney disease,
respiratory and liver diseases, any kind of malignancy, current pregnancy or breastfeeding,
drug abuse, consumption of alcohol more than 40 g/day, current acute or chronic infection
and daily oral glucocorticoid therapy ≥10 mg.

2.4. Anthropometric Measurements and Clinical Examination

Detailed medical history, a physical examination, anthropometric measurements and
laboratory analysis of all the participants were obtained and performed. After collecting
clinically relevant data from medical records, we performed systemic and rheumatologic
examinations, alongside the assessment of body weight and height, body mass index (BMI),
blood pressure and heart ratio. The calibrated medical scale with built-in heights (Seca,
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Birmingham, UK) was used for measurement of body weight and height and BMI was
calculated by dividing the value of body mass (kg) by the squared value of height (m2). A
standard mercury sphygmomanometer Riester Big Ben Aneroid (Rudolf Riester GmbH,
Jungingen, Germany) was used for measurement of arterial blood pressure. Participants
were seated and relaxed for 10 min before the measurements, with the upper arm at
heart level, and the mean value of the two measurements taken in account. Finally, data
on smoking, coffee and alcohol consumption were checked with all study participants.
Furthermore, all subjects showing any symptom of inflammation, malignant, autoimmune
or chronic disease, were excluded from the control group.

2.5. Disease Severity Assessment and Measurement of Functional Disability

Disease Activity Score-28 (DAS28) and the Stanford Health Assessment Questionnaire
(HAQ) were determined only in the patient group for the assessment of RA activity and
functional disability, retrospectively. DAS28 score ranges from <2.6 to >5.1. The gradation
of RA activity is defined by the thresholds: <2.6 indicates remission, 2.6 to 3.2 indicates low
disease activity, 3.2 to 5.1 indicates moderate disease activity, and >5.1 indicates a high dis-
ease activity. The assessment of DAS28 was performed by two experienced rheumatology
specialists independently using the online Dawn® visual DAS28 calculator. The score is
arrived at by using the number of tender and swollen joints, the level of C-reactive pro-
tein (CRP (mg/L)) plus the answers to a general health assessment questionnaire (patient
assessment of disease activity using a 100 mm visual analogue scale (VAS) with 0 = best,
100 = worst) [23]. Traditionally, HAQ was established for evaluation of difficulties regard-
ing ordinary activities that patients with RA encounter on a daily basis. The HAQ score
ranges from 0 to 3, with a score above 1.5 considered a severe disability. The questionnaire
is divided into 20 questions in eight categories, including disturbance of movements of
both upper and lower extremities [24].

2.6. Blood Sampling and Laboratory Analysis

According to the standard laboratory protocols, the same experienced biochemist
analyzed all blood samples from participants, which were obtained after 12 h of overnight
fasting from the cubital vein via a polyethylene catheter. Serum samples were centrifuged
and stored at −80 ◦C for further analysis, while routine laboratory tests were performed
the same day. In addition, the biochemist was blinded to the participants’ group affiliation.
Serum adropin levels were determined using commercially available competitive enzyme-
linked immunosorbent assay (Phoenix Pharmaceuticals, Burlingame, CA, USA). Analyses
were performed according to the manufacturer’s instructions. Declared sensitivity of the
assay was 0.3 ng/mL with linearity range of 0.3–8.2 ng/mL. Fasting glucose was measured
photometrically using enzymatic method with hexokinase (Roche Diagnostics, Mannheim,
Germany) and electrochemiluminescence immunoassay (Roche Diagnostics, Mannheim,
Germany) was used to measure insulin levels. HOMA-IR was used as a surrogate mea-
surement of IR. It was calculated according to the following formula = [fasting glucose
(mmol/L) × fasting insulin (µU/mL)/[5,22]. The ion-exchange chromatography method
on Tosoh G8 analyzer (Tosoh Bioscience, Tokyo, Japan) was used for Hemoglobin A1c
(HbA1c) measurement. Anti-cyclic citrullinated peptide (anti-CCP) antibody levels were
determined by chemiluminescence microparticle immunoassay on an Architect analyzer
(Abbott, Abbott Park, IL, USA). hsCRP (high-sensitivity CRP) and rheumatoid factor (RF)
were determined by the immunoturbidimetric methods (Roche Diagnostics, Mannheim,
Germany). RF and anti-CCP were measured only in RA patients. Other biochemical
analyses were performed using standard laboratory procedures.

2.7. Statistical Analysis

Analyses of the data were performed using MedCalc (MedCalc Software, Ostend,
Belgium, version 19.1.2). Quantitative data are presented as the mean ± standard
deviation or median (interquartile range), whereas qualitative data were expressed
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as whole numbers (N) with percentages (%). Normality of distribution was assessed
using the Kolmogorov–Smirnov test. Independent samples t-test or Mann–Whitney
U test were used for comparison of groups in terms of quantitative variables, while
the chi-squared (χ2) test was used to determine differences between groups in terms
of qualitative variables. Pearson’s correlation or Spearman’s rank correlation were
used for the estimation of correlations between variables. Finally, a multiple linear
regression analysis was used to determine significant and independent associations
of the adropin serum levels, which was defined as a dependent variable. The level of
statistical significance was set at a p-value < 0.05.

2.8. Sample Size Analysis

Sample size analysis was conducted using the data from a pilot study on 10 subjects
from the RA population and 10 matched control subjects. The value of serum adropin,
which was the main result of the study, was used for the calculation. The mean serum
adropin levels were 3.01 ± 1.02 ng/mL in the RA group and 3.77 ± 1.12 ng/mL in the
control group. With a type I error of 0.05, and a power of 90%, the required sample size
was 43 participants per group.

3. Results
Baseline Characteristics and Laboratory Parameters

There were no statistically significant differences in baseline characteristics between
the RA group and the control group (Table 1). In the RA group, 46 (65.7%) subjects had a
positive RF and 51 (72.8%) subjects had a positive anti-CCP. Moreover, the mean duration
of RA was 15.0 (10.0–20.0) years (Table 1).

Table 1. Baseline characteristics of the RA group and the control group.

Parameter RA Group
(n = 70) Control Group (n = 70) p *

Female sex (N,%) 64 (91.4) 61 (87.1) 0.737
Age (years) 55.9 ± 12.5 52.5 ± 14.1 0.134

Body weight (kg) 73.2 ± 13.6 69.6 ± 14.1 0.124
Body height (cm) 169.1 ± 7.2 168.1 ± 10.1 0.487

Body mass index (kg/m2) 25.6 ± 4.2 25.0 ± 4.3 0.394
SBP (mmHg) 131.2 ± 17.5 126.3 ± 15.2 0.078
DBP (mmHg) 80.9 ± 10.9 78.7 ± 11.4 0.244

Smoking (N,%) 22 (31.4) 16 (22.9) 0.349
Disease duration (years) † 15.0 (10.0–20.0) - -
Rheumatoid factor (N,%) 46 (65.7) - -

Anti-CCP (N,%) 51 (72.8) - -
DAS28 (score) ‡ 2.49 ± 0.94 - -

HAQ (score) 0.83 ± 0.60 - -
csDMARD 50 (71.4) - -
tsDMARD 10 (14.2) - -
bDMARD 60 (85.8) - -

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; anti-CCP, anti-cyclic citrullinated
peptide antibodies; DAS28, Disease Activity Score 28; HAQ, Health Assessment Questionnaire; scDMARD,
conventional synthetic disease-modifying antirheumatic drug; tsDMARD, targeted synthetic disease-modifying
antirheumatic drug; bDMARD, biologic disease-modifying antirheumatic drug. Data are presented as the whole
number (percentage), the mean ± standard deviation or median (IQR). * chi-square test or t-test for independent
samples. † time period since the initial diagnosis. ‡ calculated using the hsCRP values.

Laboratory analyses showed that the RA group, in comparison to the control
group, had significantly higher levels of hsCRP (1.7 (0.7–3.1) vs. 1.2 (0.6–1.9) mg/L,
p = 0.009), serum creatinine (70.0 ± 17.3 vs. 64.1 ± 10.7 µmol/L, p = 0.017), total
cholesterol (5.3 ± 1.2 vs. 4.7 ± 1.0 mmol/L, p = 0.002), LDL cholesterol (3.3 (2.5–3.8)
vs. 2.7 (2.0–3.6) mmol/L, p = 0.025), fasting glucose (5.0 ± 0.7 vs. 4.7 ± 0.5 mmol/L,
p = 0.007) and HOMA-IR (2.7 ± 1.6 vs. 2.1 ± 1.1, p = 0.027). There were no other
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significant differences between the RA and the control group in laboratory parameters
(Table 2).

Table 2. Laboratory parameters of the RA group and the control group.

Parameter. RA Group
(n = 70) Control Group (n = 70) p *

Erythrocytes (×1012/L) 4.4 ± 0.4 4.5 ± 0.5 0.330
Hemoglobin (g/L) 133.8 ± 12.9 136.1 ± 10.8 0.269

TSH (mIU/mL) 2.2 (1.3–3.4) 1.8 (1.2–3.2) 0.365
Urea (mmol/L) 5.2 ± 1.7 5.0 ± 1.6 0.355

Creatinine (µmol/L) 70.0 ± 17.3 64.1 ± 10.7 0.017
hsCRP (mg/L) 1.7 (0.7–3.1) 1.2 (0.6–1.9) 0.009

Triglycerides (mmol/L) 1.4 ± 0.7 1.3 ± 0.6 0.384
Total cholesterol (mmol/L) 5.3 ± 1.2 4.7 ± 1.0 0.002
HDL cholesterol (mmol/L) 1.8 ± 0.4 1.8 ± 0.5 0.515
LDL cholesterol (mmol/L) 3.3 (2.5–3.8) 2.7 (2.0–3.6) 0.025
Fasting glucose (mmol/L) 5.0 ± 0.7 4.7 ± 0.5 0.007
Fasting insulin (pmol/L) 80.3 ± 37.0 71.1 ± 36.2 0.164

HbA1c (%) 5.7 ± 0.4 5.5 ± 0.4 0.052
HOMA-IR 2.7 ± 1.6 2.1 ± 1.1 0.027

Abbreviations: TSH, thyroid stimulating hormone; hsCRP, high sensitivity C-reactive protein; HbA1c, hemoglobin
A1c; HOMA-IR, homeostatic model assessment for insulin resistance. Data are presented as the mean ± standard
deviation and median (IQR). * t-test for independent samples or Mann–Whitney U test.

Serum adropin levels were significantly lower in patients with RA than in the control
group (2.85 ± 0.91 vs. 4.02 ± 0.99 ng/mL, p < 0.001) (Figure 1).

Figure 1. Comparison of serum adropin levels between the control group (n = 70) and the RA group
(n = 70). The data are presented as the mean ± standard deviation. * t-test for independent samples
(p < 0.001).
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Furthermore, serum adropin levels had a significant negative correlation with total
cholesterol (r = −0.172, p = 0.043), HbA1c (r = −0.406, p <0.001), fasting glucose (r = −0.377,
p <0.001) and HOMA-IR (r = −0.315, p = 0.008) (Table 3, Figure 2). There were no other
significant correlations between serum adropin levels and anthropometric, laboratory and
clinical parameters (Table 3).

Table 3. Correlation analysis between serum adropin levels and different biochemical, anthropometric
and clinical parameters in the RA group (n = 70).

Parameter r * p

hsCRP (mg/L) 0.103 † 0.641
Triglycerides (mmol/L) −0.199 0.098

Total cholesterol (mmol/L) −0.172 0.043
HDL (mmol/L) 0.045 0.597
LDL (mmol/L) −0.057 † 0.641
Urea (mmol/L) −0.112 0.187

Creatinine (µmol/L) −0.102 0.230
TSH (mIU/mL) −0.187 † 0.120

Age (years) −0.036 0.671
Body mass index (kg/m2) 0.026 0.760

SBP (mmHg) −0.109 0.199
DBP (mmHg) −0.038 0.659
HAQ (score) −0.155 0.201

DAS28 (score) 0.006 0.958
Abbreviations: hsCRP, high sensitivity C-reactive protein; TSH, thyroid stimulating hormone; 25OHD, 25 hydrox-
yvitamin D; SBP, systolic blood pressure; DBP, diastolic blood pressure; HAQ, Health Assessment Questionnaire;
DAS28, Disease Activity Score−28. * Pearson’s correlation coefficient. † Spearman’s rank correlation coefficient.

We did not find a significant correlation of serum adropin levels with DAS28 (r = 0.006,
p = 0.958) and HAQ score (r = −0.155, p = 0.201) (Figure 3).

Multiple linear regression analysis showed that serum adropin levels retained signifi-
cant association with fasting glucose levels (β ± SE, −0.450 ± 0.140, p = 0.002) and HbA1c
(−0.528 ± 0.223, p = 0.021) after model adjustment for age, BMI, DAS28 and HAQ scores
and disease duration, with serum adropin levels as a dependent variable (Table 4).

Table 4. Multiple linear regression model of independent predictors for serum adropin levels.

Variable β † SE ‡ t-Value p

Age (years) −0.007 0.009 −0.816 0.418
Body mass index

(kg/m2) 0.046 0.024 1.892 0.063

DAS28 (score) −0.089 0.137 −0.655 0.515
HAQ (score) 0.362 0.208 1.740 0.087

Disease duration
(years) 0.014 0.011 1.264 0.211

Fasting glucose
(mmol/L) −0.450 0.140 −3.219 0.002

HbA1c (%) −0.528 0.223 −2.361 0.021
Abbreviations: DAS28, Disease Activity Score-28; HAQ, Health Assessment Questionnaire; HbA1c, hemoglobin
A1c. † unstandardized coefficient β ‡ standard error.
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Figure 2. Correlation analysis of adropin levels with HbA1c (A), HOMA-IR (B), fasting insulin
(C) and fasting glucose (D) in RA group. Red lines represent the regression line, while green lines
represent 95% confidence interval. * Pearson’s correlation coefficient.

Figure 3. Correlation between serum adropin levels and (A) HAQ and (B) DAS28 score (n = 70). Red
lines represent the regression line, while green lines represent 95% confidence interval. * Spearman’s
correlation coefficient.
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4. Discussion

Our study has shown that patients with RA had significantly lower levels of serum
adropin than healthy control subjects. In addition, a significant negative correlation was
found between serum adropin levels and serum levels of fasting glucose, HbA1c and
HOMA-IR values in RA patients, which could emphasize the possible interaction of adropin
and energy homeostasis in RA.

As mentioned, only one study has measured serum adropin levels in a small sample
of patients with RA and SLE in comparison to healthy controls. Contrary to our results,
they did not find any significant difference among the groups, although ENHO expression
was higher in the RA group. Our study differs from the above-noted in smaller sample
size, and exclusion criteria. In addition, they compared serum adropin levels in patients
with RA and SLE with the same control group, despite substantial heterogeneity between
the groups. Furthermore, their patients were significantly younger and RA duration was
shorter, both factors that could interfere with serum adropin levels. [20].

Low levels of circulating adropin have been reported in some disorders with low-grade
chronic inflammation, such as T2D [25], atherosclerosis [26], IBD [16], and in patients on
hemodialysis [27]. Considering that RA is a systemic inflammatory disease, it was reason-
able to expect similar lower serum levels of adropin in patients with RA. The results of our
study are in concordance with this. Several various in vitro studies have shown adropin’s
multiple anti-inflammatory effects, emphasizing an association of adropin deficiency with
the imbalance of the immune cells and inflammatory cytokines [28–31]. However, even
though these findings suggest that adropin has a pivotal immunomodulatory role, the
specific underlying mechanisms have not been fully elucidated [29]. The increased produc-
tion of nitric oxide (NO) parameters in RA, catalyzed by inducible nitric oxide synthase
(iNOS), is a direct consequence of the activation of IL-1, TNF-α and interferon-γ (IFN-γ) in
macrophages and vascular endothelial cells [21,29]. One of the possible mechanisms is the
upregulation of endothelial nitric oxide synthase (eNOS) kinase activity, a process which
could be involved in the cascade of RA pathophysiological pathways. This hypothesis is
supported by data demonstrating that adropin modifies eNOS activity by activation of
vascular endothelial growth factor receptor 2 (VEGFR2). Consequently, the activation of
PI3K-Akt and ERK1/2 signaling pathways occurs, with both of them involved in the patho-
genesis of RA [32]. Moreover, the leukocyte extravasation and motion process regulated by
TNF-α could be disrupted by adropin, thereby showing its anti-inflammatory effects [33].
Regarding these in vitro data, the potential link between adropin and various rheumatic
diseases has been investigated [17–20]. Increased serum adropin levels have been observed
in patients with pSS, SSc and Behcet’s disease (BD) [18,19], whereas serum adropin was
reduced in patients with OA [17]. The latter study has demonstrated a negative correlation
of serum adropin levels with TNF-α and inflammatory cells in patients with knee OA.
These results implicate a connection between adropin and markers of inflammation [17].
Despite the conflicting results of these studies, the interference of adropin in inflammatory
signaling pathways in systemic autoimmune diseases remains plausible. Consistent with
the fact that the primary pro-inflammatory cytokine in RA is TNF-α, the lower adropin
values found in our patients could be explained in the context of the results in OA. Yet, it is
important to address that our patients have been on therapy with biologics and targeted
small molecules that at least partially neutralize TNF-α, thus possibly affecting serum
adropin levels. For future perspectives, a multicenter longitudinal study with naïve RA
patients should evaluate all of these findings.

The precise role of adropin and ENHO expression in inflammatory rheumatic diseases
still needs to be clarified. Gregersen et al. reported a genetic variant in ENHO expression in
RA, but it has not been established whether it affects serum adropin levels [34]. Moreover,
Yolbas et al. demonstrated a higher ENHO expression in RA patients in the absence of
upstreamed serum levels of adropin, suggesting that adropin could be associated with
pannus formation in RA. This hypothesis was additionally explained by the lack of pannus
formation in patients with SLE and healthy controls [20]. One of the most important regu-
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lators of the genomic transcription of chemokines, cytokines, and adhesion molecules is
the kappa B nuclear transcription factor (NF-kB) [35]. Interestingly, an increased level of
NF-kB was found in pannus of both patients and animal models with RA, emphasizing
its role in active inflammation in RA [36–38]. These findings could indicate that NF-kB,
through molecular imbalance, leads to alteration of ENHO expression and, consequently
serum adropin levels. This could be one of the possible pathophysiological mechanisms
by which pro-inflammatory cytokines (TNF-α, IL-1 and IL-6) participate in ENHO expres-
sion and serum adropin levels in RA. A recently published study has shown that ENHO
expression is mediated via members of the nuclear receptor (NR) 1F subfamily, RORα
and RORγ genes [39]. An animal study conducted on RORα-deficient Stagger mice that
were fed a high-fat diet showed increased mRNA levels of TNF-α, IL-1β, and IL-6 [40,41].
Furthermore, RORα negatively regulates the cytokine-induced inflammatory response by
impeding the NF-κB signaling pathway [42]. The link between RORα and NF-κB could be
a potential molecular basis that connects pro-inflammatory cytokines, ENHO expression
and adropin levels in RA, but further studies are needed to explore these theses. On the
other hand, adropin deficiency results in elevated expressions of inflammation-related
genes (IL-1b, IL-6 and TNF-α) in adropin knockout mice (AdrKO) mice [43]. Similar to this
in vitro finding, it was proposed that the levels of adropin are in reverse association with
the above-mentioned inflammation-related genes in various inflammation states [29]. These
results indicate that levels of pro-inflammatory cytokines have influence on the serum
adropin levels, and even ENHO expression, but more in vivo experiments are required to
further confirm these data.

It is well-established that patients with RA are at an increased risk of developing DM
due to several factors, most prominently chronic inflammation, glucose intolerance and
IR [44–46]. IR in RA is largely due to systemic inflammation induced by pro-inflammatory
cytokines, particularly TNF-α [44,46]. TNF-α triggers key steps in insulin signaling path-
ways contributing to the increased IR in patients with RA [46,47]. The significant finding
of our study is a negative correlation of serum adropin levels with fasting glucose and
HOMA-IR, in concordance with adropin’s role in glucose metabolism [10,11]. It has been
shown that lower blood adropin levels were associated with obesity and IR in mice [10].
Moreover, the treatment of obese mice with exogenous adropin resulted in improvement of
insulin sensitivity and glucolipid metabolism, with lower expression of lipogenic genes
in the liver [10]. Adropin regulates the expression of some of the key adipokines, such
as adiponectin, resistin and visfatin [48]. Although, the importance of adipokines in the
complex pathophysiology of RA has been well studied, their specific role in the progres-
sion of disease remains to be evaluated [49]. Resistin and visfatin have been shown to
be connected with both chronic inflammation and bone destruction in RA [50]. Since
adropin acts as a regulator of resistin and visfatin expression, it could be considered as
a potential anti-inflammatory factor in RA. Similar to our results, a negative correlation
between serum adropin levels and levels of fasting glucose and HbA1c and values of
HOMA-IR was reported in the study conducted in patients with obstructive sleep apnea.
That negative correlation was explained by the possibility of adropin interactions with
eNOS and pro-inflammatory cytokines (TNF-α and IL-6) [33]. Therefore, this could be a
mechanism by which adropin interferes with RA inflammation.

We did not find a significant correlation between serum adropin levels and DAS28 and
HAQ scores, RA duration and hsCRP levels. Based on our findings of negative correlation
between serum adropin levels and fasting glucose, HbA1c and HOMA-IR values in RA
patients, we can speculate that adropin is somehow involved in metabolic disorders in RA.

Our study has several limitations. It was conducted in a single-center and it had a
relatively small sample size. Moreover, it was not possible to completely eliminate all
the confounding effects that could interfere with the results of the study. One of them is
the possible effects of biological and targeted small molecule therapy on serum adropin
levels in our RA study group, due to partial neutralization of TNF-α. Additionally, the
cross-sectional design of the study does not allow for definition of any causal relations.
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5. Conclusions

In conclusion, this is the first study that reported decreased serum adropin levels in
patients with RA. Furthermore, adropin was negatively correlated with fasting glucose,
HbA1c and HOMA-IR values. These results imply that adropin could have an impact on
metabolic homeostasis in RA, although these results should be interpreted cautiously and
further larger scale studies are necessary to address them.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/life12020169/s1, Figure S1. The flow diagram of the study.

Author Contributions: Conceptualization, P.S., D.P., I.B. and J.B.; methodology, P.S., D.P., I.B., D.M.
and J.B.; software, I.B. and D.M.; validation, P.S., D.P., N.B. and J.B.; formal analysis, P.S., D.P., N.B.
and D.M.; investigation, P.S. and I.B.; resources, D.P. and J.B.; data curation, P.S., D.P., N.B. and D.M.;
writing—original draft preparation, P.S., I.B. and D.M.; writing—review and editing, D.P. and J.B.;
visualization, P.S., I.B. and D.M.; supervision, P.S., D.P. and J.B.; project administration, P.S., D.P. and
J.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of University Hospital of Split (Class:
500-03/20-01/109; Registration number: 2181-147-01/06/M.S.-20-02).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data are available on request to corresponding author.

Acknowledgments: We would like to express strong gratitude to Petra Buric, RN and Ana Cvitanic,
RN for their great effort during the conduct of the study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Alamanos, Y.; Voulgari, P.V.; Drosos, A.A. Incidence and prevalence of rheumatoid arthritis, based on the 1987 American College

of Rheumatology criteria: A systematic review. Semin. Arthritis Rheum. 2006, 36, 182–188. [CrossRef] [PubMed]
2. López-Mejías, R.; Castañeda, S.; González-Juanatey, C.; Corrales, A.; Ferraz-Amaro, I.; Genre, F.; Remuzgo-Martínez, S.;

Rodriguez-Rodriguez, L.; Blanco, R.; Llorca, J.; et al. Cardiovascular risk assessment in patients with rheumatoid arthritis: The
relevance of clinical, genetic and serological markers. Autoimmun. Rev. 2016, 15, 1013–1030. [CrossRef] [PubMed]

3. Baghdadi, L.R.; Woodman, R.J.; Shanahan, E.M.; Mangoni, A.A. The impact of traditional cardiovascular risk factors on
cardiovascular outcomes in patients with rheumatoid arthritis: A systematic review and metaanalysis. PLoS ONE 2015, 17,
e0117952. [CrossRef] [PubMed]

4. Crepaldi, G.; Scirè, C.A.; Carrara, G.; Sakellariou, G.; Caporali, R.; Hmamouchi, I.; Dougados, M.; Montecucco, C. Cardiovascular
comorbidities relate more than others with disease activity in rheumatoid arthritis. PLoS ONE 2016, 11, e0146991. [CrossRef]

5. Solomon, D.H.; Reed, G.W.; Kremer, J.M.; Curtis, J.R.; Farkouh, M.E.; Harrold, L.R.; Hochberg, M.C.; Tsao, P.; Greenberg, J.D.
Disease activity in rheumatoid arthritis and the risk of cardiovascular events. Arthritis Rheumatol. 2015, 67, 1449–1455. [CrossRef]

6. Arts, E.E.; Fransen, J.; den Broeder, A.A.; Popa, C.D.; van Riel, P.L. The effect of disease duration and disease activity on the risk
of cardiovascular disease in rheumatoid arthritis patients. Ann. Rheum. Dis. 2015, 74, 998–1003. [CrossRef]

7. Donath, M.Y.; Shoelson, S.E. Type 2 diabetes as an inflammatory disease. Nat. Rev. Immunol. 2011, 11, 98–107. [CrossRef]
8. Zuliani, G.; Morieri, M.L.; Volpato, S.; Maggio, M.; Cherubini, A.; Francesconi, D.; Bandinelli, S.; Paolisso, G.; Guralnik, J.M.;

Ferrucci, L. Insulin resistance and systemic inflammation, but not metabolic syndrome phenotype, predict 9 years mortality in
older adults. Atherosclerosis 2014, 235, 538–545. [CrossRef]

9. Aydin, S.; Kuloglu, T.; Aydin, S.; Eren, M.N.; Yilmaz, M.; Kalayci, M.; Sahin, I.; Kocaman, N.; Citil, C.; Kendir, Y. Expression of
adropin in rat brain, cerebellum, kidneys, heart, liver, and pancreas in streptozotocin-induced diabetes. Mol. Cell Biochem. 2013,
380, 73–81. [CrossRef]

10. Kumar, K.G.; Trevaskis, J.L.; Lam, D.D.; Sutton, G.M.; Koza, R.A.; Chouljenko, V.N.; Kousoulas, K.G.; Rogers, P.M.; Kesterson,
R.A.; Thearle, M.; et al. Identification of adropin as a secreted factor linking dietary macronutrient intake with energy homeostasis
and lipid metabolism. Cell. Metab. 2008, 8, 468–481. [CrossRef]

11. Gao, S.; McMillan, R.P.; Zhu, Q.; Lopaschuk, G.D.; Hulver, M.W.; Butler, A.A. Therapeutic effects of adropin on glucose tolerance
and substrate utilization in diet-induced obese mice with insulin resistance. Mol. Metab. 2015, 4, 310–324. [CrossRef] [PubMed]

12. Jasaszwili, M.; Billert, M.; Strowski, M.Z.; Nowak, K.W.; Skrzypski, M. Adropin as A Fat-Burning Hormone with Multiple
Functions-Review of a Decade of Research. Molecules 2020, 25, 549. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/life12020169/s1
https://www.mdpi.com/article/10.3390/life12020169/s1
http://doi.org/10.1016/j.semarthrit.2006.08.006
http://www.ncbi.nlm.nih.gov/pubmed/17045630
http://doi.org/10.1016/j.autrev.2016.07.026
http://www.ncbi.nlm.nih.gov/pubmed/27490206
http://doi.org/10.1371/journal.pone.0117952
http://www.ncbi.nlm.nih.gov/pubmed/25689371
http://doi.org/10.1371/journal.pone.0146991
http://doi.org/10.1002/art.39098
http://doi.org/10.1136/annrheumdis-2013-204531
http://doi.org/10.1038/nri2925
http://doi.org/10.1016/j.atherosclerosis.2014.05.959
http://doi.org/10.1007/s11010-013-1660-4
http://doi.org/10.1016/j.cmet.2008.10.011
http://doi.org/10.1016/j.molmet.2015.01.005
http://www.ncbi.nlm.nih.gov/pubmed/25830094
http://doi.org/10.3390/molecules25030549
http://www.ncbi.nlm.nih.gov/pubmed/32012786


Life 2022, 12, 169 11 of 12

13. Topuz, M.; Celik, A.; Aslantas, T.; Demir, A.K.; Aydin, S.; Aydin, S. Plasma adropin levels predict endothelial dysfunction like
flow-mediated dilatation in patients with type 2 diabetes mellitus. J. Investig. Med. 2013, 61, 1161–1164. [CrossRef] [PubMed]

14. Yu, H.Y.; Zhao, P.; Wu, M.C.; Liu, J.; Yin, W. Serum adropin levels are decreased in patients with acute myocardial infarction.
Regul. Pept. 2014, 190–191, 46–49. [CrossRef] [PubMed]

15. Gu, X.; Li, H.; Zhu, X.; Gu, H.; Chen, J.; Wang, L.; Harding, P.; Xu, W. Inverse Correlation Between Plasma Adropin and ET-1
Levels in Essential Hypertension: A Cross-Sectional Study. Medicine 2015, 94, e1712. [CrossRef]
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metabolism in rats with hyperlipidemia. Iran. J. Basic. Med. Sci. 2016, 19, 245–251. [PubMed]

32. Lovren, F.; Pan, Y.; Quan, A.; Singh, K.K.; Shukla, P.C.; Gupta, M.; Al-Omran, M.; Teoh, H.; Verma, S. Adropin is a novel regulator
of endothelial function. Circulation 2010, 122, 185–192. [CrossRef] [PubMed]

33. Bozic, J.; Borovac, J.A.; Galic, T.; Ticinovic-Kurir, T.; Supe-Domic, D.; Dogas, Z. Adropin and inflammation biomarker levels in
male patients with obstructive sleep apnea: A link with glucose metabolism and sleep parameters. J. Clin. Sleep Med. 2018, 14,
1109–1118. [CrossRef] [PubMed]

34. Gregersen, P.K.; Amos, C.I.; Lee, A.T.; Lu, E.; Remmers, E.F.; Kastner, D.L.; Seldin, M.F.; Criswell, L.A.; Plenge, R.M.; Holers,
V.M.; et al. REL, a member of the NF-κB family of transcription factor, is a newlydefined risk locus for rheumatoid arthritis. Nat.
Genet. 2009, 41, 820–823. [CrossRef]

35. Takayanagi, H.; Iizuka, H.; Juji, T.; Nakagawa, T.; Yamamoto, A.; Miyazaki, T.; Koshihara, Y.; Oda, H.; Nakamura, K.; Tanaka, S.
Involvement of receptor activator of nuclear factor kappaB ligand/osteoclast differentiation factor in osteoclastogenesis from
synoviocytes in rheumatoid arthritis. Arthritis Rheum. 2000, 43, 259–269. [CrossRef]

36. Handel, M.L.; McMorrow, L.B.; Gravallese, E.M. Nuclear factor-kappa B in rheumatoid synovium. Localization of p50 and p65.
Arthritis Rheum. 1995, 38, 1762–1770. [CrossRef]

37. Marok, R.; Winyard, P.G.; Coumbe, A.; Kus, M.L.; Gaffney, K.; Blades, S.; Mapp, P.I.; Morris, C.J.; Blake, D.R.; Kaltschmidt, C.; et al.
Activation of the transcription factor nuclear factor-kappaB in human inflamed synovial tissue. Arthritis Rheum. 1996, 39, 583–591.
[CrossRef]

http://doi.org/10.2310/JIM.0000000000000003
http://www.ncbi.nlm.nih.gov/pubmed/24113736
http://doi.org/10.1016/j.regpep.2014.04.001
http://www.ncbi.nlm.nih.gov/pubmed/24731968
http://doi.org/10.1097/MD.0000000000001712
http://doi.org/10.1038/s41598-020-66254-9
http://doi.org/10.1007/s10067-018-4052-z
http://doi.org/10.1007/s10067-016-3266-1
http://doi.org/10.3390/biom11091296
http://doi.org/10.17219/acem/75944
http://doi.org/10.1074/jbc.M110.110080
http://www.ncbi.nlm.nih.gov/pubmed/20194496
http://doi.org/10.1002/art.27584
http://www.ncbi.nlm.nih.gov/pubmed/20872595
http://doi.org/10.1136/ard.2007.084459.26
http://doi.org/10.1002/art.1780230202
http://www.ncbi.nlm.nih.gov/pubmed/7362664
http://doi.org/10.1507/endocrj.EJ18-0060
http://www.ncbi.nlm.nih.gov/pubmed/29669965
http://doi.org/10.1515/cclm-2013-0844
http://doi.org/10.3390/life11040337
http://doi.org/10.1210/jc.2012-2194
http://doi.org/10.1155/2020/3947806
http://doi.org/10.1016/j.ebiom.2016.05.036
http://www.ncbi.nlm.nih.gov/pubmed/27114793
http://doi.org/10.1161/CIRCULATIONAHA.109.931782
http://www.ncbi.nlm.nih.gov/pubmed/20837912
http://doi.org/10.5664/jcsm.7204
http://www.ncbi.nlm.nih.gov/pubmed/29991422
http://doi.org/10.1038/ng.395
http://doi.org/10.1002/1529-0131(200002)43:2&lt;259::AID-ANR4&gt;3.0.CO;2-W
http://doi.org/10.1002/art.1780381209
http://doi.org/10.1002/art.1780390407


Life 2022, 12, 169 12 of 12

38. Miagkov, A.V.; Kovalenko, D.V.; Brown, C.E.; Didsbury, J.R.; Cogswell, J.P.; Stimpson, S.A.; Baldwin, A.S.; Makarov, S.S. NF-
kappaB activation provides the potential link between inflammation and hyperplasia in the arthritic joint. Proc. Natl. Acad. Sci.
USA 1998, 95, 13859–13864. [CrossRef]

39. Ghoshal, S.; Stevens, J.R.; Billon, C.; Girardet, C.; Sitaula, S.; Leon, A.S.; Rao, D.C.; Skinner, J.S.; Rankinen, T.; Bouchard, C.; et al.
Adropin: An endocrine link between the biological clock and cholesterol homeostasis. Mol. Metab. 2018, 8, 51–64. [CrossRef]

40. Mamontova, A.; Séguret-Macé, S.; Esposito, B.; Chaniale, C.; Bouly, M.; Delhaye-Bouchaud, N.; Luc, G.; Staels, B.; Duverger, N.;
Mariani, J.; et al. Severe atherosclerosis and hypoalphalipoproteinemia in the staggerer mouse, a mutant of the nuclear receptor
RORalpha. Circulation 1998, 98, 2738–2743. [CrossRef]

41. Kopmels, B.; Mariani, J.; Delhaye-Bouchaud, N.; Audibert, F.; Fradelizi, D.; Wollman, E.E. Evidence for a hyperexcitability state of
staggerer mutant mice macrophages. J. Neurochem. 1992, 58, 192–199. [CrossRef] [PubMed]

42. Delerive, P.; Monté, D.; Dubois, G.; Trottein, F.; Fruchart-Najib, J.; Mariani, J.; Fruchart, J.C.; Staels, B. The orphan nuclear receptor
ROR alpha is a negative regulator of the inflammatory response. EMBO Rep. 2001, 2, 42–48. [CrossRef] [PubMed]

43. Sayın, O.; Tokgöz, Y.; Arslan, N. Investigation of adropin and leptin levels in pediatric obesity-related nonalcoholic fatty liver
disease. J. Pediatr. Endocrinol. Metab. 2014, 27, 479–484. [CrossRef]

44. Solomon, D.H.; Love, T.J.; Canning, C.; Schneeweiss, S. Risk of diabetes among patients with rheumatoid arthritis, psoriatic
arthritis and psoriasis. Ann. Rheum. Dis. 2010, 69, 2114–2117. [CrossRef] [PubMed]

45. Del Rincón, I.; Freeman, G.L.; Haas, R.W.; O’Leary, D.H.; Escalante, A. Relative contribution of cardiovascular risk factors and
rheumatoid arthritis clinical manifestations to atherosclerosis. Arthritis Rheum. 2005, 52, 3413–3423. [CrossRef]

46. Danve, A.S.; Kulkarni, S. Do Tumor Necrosis Factor (TNF) Inhibitors Improve the Glycemic Control in Patients with Rheumatoid
Arthritis and Concomitant Diabetes Mellitus? Am. J. Ther. 2017, 24, e347–e350. [CrossRef]

47. Tam, L.S.; Tomlinson, B.; Chu, T.T.; Li, T.K.; Li, E.K. Impact of TNF inhibition on insulin resistance and lipids levels in patients
with rheumatoid arthritis. Clin. Rheumatol. 2007, 26, 1495–1498. [CrossRef]

48. Jasaszwili, M.; Pruszy’nska-Oszmałek, E.; Wojciechowicz, T.; Strowski, M.Z.; Nowak, K.W.; Skrzypski, M. Adropin Slightly
Modulates Lipolysis, Lipogenesis and Expression of Adipokines but Not Glucose Uptake in Rodent Adipocytes. Genes 2021, 12,
914. [CrossRef]

49. Fatel, E.C.S.; Rosa, F.T.; Simão, A.N.C.; Dichi, I. Adipokines in rheumatoid arthritis. Adv. Rheumatol. 2018, 58, 25. [CrossRef]
50. Abella, V.; Scotece, M.; Conde, J.; López, V.; Lazzaro, V.; Pino, J.; Gómez-Reino, J.J.; Gualillo, O. Adipokines, metabolic syndrome

and rheumatic Diseases. J. Immunol. Rese. 2014, 343746. [CrossRef]

http://doi.org/10.1073/pnas.95.23.13859
http://doi.org/10.1016/j.molmet.2017.12.002
http://doi.org/10.1161/01.CIR.98.24.2738
http://doi.org/10.1111/j.1471-4159.1992.tb09295.x
http://www.ncbi.nlm.nih.gov/pubmed/1727430
http://doi.org/10.1093/embo-reports/kve007
http://www.ncbi.nlm.nih.gov/pubmed/11252722
http://doi.org/10.1515/jpem-2013-0296
http://doi.org/10.1136/ard.2009.125476
http://www.ncbi.nlm.nih.gov/pubmed/20584807
http://doi.org/10.1002/art.21397
http://doi.org/10.1097/MJT.0000000000000297
http://doi.org/10.1007/s10067-007-0539-8
http://doi.org/10.3390/genes12060914
http://doi.org/10.1186/s42358-018-0026-8
http://doi.org/10.1155/2014/343746

	Introduction 
	Materials and Methods 
	Study Design 
	Ethical Considerations 
	Subjects 
	Anthropometric Measurements and Clinical Examination 
	Disease Severity Assessment and Measurement of Functional Disability 
	Blood Sampling and Laboratory Analysis 
	Statistical Analysis 
	Sample Size Analysis 

	Results 
	Discussion 
	Conclusions 
	References

