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Despite advances in pathogenic and clinical knowledge,
rheumatic diseases are still burdened by high morbidity,
accrual of irreversible organ damage with development
of disability, and increased mortality [1–4]. In the few
last decades, interest in the metabolic aspects of
rheumatic diseases has gradually increased. The impact
of dysmetabolism on rheumatic diseases is complex and
extends from pathogenesis to clinical manifestations and
potential therapeutic targets.

Metabolic syndrome (MeS) is a cluster of metabolic dis-
orders that includes visceral adipose tissue accumulation,
insulin-resistance, alteration in blood cholesterol compo-
nents and apolipoproteins, and systemic inflammation [5,
6]. The incidence and prevalence of metabolic syndrome is
increased in several systemic autoimmune diseases with pos-
sible impact on cardiovascular complication and damage
accrual [7–9]. One of the possible links between metabolism,
MeS, and inflammation is adipokines, a group of cytokines
mainly produced by adipose tissue. Consistent literature data
clearly demonstrated the involvement of adipokines in auto-
immunity and several systemic autoimmune diseases. In this
issue, P. Ruscitti et al. deeply reviewed the role of adipokines
in the atherogenesis and MeS development in patients with
rheumatoid arthritis.

Interleukin-6 (IL-6) is the prototype of a molecular link
between inflammation, autoimmunity, metabolism, and adi-
pose tissue [5]. In this issue, A. Laudisio et al. analyzed the
impact of olfactory dysfunction on frailty and mortality of

elderly patients and demonstrated that this relation could
be mediated by IL-6.

Particularly interesting are the implications of Western
diet in rheumatic diseases. Polyunsaturated fatty acids
(PUFAs) are members of the family of fatty acids, with a wide
spectrum of immunological functions: n-6 PUFAs have pre-
dominantly proinflammatory features, while n-3 PUFAs
seem to exert anti-inflammatory and proresolving properties.
We recently reviewed the literature on PUFA in rheumatoid
arthritis, showing that n-3-PUFA supplementation could
represent an interesting therapeutic option [10]. D-Series
resolvins are a product of the metabolism of n-3 PUFA. Cres-
cent data demonstrated the involvement of D-series resolvins
and, in particular, resolvin-D1 in immune homeostasis. In
general, resolvin-D1 seems to downregulate the production
of proinflammatory cytokines from T helper 1 and T helper
17 lymphocytes and to promote the differentiation of T reg-
ulatory cells. However, only few data are available on the role
of resolvins in systemic autoimmune diseases. In a paper
published in this special issue, L. Navarini et al. demonstrated
a marked reduction of resolvin-D1 levels in patients affected
by Systemic Lupus Erythematosus (SLE) compared to the
general population, especially in association with low com-
plement levels. These findings suggest a specific role of bioac-
tive lipids in SLE [11].

Another relevant topic in the field of relation between
inflammation and metabolism is represented by bile acids.
Bile acids play a pivotal role in intestinal absorption of fatty
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acids and in delivery of fatty acids to the apical mem-
brane of enterocytes. K. Uchiyama et al. presented in this
special issue a review of the available evidences on the
implication of dietary lipids and fatty acids malabsorption
in Crohn disease.

Overall, crescent data demonstrated the involvement of
metabolism in several aspects of systemic autoimmune dis-
eases with interesting implication for disease prevention,
optimization of disease management, and drug development.
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Background. Olfactory dysfunction might unveil the association between ageing and frailty, as it is associated with declining
cognitive function, depression, reduced physical performance, reduced dietary intake, and mortality; all these conditions are
characterized by increased levels of inflammatory parameters. The present study is aimed at evaluating the association between
olfactory dysfunction, frailty, and mortality and whether such association might be mediated by inflammation. Methods. We
analysed data of 1035 participants aged 65+ enrolled in the “InCHIANTI” study. Olfactory function was tested by the
recognition of the smells of coffee, mint, and air. Olfactory dysfunction was defined as lack of recognition of at least two smells.
Considering the items “shrinking,” “exhaustion,” “sedentariness,” “slowness,” and “weakness” included in the Fried definition,
frailty was defined as the presence of at least three criteria, prefrailty of one or two, and robustness of none. Serum interleukin-6
(IL-6) was measured in duplicate by high-sensitivity enzyme-linked immunosorbent assays. Logistic regression was adopted to
assess the association of frailty with olfactory function, as well as with the increasing number of olfactory deficits. Cox
regression was used to test the association between olfactory dysfunction and 9-year survival. Results. Olfactory dysfunction was
associated with frailty, after adjusting (OR 1.94, 95% CI = 1 07-3.51; P = 028); analysis of the interaction term indicated that the
association varied according to interleukin-6 levels (P for interaction = 005). Increasing levels of olfactory dysfunction were
associated with increasing probability of being frail. Also, olfactory dysfunction was associated with reduced survival (HR 1.52,
95% CI = 1 16-1.98; P = 002); this association varied according to the presence of frailty (P for interaction = 017) and prefrailty
status (P for interaction = 046), as well as increased interleukin-6 levels (P for interaction = .011). Conclusions. Impairment of
olfactory function might represent a marker of frailty, prefrailty, and consequently reduced survival in an advanced age.
Inflammation might represent the possible link between these conditions.

1. Introduction

Due to its prevalence rates exceeding 50% among individ-
uals aged 65-80 years and reaching 80% above the age of
80, olfaction dysfunction is considered a very common
problem in older populations [1]. This sensory deficit has
important implications for safety, nutrition, quality of life,
and social relationships [2]. Olfactory impairment is partially

age-related and reflects either central neurodegenerative
mechanisms or peripheral cumulative damage of olfactory
receptors [1]. In fact, the olfactory system is the only sense
which depends upon stem cell turnover, and the olfactory
nerve is the only cranial nerve directly exposed to the
environment [1].

Frailty is an age-related condition of increased vulnerabil-
ity, associated with higher risk of several adverse outcomes,
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including mortality [3]. Among different criteria proposed
to define frailty, the frailty phenotype proposed by Fried
and colleagues is among the most commonly adopted [4];
also, prefrailty status has been associated with reduced sur-
vival, as compared with robustness [3]. Indeed, frailty can
be attenuated and even reversed, so that this syndrome
has to be considered a dynamic process, mainly for subjects
in their intermediate stage [5]. In an Italian cohort of
elderly people, although most participants tended to retain
their baseline frailty status, more than one-third of the
sample experienced a transition (with either improvement
or worsening) in their frailty status over a four-year
follow-up [6].

It has been documented that sensory perception, includ-
ing smell perception, is associated with several components
of frailty [7]. On the other hand, it has been acknowledged
that both frailty and olfactory loss are associated with
reduced survival [3, 8]. Furthermore, both olfactory impair-
ment and frailty are characterized by subclinical inflamma-
tion, which could partially explain the adverse outcomes
associated with these two conditions.

Olfactory impairment, but not hearing or visual
impairment, has been associated with decreased survival
in older subjects [9]. However, to our knowledge, neither
the association of olfactory impairment with prefrailty
nor the impact of frailty phenotypes on the association
between olfactory dysfunction and mortality has been so
far investigated.

The aim of this study was to assess in an older population
the association, if any, of olfactory dysfunction with frailty
and mortality and whether such an association might be
mediated by frailty status.

2. Methods

2.1. Study Design and Participants. The present study is based
upon the data from the “Invecchiare in Chianti” study, a pro-
spective population-based study of older persons in Tuscany,
Italy, that is aimed at identifying risk factors for late-life dis-
ability [10]. The Italian National Research Council on Aging
Ethical Committee ratified the study protocol, and partici-
pants provided written consent to participate.

Analyses for this study included all 1035 subjects
aged 65+.

2.2. Frailty. Frailty was defined according to the Fried criteria
[4]: unintended weight loss, self-reported exhaustion, muscle
weakness, slowness, and sedentariness. Weight loss was
defined as self-reported unintentional weight loss > 4 5 kg
within the past year. Exhaustion was defined as a response
of “occasionally,” “often,” or “always” to the statement “I felt
that everything was an effort.” Muscle weakness was defined
as grip strength in the lowest quintile, stratified by sex and
BMI quartiles. Grip strength was measured by a handheld
dynamometer (Nicholas Muscle Tester, Sammons Preston
Inc.). Slowness was defined as the time to walk 4.57 meters
or 15 ft (the mean of 2 repetitions) in the slowest quintile,
stratified by sex and height. Sedentariness was defined as
either complete inactivity or spending <1h/wk performing

low-intensity activities. “Frailty” was defined as the presence
of at least three criteria, “prefrailty” of one or two criteria, and
“robustness” of none.

This syndrome is thought to emerge from multisystem
dysregulation that is common in older adults and character-
ized by increased vulnerability to stressors and increased risk
of disease, disability, and death. Also, frailty is linked to mul-
timorbidity and inflammation.

2.3. Mortality. Data on 9-year mortality were collected using
the data from the Mortality General Registry maintained by
the Tuscany Region, as well as death certificates delivered
immediately after death to the registry office of the munici-
pality of residence.

2.4. Olfactory Function. Olfactory function was self-reported
and explored during the medical visit according to the ques-
tions: “Does he/she recognize mint?”, “does he/she recognize
coffee?”, and “does he/she recognize air?”. Olfactory dysfunc-
tion was defined when at least two smells were not recog-
nized. Increasing levels of olfactory impairment (0 to 3
smell losses) were also considered.

2.5. Inflammation. Blood samples were drawn in themorning
after a 12-hour overnight fast and resting period. Aliquots of
serum were stored at −80°C. Serum interleukin-6 (IL-6) was
measured in duplicate by high-sensitivity enzyme-linked
immunosorbent assays (ELISAs; kits from BioSource,
Camarillo, CA) with a sensitivity of 0.1 pg/mL and an
intra-assay coefficient of variations less than 6%.

2.6. Covariates. Data on dietary intake were collected by the
questionnaire created for the European Prospective Investi-
gation into Cancer and Nutrition (EPIC) study [11]. Adju-
dicated disease diagnoses were based on self-reported
history, clinical documentation, and medication use, as well
as standardized criteria derived from the Women’s Health
and Aging Study protocol [12]. Comorbidity was quantified
using the Charlson Comorbidity Index score [13]. All drugs
assumed by participants were coded according to the Ana-
tomical Therapeutic Chemical codes [14]. Functional abil-
ity was estimated using Katz’s activities of daily living
[15], depressive symptoms by the original 20-item version
of the Center for Epidemiological Studies Depression Scale
(CES-D) [16], and cognitive performance by the Mini Men-
tal State Examination [17]. Blood samples were obtained
from participants after 12-hour fasting and after resting for
at least 15 minutes. Aliquots of serum were stored at –80°C
and were not thawed until analysis. Interleukin-6 concentra-
tions were determined by high-sensitivity ELISA using com-
mercial kits (Human Ultrasensitive, BioSource International
Inc., Camarillo, CA,USA). Glomerular filtration rate was esti-
mated using the Cockcroft-Gault equation.

2.7. Statistical Analyses. Data were recorded using dedicated
software. Statistical analyses were performed using Statistical
Package for the Social Sciences (SPSS for Mac version 20.0,
2011, SPSS Inc., Chicago, IL); differences were considered
significant at the P < 050 level.
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Data of continuous variables are presented as mean
values ± standard deviation or medians and interquartile
ranges. Normally distributed variables according to olfactory
dysfunction, as well as to mortality, were assessed by the
analysis of variance (ANOVA) or the nonparametric
Mann–Whitney U test if appropriate. The two-tailed Fisher
exact test was used for dichotomous variables.

Multivariable logistic regression was used to evaluate the
association of the frailty phenotype with age, sex, and all
those variables which differed significantly in univariate
analysis, including olfactory dysfunction.

The fully adjusted model was also adopted to evaluate
the association of increasing levels of olfactory dysfunction
with frailty. Also, the analysis of the interaction terms

Table 1: Characteristics of 1035 participants according to olfactory dysfunction.

Presence of olfactory dysfunction (n = 590) Absence of olfactory dysfunction (n = 445) P

Demographics & lifestyle habits, n (%), mean (SD), or median (IQR)

Age (years) 76 (8) 73 (7) <.001
Sex (female) 315 (53) 262 (59) .088

Education (years) 5 (3) 6 (3) .003

Living alone 241 (41) 164 (37) .199

Smoking (former and current) 253 (43) 170 (38) .142

Dietary intake

Alcohol (g/day/kg) 0.11 (0–0.29) 0.10 (0–0.31) .594

Total protein intake (g/day/kg) 1.12 (0.33) 1.13 (0.31) .657

Total lipid intake (g/day/kg) 0.96 (0.31) 0.98 (0.31) .310

Available carbohydrate intake (g/day/kg) 3.73 (1.17) 3.72 (1.29) .913

Fibre (g/day/kg) 0.29 (0.08) 0.29 (0.08) .551

Energy intake (kcal/day/kg) 28.60 (8.25) 28.71 (8.50) .829

Comorbid conditions, n (%) or median (IQR)

Diabetes 67 (11) 47 (11) .764

Heart failure 39 (7) 20 (4) .176

Chronic pulmonary disease 52 (9) 37 (8) .823

Parkinson’s disease 15 (2) 12 (3) .999

Stroke 37 (6) 23 (5) .503

Hip fracture 19 (3) 19 (4) .406

Peripheral arterial disease 80 (14) 41 (9) .032

Malignancy 28 (5) 36 (8) .036

Frailty phenotype 85 (14) 26 (6) <.001
Charlson Comorbidity Index 1 (0-2) 1 (0-1) .489

Medications, n (%), mean (SD), or median (IQR)

Neuroleptics 18 (3) 15 (3) .859

Selective serotonin reuptake inhibitors 13 (2) 3 (1) .072

ACE inhibitors 92 (16) 49 (11) .035

Antiplatelets 73 (12) 40 (9) .088

Anticoagulants 8 (1) 5 (1) .787

Benzodiazepines 112 (19) 61 (14) .029

Loop diuretics 53 (9) 32 (7) .306

Corticosteroids 8 (1) 10 (2) .339

Biohumoral, physical, and cognitive parameters, n (%) or mean ± SD

Glomerular filtration rate (mL/min) 62.6 (19.3) 68.1 (19.2) <.001
Total serum proteins (g/dL) 7.2 (0.4) 7.1 (0.5) .308

Interleukin 6 (pg/mL) 1.49 (0.84-2.32) 1.44 (0.88-2.27) .582

Hemoglobin (g/dL) 13.6 (1.4) 13.8 (1.4) .112

CES-D 13 (9) 12 (8) .035

Mini Mental State Examination 24.3 (4.3) 24.7 (5.5) .160

Katz’s activities of daily living 5 (1) 4 (2) .107

Body mass index (kg/m2) 27.3 (4.0) 27.6 (4.2) .183
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“olfactory dysfunction∗interleukin-6” was performed to
assess whether the association of frailty with olfactory dys-
function varied according to inflammation.

In addition, to evaluate the whole spectrum of the frailty
phenotype, the same summary model was analysed in multi-
nomial logistic regression having robustness, prefrailty, and
frailty as the dependent variables.

Also, Cox proportional hazard regression analysis
was used to estimate the association of mortality with
age, sex, and all those variables which differed signifi-
cantly in univariate analysis, including olfactory dysfunc-
tion. Eventually, in Cox regression, the analysis of the
interaction terms “olfactory dysfunction∗frailty,” “olfac-
tory dysfunction∗prefrailty,” and “olfactory dysfunction∗

Table 2: Characteristics of 1035 participants according to the presence of frailty.

Positive for frailty (n = 111) Negative for frailty (n = 924) P

Demographics & lifestyle habits, n (%), mean (SD), or median (IQR)

Age (years) 81 (7) 74 (7) <.001
Sex (female) 70 (63) 507 (55) .106

Education (years) 4 (3) 5 (3) <.001
Living alone 68 (61) 337 (36) <.001
Smoking (former and current) 38 (34) 385 (42) .153

Dietary intake

Alcohol (g/day/kg) 0.04 (0–0.25) 0.11 (0–0.31) .021

Total protein intake (g/day/kg) 1.04 (0.30) 1.12 (0.32) .009

Total lipid intake (g/day/kg) 0.87 (0.28) 0.97 (0.31) .002

Available carbohydrates intake (g/day/kg) 3.41 (1.11) 3.76 (1.23) .008

Fibre (g/day/kg) 0.27 (0.09) 0.30 (0.09) .006

Energy intake (kcal/day/kg) 26.0 (7.5) 29.0 (8.4) .001

Comorbid conditions, n (%) or median (IQR)

Diabetes 16 (14) 98 (11) .259

Heart failure 19 (17) 40 (4) <.001
Chronic pulmonary disease 18 (16) 71 (8) .006

Parkinson’s disease 8 (7) 19 (2) .002

Stroke 16 (14) 44 (5) <.001
Hip fracture 11 (10) 27 (3) .001

Peripheral arterial disease 23 (21) 98 (11) .004

Malignancy 8 (7) 56 (6) .675

Olfactory dysfunction 85 (77) 505 (55) <.001
Charlson Comorbidity Index 1 (1-2) 0 (0-1) <.001
Medications, n (%), mean (SD), or median (IQR)

Neuroleptics 10 (9) 23 (5) .001

Selective serotonin reuptake inhibitors 7 (6) 9 (1) .001

ACE inhibitors 24 (22) 117 (13) .013

Antiplatelets 18 (16) 95 (10) .075

Anticoagulants 2 (2) 11 (1) .641

Benzodiazepines 32 (29) 141 (15) .001

Loop diuretics 21 (19) 64 (7) <.001
Corticosteroids 4 (4) 14 (1) .118

Biohumoral, physical, and cognitive parameters, n (%) or mean ± SD

Glomerular filtration rate (mL/min) 54.8 (20.5) 66.0 (19.0) <.001
Total serum proteins (g/dL) 7.2 (0.6) 7.1 (0.4) .838

Interleukin 6 (pg/mL) 2.21 (1.35 – 4.09) 1.40 (0.83–2.07) <.001
Hemoglobin (g/dL) 13.1 (1.6) 13.8 (1.3) <.001
CES-D 20 (9) 12 (8) <.001
Mini Mental State Examination 21 (6) 25 (4) <.001
Katz’s activities of daily living 6 (0-1) 6 (0–0) <.001
Body mass index (kg/m2) 27.9 (5.1) 27.4 (4.0) .289
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interleukin-6,” was performed to assess whether the associa-
tion between reduced survival and olfactory dysfunction
varied according to the presence of frailty, prefrailty, and
inflammatory status.

3. Results

The main characteristics of 1035 participants according to
olfactory dysfunction are depicted in Table 1. Frailty was

Table 3: Characteristics of 1035 participants according to survival status.

Dead (n = 393) Alive (n = 642) P

Demographics & lifestyle habits, n (%), mean (SD), or median (IQR)

Age (years) 80 (7) 72 (5) <.001
Sex (female) 200 (51) 377 (59) .014

Education (years) 5 (3) 6 (3) <.001
Living alone 206 (52) 199 (31) <.001
Smoking (former and current) 172 (44) 251 (39) .152

Dietary intake

Alcohol (g/day/kg) 0.10 (0–0.26) 0.10 (0–0.32) .021

Total protein intake (g/day/kg) 1.14 (0.32) 1.11 (0.32) .262

Total lipid intake (g/day/kg) 0.97 (0.30) 0.96 (0.32) .582

Available carbohydrate intake (g/day/kg) 3.82 (1.26) 3.67 (1.20) .066

Fibre (g/day/kg) 0.29 (0.09) 0.29 (0.08) .654

Energy intake (kcal/day/kg) 29.08 (8.33) 28.40 (8.37) .227

Comorbid conditions, n (%) or median (IQR)

Diabetes 52 (13) 62 (10) .082

Heart failure 46 (12) 13 (2) <.001
Chronic pulmonary disease 63 (16) 26 (4) <.001
Parkinson’s disease 21 (5) 6 (1) <.001
Stroke 44 (11) 16 (2) <.001
Hip fracture 24 (6) 14 (2) .002

Peripheral arterial disease 86 (22) 35 (5) <.001
Malignancy 28 (7) 36 (6) .353

Olfactory dysfunction 249 (63) 341 (53) .001

Frailty 90 (23) 21 (3) <.001
Charlson Comorbidity index 1 (0-2) 0 (0-1) <.001
Medications, n (%), mean (SD), or median (IQR)

Neuroleptics 17 (4) 16 (2) .143

Selective serotonin reuptake inhibitors 11 (3) 5 (1) .017

ACE inhibitors 72 (18) 69 (11) .001

Antiplatelets 65 (16) 48 (7) <.001
Anticoagulants 11 (3) 2 (1) .001

Benzodiazepines 81 (21) 92 (14) .010

Loop diuretics 55 (14) 30 (5) <.001
Corticosteroids 11 (3) 7 (1) .050

Biohumoral, physical, and cognitive parameters, n (%) or mean ± SD

Glomerular filtration rate (mL/min) 56.4 (19.5) 69.5 (17.8) <.001
Total serum proteins (g/dL) 7.1 (0.5) 7.1 (0.4) .680

Interleukin 6 (pg/mL) 1.89 (1.14–3.31) 1.22 (0.78–1.84) <.001
Hemoglobin (g/dL) 13.4 (1.6) 13.9 (1.2) <.001
CES-D 14 (9) 12 (9) <.001
Mini Mental State Examination 22 (6) 26 (3) <.001
Katz’s activities of daily living 5 (1) 6 (0) <.001
Body mass index (kg/m2) 27.0 (4.3) 27.7 (4.0) .016
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diagnosed in 111 (11%) subjects, prefrailty in 420 (41%)
participants, and robustness in 504 (48%). The main charac-
teristics of subjects according to frailty are shown in Table 2.

Over the 9-year follow-up, 393 (38%) subjects died. The
main characteristics of participants according to survival
are depicted in Table 3.

Olfactory dysfunction was reported by 590/1035 (57%)
participants; specifically, lack of recognition of one smell
was recorded in 190 (18%) subjects, two smells in 243
(23%), and three smells in 347 (33%). In particular, failure
to recognize air was found in 638 (62%) subjects, failure to
recognize mint was found in 574 (55%), and failure to recog-
nize coffee was found in 505 (49%).

In multivariable logistic regression, olfactory dysfunction
was associated with increased probability of being frail
(OR 1.94, 95% CI = 1 07-3.51; P = 028), after adjusting
(Table 4). Analysis of the interaction term indicated that
the association of frailty with olfactory dysfunction varied
according to interleukin-6 levels (P for interaction = 005).

Also, increasing levels of olfactory dysfunction were
associated with increasing probability of frailty (P for
trend = 021).

Both frailty (OR 2.60, 95% CI = 1 39-4.85) and prefrailty
(OR 1.59, 95% CI = 1 17-2.16) were associated with olfactory
dysfunction in multinomial logistic having robustness as
the reference.

According to Cox regression analysis, olfactory dys-
function was associated with reduced survival (HR 1.52,
95% CI = 1 16-1.98; P = 002), after adjusting (Figure 1);
analysis of the interaction term indicated that this associa-
tion varied according to the presence of frailty (P = 017),
prefrailty (P = 046), and increased interleukin-6 levels
(P for interaction = 011).

4. Discussion

Results of the present study indicate that in older subjects,
olfactory dysfunction is associated not only with frailty, but
even with prefrailty. This association seems to be mediated
by subclinical inflammation.

This association was independent of several confounders,
including comorbid conditions, medication use, and lifestyle
habits; this finding indicates that olfactory dysfunction might
represent an early marker of increased risk for adverse
outcomes. In fact, in this population, olfactory dysfunction
represented a risk factor for reduced survival, and both frailty
and prefrailty seemed to mediate this association.

Several factors might explain the association of olfactory
dysfunction with frailty and mortality.

Olfactory dysfunction is among the earliest findings
which predict the development of mild cognitive impairment
[18]. Also, olfactory dysfunction heralds several neurodegen-
erative disorders, including Parkinson’s disease, which is a
paradigm of frailty [2]; of notice, olfactory loss has been
included as a marker of prodromal Parkinson’s disease by
the Movement Disorders Society [19]. Among patients with
Parkinson’s disease, the severity of olfactory dysfunction
seems to correlate with the severity of ensuing dementia [2].

In experimental as well as human models, olfactory
dysfunction has been linked with the expression of the
apolipoprotein e4 allele and of tau protein and amyloid-β
deposits [20, 21]; all these findings, in turn, are associated
with several adverse clinical outcomes, including cardio-
vascular diseases and Alzheimer’s disease [20]. Olfactory
dysfunction has also been associated with depression,
probably due to the damage of the hippocampal pathways
[22]. In turn, late-life depression has been associated with
increased risk of dementia [23].

Systemic diseases, such as diabetes, iron deficiency, and
autoimmune diseases, might cause central and peripheral
olfactory dysfunction and disrupt the peripheral olfactory
pathways [24, 25]. The olfactory deficit represents a preclin-
ical marker of alpha-synucleinopathies and a risk factor for

Table 4: Association (odds ratios (OR) and 95% confidence intervals
(CI)) of frailty with the variables of interest, including olfactory
dysfunction, according to the logistic regression model. All the
covariates were entered simultaneously into the regression model.

OR 95% CI P

Age (each year) 1.15 1.09-1.21 <.001
Sex (female) .92 .52-1.64 .778

Education (years) .95 .86-1.05 .306

Malignancy 1.72 .65-4.57 .279

Peripheral arterial disease 2.46 1.29-4.69 .006

ACE inhibitors 1.65 .87-3.12 .122

Benzodiazepines 1.15 .63-2.10 .653

Glomerular filtration rate (mL/min) 1.02 1.01-1.04 .018

CES-D 1.11 1.07-1.14 .000

Olfactory dysfunction 1.94 1.07-3.51 .028 0

0.0
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Figure 1: Nine-year survival curves of participants stratified for
olfactory dysfunction. The model was simultaneously adjusted for
age, sex, education level, glomerular filtration rate, hemoglobin
levels, CES-D, Mini Mental State Examination, ADLs, diagnosis of
malignancy, peripheral arterial disease, use of ACE inhibitors and
benzodiazepines, and frailty.
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delirium [2, 26]. Also, impairment in olfactory function has
been related to the intake of macro- and micronutrients
and directly affects food intake behaviour [27]. Eventually,
olfactory dysfunction represents a risk factor for reduced sur-
vival [8]. Even better, olfactory dysfunction is the only sense
which has been associated with mortality, when compared
with hearing or visual impairment [9]. With special regard
to the frailty components, olfactory function is associated
with mobility, balance, fine motor function, and manual
dexterity and independent of cognitive function, with chal-
lenging upper- and lower-extremity motor function tasks
[28]. Also, olfactory loss represents a risk factor for weight
loss, while aerobic exercise might preserve olfactory function
in selected populations, such as patients with Parkinson’s
disease [2, 29].

Furthermore, our finding of a potential role of IL-6 serum
levels in the association between olfactory loss and frailty is of
interest. Increased IL-6 levels have been found in serum and
nasal mucus of hyposmic patients [30]. On the other hand,
increased IL-6 serum levels have also been associated with
frailty, as well as mortality, in older populations [31, 32].
Thus, inflammation represents a common pathophysiologi-
cal pathway that links hyposmia, frailty, and mortality in
the elderly.

In this study, olfactory dysfunction was self-assessed.
Self-assessed tools for evaluating olfactory function might
underestimate the dysfunction, as compared with objective
evaluation. Nevertheless, this would represent a conserva-
tive bias, which further supports our findings. Also, regard-
ing the association of olfactory dysfunction with frailty, due
to its cross-sectional design, this study does not allow
establishing any cause-effect relationship. Nonetheless,
this study enrolled a representative community-dwelling
population, with high participation rate and with exten-
sive information on risk factors, comorbid conditions, and
objective parameters.

In conclusion, olfactory loss represents a correlate of
frailty and even of prefrailty; this association seems to
affect the role of olfactory dysfunction as a predictor of
mortality in older populations. Thus, olfaction seems
worth testing in geriatric practice for both clinical and
epidemiological purposes.
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Many studies have demonstrated that anti-dsDNA IgG is closely associated with lupus nephritis. Recently, it was found that
activation of the fibroblast growth factor-inducible 14 (Fn14) signaling pathway damages glomerular filtration barrier in MRL/
lpr lupus-prone mice. However, MRL/lpr mice have high titers of serum autoantibodies other than anti-dsDNA IgG. The aim of
this study was to further explore the effect of Fn14 deficiency on anti-dsDNA IgG-induced glomerular damage in severe
combined immunodeficiency (SCID) mice that have no endogenous IgG. Fn14 deficiency was generated in SCID mice. The
murine hybridoma cells producing control IgG or anti-dsDNA IgG were intraperitoneally injected into mice. In two weeks, the
urine, serum, and kidney tissue samples were harvested from mice at sacrifice. It showed that the injection of anti-dsDNA IgG,
but not control IgG hybridoma cells, induced proteinuria and glomerular damage in SCID mice. Between the wild-type (WT)
and knockout (KO) mice injected with anti-dsDNA IgG hybridoma cells, the latter showed a decrease in both proteinuria and
glomerular IgG deposition. The histopathological changes, inflammatory cell infiltration, and proinflammatory cytokine
production were also attenuated in the kidneys of the Fn14-KO mice upon anti-dsDNA IgG injection. Therefore, Fn14
deficiency effectively protects SCID mice from anti-dsDNA IgG-induced glomerular damage.

1. Introduction

Lupus nephritis (LN) is one of the most common compli-
cations occurring in the internal organs of patients with
systemic lupus erythematosus (SLE). Although the precise
mechanism of LN remains unclear, many studies strongly
suggested that anti-double-stranded (ds) DNA IgG is
pivotal in the pathogenesis of LN [1–3]. Serum levels of
anti-dsDNA IgG increase in patients with LN and fluctu-
ate with flares of lupus disease [4]. Anti-dsDNA IgG binds
to circulating nuclear antigens and forms immune com-
plexes, which further deposit in the glomerular basement
membrane. Alternatively, anti-dsDNA IgG recognizes

multiple renal self-antigens through cross-reaction, such as
histone, heparan sulfate, laminin, collagen IV, alpha-actinin,
and annexin II [3, 5–9]. Such cross-reaction between anti-
dsDNA IgG and renal components leads to direct immune
complex formation in local tissues or even IgG penetration
into renal resident cells [6, 7]. SCID mice that receive
intraperitoneal injection of anti-dsDNA IgG hybridoma cells
exhibit renal anti-dsDNA IgG deposition, urine albumin, and
microstructural changes in the glomeruli [5]. Anti-dsDNA
IgG induces fibronectin secretion of renal tubular epithelial
cells and myofibroblast-like phenotype of mesangial cells
[10, 11], which are early-stage events of renal fibrosis, a his-
topathologic feature associated with poor outcomes of LN
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[12]. Additionally, anti-dsDNA IgG contributes to renal
fibrosis through selective inhibition of the suppressor of cyto-
kine signaling 1 signals [13]. Inhibition of anti-dsDNA IgG
production may ameliorate renal damage in LN [2, 14].
Obviously, anti-dsDNA IgG is nephritogenic and partici-
pates in the pathophysiological processes of LN.

Tumor necrosis factor-like weak inducer of apoptosis
(TWEAK) is a key regulator of proinflammatory cytokines
and chemokines. TWEAK acts in the local tissues through
engaging its sole receptor fibroblast growth factor-inducible
14 (Fn14). The expression of Fn14 is relatively lower in
normal cells, but increases significantly in local tissues
under inflammatory conditions [15–19]. The TWEAK/
Fn14 signaling pathway is involved in various autoimmune
disorders, such as polymyositis or dermatomyositis, systemic
sclerosis, bullous pemphigoid, and psoriasis [17, 18, 20, 21].
Moreover, TWEAK/Fn14 signals play an important role in
the pathogenesis of lupus erythematosus. TWEAK/Fn14
activation contributes to the damage of the skin, kidney,
and brain [22–24]. Fn14 is upregulated in the glomeruli
of mice with acute kidney injury, spontaneous LN, or
antibody-mediated nephritis, and Fn14 deficiency or neutral-
izing anti-TWEAK antibody attenuates renal injuries in these
models [25–27]. TWEAK/Fn14 interaction can modulate
gene expression, cytokine production, and cell cycle (prolif-
eration or apoptosis) of renal resident cells [23, 26, 27].
Therefore, TWEAK/Fn14 activation is prominent in tissue
injuries of SLE, including LN.

An interesting phenomenon is that Fn14 deficiency
attenuates LN in the MRL/lpr lupus-prone mice, but not
affecting serum titers of anti-dsDNA antibodies [27]. Fn14
deficiency significantly reduces proteinuria, glomerular and
tubulointerstitial diseases, leukocyte infiltration, and even
glomerular IgG deposition in these mice. Nevertheless, the
serum levels of total IgG and anti-dsDNA IgG as well as the
numbers and distribution of splenocytes are comparable
between the Fn14-deficient and wild-type (WT) mice [27].
Moreover, both in vivo and in vitro experiments showed that
Fn14 deficiency preserves the integrity of the renal filtration
barrier [27]. These findings suggest that TWEAK/Fn14
activation is pivotal in the pathogenesis of LN.

However, current studies only provide indirect evidence
indicating different roles of anti-dsDNA IgG and TWEAK/
Fn14 signals in the progression of LN, and there are no
results interpreting the relationship between them in the
kidneys. Moreover, MRL/lpr mice have high titers of serum
autoantibodies other than anti-dsDNA IgG, which may also
contribute to the progression of LN [28]. Therefore, the role
of TWEAK/Fn14 signals in the nephritogenicity of anti-
dsDNA IgG should be elucidated exclusively in the model
with anti-dsDNA IgG. The purpose of this study was aimed
at revealing the effect of Fn14 deficiency on glomerular
injuries of mice that only generate anti-dsDNA IgG.

2. Materials and Methods

2.1. Generation of Fn14-Deficient Mice. Fn14 deficiency was
generated in severe combined immunodeficiency (SCID)
mice (NOD.CB17-Prkdcscid/NcrCrl strain; Charles River

Laboratories, Wilmington, MA, USA) by using a clustered
regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated (Cas) 9 approach [29]. In brief, Cas9
mRNA and small guide RNA were synthesized in vitro and
then injected into one-cell stage embryos of SCID mice.
The F0 generation mice were identified for genotypes by
polymerase chain reaction (PCR) and hybridized with other
SCID mice. Finally, the Fn14−/− homozygote mice were
selected for the next reproduction. Both CRISPR/Cas9
engineering and reproductive experiments were conducted
in Shanghai Biomodel Organism Science & Technology
Development Company (Shanghai, China). The strategy for
CRISPR/Cas9 engineering is detailed in Figure S1.

2.2. Injection of Hybridoma Cells. Murine hybridoma cells of
anti-dsDNA IgG (WJ31 clone, IgG2a) or control IgG (WJ77
clone, IgG2a) were purchased from Jieqing Biotech (Wuhan,
China) [13]. The Fn14-knockout (KO) and WT mice aged 8
weeks received priming of pristine, followed by intraperito-
neal injection of 1× 107 hybridoma cells per mouse [5]. There
were eight mice in each group. Urine, blood, and kidney
tissue samples were collected 2 weeks after the injection.
The levels of serum IgG (total IgG or IgG isotypes) were mea-
sured by enzyme-linked immunosorbent assay as described
[27]. Animal experiments were approved by the hospital
research ethics committee.

2.3. Immunohistochemistry and Immunofluorescence. Immu-
nohistochemistry was performed as described previously
[13]. Paraffin sections were incubated with rabbit primary
antibodies to Fn14, Ki-67, platelet-derived growth factor sub-
unit B (PDGFB), CD3, Iba-1, or phospho-epidermal growth
factor receptor (pEGFR) (2μg/ml; Abcam, Cambridge, MA,
USA). The secondary antibody was polymer-horseradish
peroxidase-conjugated goat anti-rabbit IgG (1μg/ml; DAKO,
Glostrup, Denmark). 3,3′-Diaminobenzidine chromogen
substrate (DAKO) was used for color development. Some
sections were routinely stained with trichrome or hema-
toxylin and eosin. By following histological scoring systems
[27], the stains were scored by two renal pathologists blinded
to the mouse grouping. The pathological changes (by hema-
toxylin and eosin staining), fibrotic changes (by trichrome or
PDGFB staining), and inflammatory cell infiltration (by CD3
or Iba-1 staining) in glomeruli were each scored from 0 to 4
(0, absent; 1, mild; 2, mild–moderate; 3, moderate; and 4,
severe) by two pathologists blind to the grouping. Glomeru-
lar proliferation was quantitated by counting the number of
Ki-67-positive cells in 20 glomeruli of each section.

IgG deposition was detected by immunofluorescence in
frozen sections [13]. Sections were incubated with fluorescein
isothiocyanate-conjugated goat anti-mouse IgG isotypes
(2μg/ml; Southern Biotech, Birmingham, AL, USA). A digi-
tal fluorescent microscope (Carl Zeiss, Jena, Germany) was
used for viewing fluorescence in the sections.

2.4. Transmission Electron Microscopy and Immunogold
Staining. As described previously [5], kidney tissue sections
were incubated in saturated sodium metaperiodate solu-
tion. After blocking with 1% bovine serum albumin in
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phosphate-buffered saline, sections were incubated with
gold-labeled donkey anti-mouse IgG (Electron Microscopy
Sciences, Hatfield, PA, USA). Finally, sections were postfixed
in 2% glutaraldehyde solution and examined under an elec-
tron microscope (JEOL, Peabody, MA, USA).

2.5. Real-Time Quantitative PCR. Total RNA was extracted
from fresh kidney tissues of mice and processed for cDNA
by reverse transcription. SYBR Green Master Mix (Invitro-
gen, Grand Island, NY, USA) was used as a fluorescent dye.
PCR was carried out on the 7900HT Fast PCR System
(Applied Biosystems, Carlsbad, CA, USA). The sequences
of primers (Jieqing Biotech) are detailed in Table S1.

2.6. Western Blotting. Fresh tissues were extracted for protein
lysates with the addition of protease inhibitor cocktail
(Thermo Scientific, Waltham, MA, USA). Proteins were
transferred onto polyvinylidene difluoride membranes,
followed by incubation with rabbit IgG targeting Fn14 or
pEGFR (2μg/ml; Abcam). Biotinylated goat anti-rabbit IgG
(Southern Biotech) was the secondary antibody (2μg/ml).
After incubation with horseradish peroxidase-streptavidin,
an ECL solution kit (Thermo Scientific, Waltham, MA,
USA) was used for signal development. The intensities of
bands were quantitated by ImageJ 1.61u software (National
Institutes of Health, Bethesda, MD, USA) and normalized
to the values of β-actin bands accordingly.

2.7. Measurement of Proteinuria, Urine Creatinine and
Monocyte Chemotactic Protein 1 (MCP-1), and Blood Urea
Nitrogen (BUN). The levels of urine albumin were deter-
mined by an enzyme-linked immunosorbent assay kit
(Bethyl Laboratories, Montgomery, TX, USA). Urine creati-
nine and BUN were determined by using commercial kits
(BioAssay Systems Inc., Hayward, CA, USA). MCP-1 was
determined with a commercial enzyme-linked immunosor-
bent assay kit (R&D Systems, Minneapolis, MN, USA). The
protocols were provided by the manufacturers.

2.8. Statistical Analysis. All data were expressed as means ±
standard error of the mean. The STATA 10.0 software pack-
age (StataCorp, College Station, TX) was used for analyzing
these data. Analysis of variance was used for comparing more
than two groups. A two-tailed unpaired Student t-test was
then used for comparison of the two groups. Differences were
considered significant at p < 0 05.

3. Results

3.1. Fn14 Deficiency Significantly Reduces Proteinuria in
SCID Mice. The expression levels of Fn14 were determined
in the kidneys of SCID mice. By Western blotting and real-
time PCR, the WT mice exhibited higher protein and mRNA
expression of Fn14 when compared with the KO mice
(Figure 1). Moreover, both immunohistochemistry and
real-time PCR revealed that the anti-dsDNA IgG hybridoma
cell-injectedWTmice had higher Fn14 expression in glomer-
uli when compared with the KOmice (Figures 1(a) and 1(b)).
There were no significant differences in Fn14 expression
between the WT and KO mice that received control IgG

hybridoma cells or those that had no injection. The renal
mRNA expression of TWEAK was comparable between the
anti-dsDNA IgG-injected WT mice and KO mice although
both of them had higher levels than the two control groups
accordingly (Figure 1(d)). Furthermore, renal function was
evaluated in these mice, revealing that the anti-dsDNA IgG
hybridoma cell-injected WT mice had higher levels of urine
albumin, serum creatinine, and BUN than the other mice,
and these levels decreased significantly in the KO mice
(Figures 1(d)–1(f)).

3.2. Glomerular IgG Deposition Decreases in Fn14-Deficient
SCID Mice. Because TWEAK/Fn14 activation affects renal
IgG deposition in lupus-prone mice [27], we further exam-
ined IgG deposition in the glomeruli of these mice. By
immunofluorescence, the anti-dsDNA IgG hybridoma
cell-injected WT mice had the strongest fluorescent inten-
sity in glomeruli (Figures 2(a) and 2(b)). Also, IgG deposits
were detected by immunogold staining and transmission
electron microscopy, showing that IgG deposition was the
most prominent in the glomerular basement membrane of
the anti-dsDNA IgG hybridoma cell-injected WT mice
(Figure 2(c)). Fn14 deficiency partially reduced both fluo-
rescence and gold particles of anti-dsDNA IgG in glomer-
uli. There were no differences in IgG deposition between
the blank and the control IgG groups (Figure 2). Interest-
ingly, the serum levels of total IgG or anti-dsDNA IgG
were comparable between the WT and KO mice that were
injected with either control IgG or anti-dsDNA IgG
hybridoma cells or as blank controls (Figure S2). Serum
IgG1, IgG2b, and IgG3 were not detectable in these mice
(data not shown). By immunofluorescence, we also found
no deposition of these three isotypes in glomeruli (data
not shown).

3.3. Histopathological Changes Are Attenuated in Fn14-
Deficient Kidneys. To elucidate the effect of Fn14 deficiency
on microstructure of the glomeruli, we evaluated the histo-
pathological changes in these mice. The hematoxylin and
eosin-stained kidney sections were scored, showing that the
anti-dsDNA IgG hybridoma cell-injected WT mice had the
most severe damage in glomeruli (Figures 3(a) and 3(b)).
Such histopathological changes were attenuated in the
anti-dsDNA IgG hybridoma cell-injected KO mice, which
still had a higher score than the KO mice receiving no
IgG injection (Figures 3(a) and 3(b)). Glomerular prolifera-
tion also reflects the inflammatory severity in LN [26, 27].
Hence, Ki-67 staining was performed with kidney sections.
The results showed that the Ki-67-positive cells lessened
in the KO mice when compared with the WT mice, both
were injected anti-dsDNA IgG hybridoma cells (Figures 3(c)
and 3(d)).

Renal fibrosis is one of the histopathologic features
associated with poor outcomes of LN [12] and correlates
with the nephritogenicity of anti-dsDNA IgG [13]. We
examined glomerular fibrosis in SCID mice by trichrome
staining, which showed that the score of tissue fibrosis
was the highest in the anti-dsDNA IgG hybridoma cell-
injected WT mice but decreased partially in the KO mice
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receiving the same treatment (Figures 4(a) and 4(b)). Simi-
larly, the mRNA expression levels of transforming growth
factor-β (TGF-β), PDGFB, connective tissue growth factor
(CTGF), fibronectin 1, and collagen 1A1 increased in the
WT mice but decreased in the KO mice upon injection of
anti-dsDNA IgG hybridoma cells (Figure 4(c)). The alter-
ation of PDGFB expression was further confirmed in kidneys
by immunohistochemistry (Figures 4(d) and 4(e)).

3.4. Less Inflammatory Infiltrate in the Kidneys of Fn14-
Deficient Mice. Glomerular infiltration of macrophages was
evaluated by immunohistochemical staining for CD3- or
Iba-1-positive cells. The results showed that injection of
anti-dsDNA IgG induced prominent infiltration of these cells
in the glomeruli or periglomerular regions of WT mice
(Figure 5). However, Fn14 KO in the anti-dsDNA IgG
hybridoma cell-injected mice led to remarkable amelioration
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Figure 1: Fn14 deficiency reduces proteinuria in SCID mice. (a) Fn14 protein was determined in the kidneys by Western blotting. (b) IgG
deposition was detected in glomeruli by immunohistochemistry. (c) The mRNA expression levels of Fn14 were determined in the kidneys
by real-time PCR. (d) Similarly, the mRNA expression levels of TWEAK were also determined. (e–g) The levels of urine albumin, serum
creatinine, and blood urea nitrogen (BUN) were determined in mice at sacrifice. There were eight mice in each group. Representative
images are shown. Fn14: fibroblast growth factor-inducible 14; TWEAK: tumor necrosis factor-like weak inducer of apoptosis. Scale bar =
50μm. ∗p < 0 05 and ∗∗p < 0 01.
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of inflammatory cell infiltration (Figure 5). By semiquantita-
tive scoring, the anti-dsDNA IgG hybridoma cell-injected
WT mice showed significant increase in CD3- or Iba-1-
positive cells, which was tempered upon Fn14 deficiency
(Figures 5(b) and 5(d)).

3.5. Proinflammatory Cytokines Are Downregulated in Fn14-
Deficient Kidneys. Proinflammatory cytokines in the kidneys
were assessed by real-time PCR. It showed that the mRNA
and protein expression levels of regulated on activation,
normal T cell expressed and secreted (RANTES), MCP-1,
and interferon gamma-induced protein 10 (IP-10) were
higher in the WT mice when compared with the KO mice,
both of which received injection of anti-dsDNA IgG
hybridoma cells (Figures 6(a)–6(c)). In accordance, urine
levels of MCP-1 were lower in the KO mice (Figure 6(d)).

Interestingly, EGFR, a transmembrane protein that can
be transactivated by TWEAK and contributes to renal

disease progression especially fibrosis [30], was also less
expressed in the kidneys of the KO mice after injection
of anti-dsDNA IgG hybridoma cells (Figures 6(a)–6(c)).
There were no significant differences in both proinflamma-
tory cytokines and EGFR between the blank and control
IgG hybridoma cell-injectedmice. By immunohistochemistry
and semiquantitative scoring, the anti-dsDNA IgG hybrid-
oma cell-injected WT mice showed significant increase in
glomerular pEGFR expression, which was attenuated upon
Fn14 deficiency (Figures 6(e) and 6(f)).

4. Discussion

In this study, we demonstrated that anti-dsDNA IgG upre-
gulates TWEAK and Fn14 expression in kidneys and
induces prominent glomerular damage in the WT SCID
mice. However, Fn14 deficiency significantly reduces
proteinuria as well as glomerular IgG deposition in anti-
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Figure 2: Glomerular IgG deposition is attenuated in Fn14-deficient SCID mice. (a) IgG deposition was detected in glomeruli by
immunofluorescence. Scale bar = 50μm. (b) Fluorescent intensities of glomeruli were quantitated by ImageJ software. (c) By immunogold
staining and transmission electron microscopy, IgG deposits were detected in glomeruli. Gold particles were indicated by red arrows. Scale
bar = 200 nm. There were eight mice in each group. Representative images are shown. ∗∗p < 0 01.
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dsDNA IgG hybridoma cell-injected mice. Accordingly, the
histopathological changes and inflammatory cell infiltration
are attenuated in the kidneys of these Fn14-deficient mice.
Furthermore, the expression of proinflammatory cytokines
and EGFR is downregulated in Fn14-deficient kidneys.
Therefore, Fn14 deficiency effectively ameliorates anti-
dsDNA IgG-induced glomerular damage in SCID mice.

Previous studies demonstrated that intraperitoneal
injection of anti-dsDNA IgG hybridoma cells induces
LN-like renal damage in SCID mice, and Fn14 deficiency
attenuates LN in MRL/lpr mice without affecting serum
IgG levels [5, 27]. Our results confirmed such nephrito-
genicity of anti-dsDNA IgG as well as the protective effect
of Fn14 deficiency in SCID mice. Because MRL/lpr mice
have multiple autoantibodies in sera, which may contribute
to renal damage [27], Fn14 deficiency was generated in SCID
mice, which have no detectable IgG because of V(D)J recom-
bination impairment [5]. It showed that anti-dsDNA IgG

upregulates both Fn14 and TWEAK expression in the kid-
neys of the WT mice. The downstream proinflammatory
cytokines, including RANTES, MCP-1, and IP-10, also
increase in these kidneys. These results supported the finding
that TWEAK/Fn14 signals activate upon anti-dsDNA IgG
deposition in the glomeruli. On the other hand, the Fn14-
KOmice showed less glomerular IgG deposition though their
serum IgG levels remained the same as those of the WT mice
after injection of anti-dsDNA IgG hybridoma cells. Hence,
renal deposition of anti-dsDNA IgG correlates closely with
local TWEAK/Fn14 activation. There were no differences in
circulating the anti-dsDNA IgG level between the two strains
though the KO mice had less glomerular IgG deposition.
Such discrepancy might be due to persistent production of
IgG by intraperitoneal hybridoma cells, which could conceal
an actual difference.

Although SCID mice are characterized by the absence of
functional T cells and B cells, their kidneys may be infiltrated
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Figure 3: Histopathological changes are ameliorated in Fn14-deficient glomeruli. (a) Kidney sections were stained by hematoxylin and eosin.
(b) The hematoxylin and eosin-stained sections were scored for glomerular damage. (c) By immunohistochemistry, Ki-67-positive cells were
detected in glomeruli. (d) The Ki-67-positive cells were counted in glomerular areas. There were eight mice in each group. Representative
images are shown. Fn14: fibroblast growth factor-inducible 14. Scale bar = 50μm. ∗p < 0 05 and ∗∗p < 0 01.
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by macrophages under inflammation [31]. In fact, macro-
phages are one of the main resources of soluble TWEAK in
inflammatory tissues [18]. In this study, macrophages (Iba-
1-positive) infiltrated the kidneys of SCID mice after

injection of anti-dsDNA IgG hybridoma cells, accompanied
by an increase in TWEAK mRNA expression. Anti-dsDNA
IgG injection induced less glomerular infiltration of T cells
(CD3-positive) in Fn14-KO mice, confirming an inhibitive
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7Journal of Immunology Research



effect of Fn14 deficiency on T cell recruitment. The expres-
sion of Fn14 was significantly elevated in the kidneys of SCID
mice upon anti-dsDNA IgG injection. Accordingly, the
TWEAK/Fn14 signaling-regulated downstream cytokines,
including RANTES, MCP-1, and IP-10, increase in these kid-
neys. Obviously, immunodeficiency in SCID mice does not
block the TWEAK/Fn14 pathway, which is actually activated
in anti-dsDNA IgG-induced renal damage.

Renal fibrosis is one of the final outcomes of patients
with LN [12]. It has been known that anti-dsDNA IgG
participates in the processes of renal fibrosis through
blocking the suppressor of cytokine signaling 1 signals and
inducing fibronectin secretion or myofibroblast-like pheno-
type of renal resident cells [10, 11, 13]. TWEAK/Fn14 signal-
ing is also deeply involved in the inflammation-related
fibrosis of tissues, including the liver, heart, lung, and kidney
[23, 32–35]. TWEAK/Fn14 activation promotes kidney

fibrosis involving Ras-dependent proliferation of renal fibro-
blasts [36]. So, anti-dsDNA IgG deposition and TWEAK/
Fn14 activation may cooperate in facilitating renal fibrosis
of LN. Our results showed that glomerular fibrosis is
apparent in SCID mice after injection of anti-dsDNA IgG
hybridoma cells. Moreover, the mRNA expression levels of
fibrotic markers, such as TGF-β, PDGFB, CTGF, fibronec-
tin 1, and collagen 1A1, increase significantly in kidneys of
these mice. However, both glomerular fibrotic scores and
fibrotic marker expression decrease upon Fn14 deficiency.
These findings not only support the finding that anti-
dsDNA IgG contributes to renal fibrosis of LN but also
affirm that TWEAK/Fn14 inhibition blocks such effect of
anti-dsDNA IgG on kidneys.

RANTES, MCP-1, and IP-10 are TWEAK-induced
cytokines that trigger cellular and tissular inflammatory
responses [16, 17, 22, 24, 26]. These cytokines are
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Figure 5: Infiltration of inflammatory cells decreases in glomeruli of Fn14-deficient mice. SCID mice were intraperitoneally injected
with hybridoma cells producing control IgG or anti-dsDNA IgG. (a) By immunohistochemistry, CD3-positive cells were detected in
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upregulated in kidneys with inflammation and fibrosis and
attract inflammatory cells, such as monocytes, T lympho-
cytes, and neutrophils [37, 38]. Monitoring of these cyto-
kines may help follow up the progression of renal

diseases [39, 40]. Our results showed that the mRNA
expression levels of RANTES, MCP-1, and IP-10 were higher
in the WT mice when compared with the Fn14-KO mice,
both of which received injection of anti-dsDNA IgG
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Figure 6: Proinflammatory cytokines and pEGFR are downregulated in Fn14-deficient kidneys. Both WT and KO mice were injected with
anti-dsDNA IgG hybridoma cells. (a) By real-time PCR, the mRNA levels of regulated on activation, normal T cell expressed and secreted
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hybridoma cells. Also, urine MCP-1 level decreased in the
KOmice. Therefore, TWEAK/Fn14 activation is more prom-
inent in the WT mice, and Fn14 deficiency protects mice
from anti-dsDNA IgG-induced renal inflammation. We
speculate that Fn14 inhibition induces less production of
these cytokines, thus maintaining the integrity of the glo-
merular filtration barrier. The rest of the findings such as his-
tological changes as well as inflammatory cell infiltration are
secondary to both TWEAK/Fn14 inhibition and decreased
IgG deposition.

EGFR is a transmembrane protein that activates through
engaging its ligands including epidermal growth factor and
transforming growth factor-α [41]. Recent studies demon-
strated that Fn14 upregulation correlates with EGFR phos-
phorylation (activation) in tumor cells [42, 43]. Moreover,
TWEAK/Fn14 interaction can directly induce phosphory-
lation of EGFR, which mediates TWEAK-induced proin-
flammatory factor upregulation and inflammatory cell
infiltration in kidneys [30]. Furthermore, TWEAK/Fn14 sig-
naling induces cell proliferation and renal fibrosis through
activating the EGFR pathway [30, 44]. In this study, we found
that renal expression of EGFR correlates positively with
TWEAK/Fn14 activation in SCID mice. This phenomenon
also reflects that the TWEAK/Fn14 pathway mediates renal
inflammation and fibrosis in anti-dsDNA IgG-treated mice.

5. Conclusions

Based on our findings, we conclude that the TWEAK and
Fn14 upregulation and glomerular damage are prominent
in anti-dsDNA IgG hybridoma cell-injected SCID mice.
Fn14 deficiency effectively protects SCID mice from renal
damage through reducing glomerular IgG deposition and
local inflammatory responses. In future studies, exogenous
inhibitory approaches should be developed to suppress the
TWEAK/Fn14 pathway in a murine model of LN.
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Background. Liver-derived insulin-like growth factor-1 (IGF-1) contributes bone formation. Decreased IGF-1 levels are common in
juvenile idiopathic arthritis (JIA), but whether IGF-1 is related to sex and differ during the pathogenic progress of JIA is unknown.
Objective. The aim of this study was to examine IGF-1 levels in boys and girls with newly diagnosed JIA, with established JIA and in
controls.Methods. The study group included 131 patients from the Estonian population-based prevalence JIA study. Blood samples
were obtained from 27 boys and 38 girls with early JIA (≤1 month from the diagnosis), 29 boys and 36 girls with established JIA
(mean disease duration 18 months), and from 47 age- and sex-matched controls. Results. IGF-1 levels in boys were significantly
decreased in early JIA compared to male controls, while IGF-1 levels in girls were comparable between JIA and controls. In
early JIA, IGF-1 levels were 12-fold lower in boys relative to girls. In controls, IGF-1 levels correlated with both age and height,
while these correlations were lost in boys with early JIA. Conclusion. We report a sex-dependent deficiency in serum IGF-1 in
boys with early JIA, which argues for sex-related differences in biological mechanisms involved in the disease pathogenesis.

1. Introduction

The term juvenile idiopathic arthritis (JIA) comprises a num-
ber of chronic inflammatory disorders with onset before 16
years of age with symptoms presenting for longer than six
weeks. JIA is the most common rheumatic disease in chil-
dren, with a prevalence from 3.8 to 400 per 100,000 in the
European population [1]. There are seven clinical categories
defined in the JIA spectrum according to the criteria from
the International League of Associations for Rheumatology
(ILAR) [2]. Distinct distributions regarding age at onset
and sex of the child, as well as the course of the disease and
outcome, vary between the different categories [3, 4]. The
pathogenesis of JIA is currently unknown, but is thought to

be due to a combination of environmental triggers and spe-
cific immunogenic factors [5].

Impaired linear growth is a commonly encountered com-
plication in children with JIA, which can result in short final
height [6, 7]. The etiology of growth retardation in JIA is not
fully elucidated, but elevated levels of proinflammatory cyto-
kines, delayed onset of puberty, malnutrition, and long-term
glucocorticoid therapy have been implicated [6, 8, 9]. The
growth hormone (GH)/insulin-like factor-1 (IGF-1) axis is
a main regulator of linear growth [7], and the major part of
circulating IGF-1 levels is liver derived [10]. In healthy chil-
dren, circulating IGF-1 levels increase with age in pre- and
early puberty, while in late puberty, this relationship is nega-
tive [11]. Therefore, normal IGF-1 levels vary in different age
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groups for boys and girls [11]. Several studies have demon-
strated decreased IGF-1 levels in children with JIA compared
to healthy controls [12–15]. However, as the JIA disease
duration varied greatly and the numbers of JIA patients
included in these studies were relatively low, sex-related dif-
ferences were not examined. Thus, it remains to be eluci-
dated if there are distinctions in IGF-1 levels between boys
and girls with JIA and if IGF-1 levels differ in early disease
compared to established JIA. To address these gaps in
knowledge, we here examined circulating levels of IGF-1
separately in boys and girls who were newly diagnosed with
JIA (≤1 month from JIA diagnosis), who had established JIA
with a mean disease duration of 18 months, and in age- and
sex-matched controls.

2. Materials and Methods

2.1. Patients and Healthy Controls. The patient group com-
prised 131 Estonian children diagnosed with JIA during the
population-based prevalence and incidence studies in the
Children’s Clinic, Tartu University Hospital and Tallinn
Children’s Hospital during 1995–2000 [16–18]. The inclu-
sion criteria to the study were as follows: children under the
age of 16 years who had (a) arthritis of unknown cause in
at least one joint for at least 6 weeks or (b) inflammatory

back pain and enthesitis, or (c) spiking fever together with
other symptoms suggestive of systemic arthritis. Arthritis
was defined as a swollen joint or two of the following symp-
toms: (a) limitation of movement, (b) warmth/redness, and
(c) pain on active or passive movements. All patients were
classified according to the ILAR revised criteria for JIA into
the following categories: persistent or extended oligoarthritis,
rheumatoid factor- (RF-) positive polyarthritis, RF-negative
polyarthritis, systemic arthritis, psoriatic arthritis, and
enthesitis-related arthritis [2]. Children who did not fulfill
any or fulfilled the criteria for more than one subtype were
categorized as “other arthritis.” Children presenting with
other explanations for arthritis, such as infection, trauma,
and systemic connective tissue disease, were excluded. Chil-
dren included at their visit to pediatric rheumatologist with
no previous JIA diagnosis and ≤1 month from diagnosis
were defined as patients with early JIA. The majority were
treatment naïve for steroids (92%) and DMARDs (85%)
(Table 1), or the drug was just initiated during the first
weeks before inclusion. Children who were diagnosed with
JIA more than one month ago and had received treatment
longer than 1 month were defined as established JIA. The
median symptom duration (the interval between time when
the first symptoms were noticed and the time when the
diagnosis was made by the pediatric rheumatologist) for

Table 1: Clinical and demographic characteristics of boys and girls with early JIA (≤1 month from diagnosis) and established disease
(>1 month from diagnosis).

Early JIA all
(n = 65)

Establ JIA all
(n = 66)

Early JIA boys
(n = 27)

Early JIA girls
(n = 38)

Establ JIA boys
(n = 29)

Establ JIA girls
(n = 37)

Age at inclusion, years (mean± SD) 9.7± 4.0 10.8± 4.6 9.3± 3.8 10.0± 4.2 10.8± 4.6 10.7± 4.6
Age at diagnosis, years (mean± SD) 9.7± 4.0 9.4± 4.3 9.3± 3.8 10.0± 4.2 9.3± 4.1 9.1± 4.6
Disease duration, months (mean± SD) 0.06± 0.2 17.9± 14.0∗∗∗ 0.0± 0 0.1± 0.3 19.2± 13.7 16.9± 14.4
DMARDs, n (%)§ 9 of 60 (15) 26/35 (74)∗∗∗ 4/26 (15) 5/34 (15) 14/16 (87) 12/19 (63)

Steroids, n (%)§ 5 of 60 (8) 6/35 (17) 2/26 (8) 3/34 (9) 1/16 (6) 5/19 (26)

ANA-positive, n (%) § 16 of 50 (32) 6/21 (29) 3/19 (16) 13/31 (42) 5/11 (45) 1/10 (10)

HLAB27-positive, n (%) § 18 of 62 (29) 20/63 (32) 10/26 (38) 8/36 (22) 8/28 (29) 11/34 (32)

RF-positive, n (%) 2 of 51 (4) 3/29 (10) 0/21 (0) 2/30 (7) 1/15 (7) 2/14 (14)

SJC, n (median, IQR) 1 (1–3) 1 (0–2.5) 2 (1–4) 1 (0.25–2.75) 1.5 (0–3.5) 1 (0–2.5)

TJC, n (median, IQR) 1 (0–1) 1 (0–1.75) 1 (0–1) 0.5 (0–1) 0 (0–0) 0 (0–2)

ESR at diagnosis, mm/h (median, IQR) 15 (7–29) 11 (6–25) 13 (8–32) 15 (7–28) 15 (7–26) 7 (5–21)

CRP mg/l, median (IQR) # 39 (30–63) 48 (18–115) 42 (26–59) 38 (32–128) 80 (18–130) 33 (22–133)

Neutrophils at diag, % (median, IQR) 53 (46–62) 60 (49–67) 51 (46–66) 54 (44–62) 61 (48–69) 59 (48–66)

JIA categories, n (%)

(i) Oligoarthritis, persistent 16 (25) 33 (50)∗∗ 7 (26) 9 (24) 18 (62) 15 (41)

(ii) Oligoarthritis, extended 11 (17) 8 (12) 3 (11) 8 (21) 2 (7) 6 (16)

(iii) Polyarthritis, RF-positive 2 (3) 3 (5) 0 2 (5) 1 (3) 2 (5)

(iv) Polyarthritis, RF-negative 15 (23) 16 (24) 5 (19) 10 (26) 4 (14) 12 (32)

(v) Enthesitis-related 8 (12) 1 (2)∗ 6 (22) 2 (5) 1 (3) 0

(vi) Systemic 4 (6) 3 (5) 1 (4) 3 (8) 3 (10) 0

(vii) Psoriatic 4 (6) 0 (0) 2 (7) 2 (5) 0 0

(viii) Other 5 (8) 1 (2) † 3 (11) 2 (5) 0 2 (5) †

IQR: interquartile range. §Data for ANA, HLAB27, and treatment not available for all children in the cohort. #Median CRP values shown for children
with increased CRP. †Category missing for one patient. Statistical comparisons between all early JIA vs. all established JIA: ∗∗∗P < 0 0001, ∗∗P < 0 005,
and ∗P < 0 05.
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early JIA group was 6 months (IQR 1–12): respectively, 5
months (1–12) for boys and 6 months (1.5–12) for girls. The
baseline characteristics of early and established JIA patients
including the total number of patients and the number of
patients with available data are presented in Table 1. The
control group comprised of 47 sex- and age-matched chil-
dren with no arthritis or any other inflammatory autoim-
mune conditions. The study was approved by the Ethics
Committee of Tartu University (173/T-5 and 200T-1) in
accordance with the Declaration of Helsinki, and informed
consent for participation in the study was obtained from all
parents and/or children.

2.2. Clinical and Laboratory Assessment. Clinical examina-
tions by a pediatric rheumatologist at the tertiary hospitals
were performed for all children and disease activity variables,
i.e., erythrocyte sedimentation rate (ESR), C-reactive protein
(CRP), complete blood count with differential, swollen and
tender joints, joints with limited range of motion, and joints
painful in passive and/or active movements were recorded.
CRP and rheumatoid factor (RF) were measured using turbi-
dimetry with normal range 0–5mg/l and <14 IU/ml, respec-
tively. Anti-nuclear antibodies (ANA) were assessed by
indirect immunofluorescence (IIF) using rat kidney-liver-
stomach sections and considered positive if a titer≥ 1 : 10
on two or more occasions at least 8 weeks apart were
detected in the blood. If ANA was assessed by IIF using
Hep-2 cells as a substrate, a titer≥ 1 : 100 on two or more
occasions was considered positive. The cut-off levels for both
methods were established according to common laboratory
routines by analyzing the healthy local population.

2.3. Determination of IGF-1 in Serum. Blood samples
were obtained from cubital vein into the tubes without addi-
tive. Collected blood samples were centrifuged within 4 h at
1400g for 10min, immediately aliquoted, and stored at
−80°C until assayed. Previous studies have shown that IGF-
1 levels are relatively stable up to more than 20 years if prop-
erly stored at −80°C and if repeated freeze-thaw cycles are
avoided [19, 20]. The serum levels of IGF-1 were determined
using a specific sandwich ELISA kit (R&D Systems, Minne-
apolis, MN, USA) according to the instructions of the manu-
facturer. The minimum detectable concentration after taking
into account the dilution factors and standard curve was
0.3 ng/ml.

2.4. Statistical Analysis. The D’Agostino and Pearson omni-
bus normality test were used to assess if the data were
normally distributed (GraphPad Prism, San Diego, USA).
Kruskal-Wallis test followed by Dunn’s multiple comparison
test were used to compare IGF-1 levels between early JIA,
established JIA, and controls. The effect of sex and disease
on IGF-1 levels was analyzed using two-way ANOVA with
the factors sex (Psex), disease (Pdisease), and their interac-
tion (Psex∗disease) followed by Tukey’s multiple comparisons
test. Two-tailed Spearman rank correlation test was used to
assess correlations between two variables. A p value< 0.05
was regarded as being statistically significant (∗p < 0 05,
∗∗p ≤ 0 01, and ∗∗∗p ≤ 0 001). Fisher’s exact probability test

was used to assess differences between groups with regard to
disease characteristics. Fisher’s r-to-z transformation analysis
was used to compare correlation coefficients. Linear regres-
sion analysis was used to investigate the relationship between
two variables (age and height in relation to IGF-1 levels). Mul-
tivariate factor analysis orthogonal projection to latent struc-
tures (OPLS), as previously described in detail [21], was
implemented to investigate the relationship between IGF-1
serum levels (Y-variable) and disease activity/inflammation
variables (X-variables) among girls and boys with early JIA
(SIMCA-P+ software; Umetrics, Umeå, Sweden).

3. Results

3.1. Patient Characteristics. Blood samples were obtained
from 131 JIA patients (mean± SD age 10.2± 4.3 years, 43%
boys) and from 47 sex- and age-matched controls (mean
age 9.3± 4.1 years, 43% boys). Of the children with JIA, 65
(50%) were diagnosed with JIA at entry into the study and
classified as early JIA (≤1 month since the diagnosis),
whereas 66 (50%) were classified as established JIA patients
(mean disease duration 17.9± 14.0 months). There was a
lower prevalence of persistent oligoarthritis (P = 0 004) and
a higher prevalence of enthesitis-related arthritis (P = 0 02)
in the early JIA group compared to established JIA. Other-
wise, these two groups were similar with regard to disease
characteristics and inflammatory parameters at diagnosis.
There were no sex-related differences in disease characteris-
tics, including clinical categories of JIA and inflammatory
parameters among the patients with early or established
JIA (Table 1). The vast majority of children who were
classified as early JIA patients were treatment naïve for
DMARDs (85%) and steroids (92%). In the early JIA group,
all children with systemic disease (1 boy, 3 girls) and 1 boy
with polyarthritis initiated glucocorticoid treatment at diag-
nosis (8% of boys and 9% of girls). In addition, 4 boys with
early JIA (15%) and 5 girls with early JIA (15%) had received
hydroxychloroquine treatment for about one month before
the inclusion to the study. In the established JIA group,
87% of boys and 63% of the girls received DMARDs, mainly
hydroxychloroquine only or in combination with azathio-
prine (n = 2) or methotrexate (n = 2). None of the patients
had received biologic therapy at inclusion with biologic
anticytokine drugs.

3.2. Boys with Early JIA Present with Decreased IGF-1 Levels.
First, we examined the levels of serum IGF-1 levels in all early
JIA patients, established JIA patients, and in controls. As
shown in Figure 1(a), there were significantly lower IGF-1
levels in the group of early JIA patients, but not established
JIA patients, compared to controls. To examine the effect
of sex and disease on IGF-1 levels, a two-way ANOVA was
conducted. There was a sex- and disease-related difference
in IGF-1 levels (F 1,171 = 7 4, Psex = 0 007; F 2,171 = 5 2,
Pdisease = 0 007). However, no significant interaction between
sex and disease was detected (F 2,171 = 2 3, Psex∗disease = 0 1).
IGF-1 levels were significantly lower in boys with early JIA
compared to age-matched controls, while girls displayed sim-
ilar IGF-1 levels between the three groups (Figure 1(a)). The
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IGF-1 levels were 12-fold lower in boys compared to girls
with early JIA, but no such sex-related differences were
observed among controls or patients with established JIA.

3.3. The IGF-1 System Is Disturbed in Early JIA. Age could be
a potential confounding factor for the observed differences in
IGF-1 levels among boys with or without early JIA. In multi-
ple regression analysis, age contributed independently to the
IGF-1 levels in both boys and girls (P ≤ 0 0001 for both
sexes). However, as the median age at inclusion of boys with
early JIA did not differ significantly from the other two
groups (Figure 2(a)), decreased IGF-1 in boys with early
JIA cannot solely be explained by age.

Next, we examined how IGF-1 levels were related to age
in the different subgroups. Age correlated strongly to IGF-1
in serum among male controls, but not in boys with early
JIA (r = 0 83 vs. r = 0 33, respectively) (Figure 2(b)). Both
the correlation coefficients and the regression slopes differed
significantly for these two independent groups (P = 0 009
and P = 0 006, respectively). Similarly to boys, IGF-1 levels
correlated strongly to age in female controls (Figure 2(c)).
In contrast to boys, there was a moderate correlation between
age and IGF-1 in girls with early JIA (Figure 2(c)). Accord-
ingly, the correlation coefficients (r = 0 69 vs r = 0 49, P =
0 23) and the regression slopes (P = 0 23) were similar in
controls and early JIA girls. In established JIA, there was a
strong correlation between age and serum IGF-1 levels in
both sexes (Figures 2(d) and 2(e)).

There were no significant differences in height between the
groups of children, either among boys or girls (Figure 3(a)),
but boys with established JIA had tendency towards shorter
body height. Similar to age, height correlated strongly to
serum IGF-1 in male controls (r = 0 79), but not in those
with early JIA (Figure 3(b)), and the correlation coefficients
differed significantly (P = 0 03) between the groups as well

as the regression slopes (P = 0 003) (Figure 3(b)). Among
girls, height correlated to serum IGF-1 in controls and there
was a trend for correlation also in early JIA (Figure 3(c)).
Neither the correlation coefficients (P = 0 5) nor the regres-
sion slopes (P = 0 7) differed between control group of girls
and in girls with early JIA. In established JIA, there was a
significant correlation between height and serum IGF-1
levels in girls but not in boys (Figures 3(d) and 3(e)). Over-
all, these results indicate a disturbance in the IGF-1 system
in relation to age and anthropometrics in the early JIA, espe-
cially among boys.

3.4. IGF-1 Levels in Relation to Clinical Disease Activity. We
next investigated whether serum IGF-1 was associated with
disease-related variables in early JIA by the use of multivari-
ate factor analysis. As shown in the OPLS loading column
plot in Figure 4(a), higher IGF-1 among boys were positively
related to higher CRP and correlated significantly to platelet
counts (Figure 4(b)), ESR, and proportion of neutrophils.
Among girls, higher IGF-1 levels correlated negatively with
platelet counts, swollen joint counts, and tender joint counts
(Figures 4(c) and 4(d)). The presence of RF, ANA, and HLA-
B27 were not related to IGF-1 levels in either boys or girls
(Figures 4(a) and 4(b)).

4. Discussion

Decreased serum IGF-1 levels are a common feature among
children with JIA. The main novel findings observed in the
present study were (a) boys with early JIA have almost 12-
fold lower serum IGF-1 levels compared to age-matched girls
with early JIA and (b) boys with early JIA have significantly
lower IGF-1 levels relative to age-matched male controls.

One possible explanation for lower IGF-1 levels among
boys compared to girls with early JIA could be differences
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Figure 1: (a) IGF-1 serum levels among all control children (n = 47), all patients with early JIA (n = 65), and all patients with
established JIA (n = 66). (b) IGF-1 serum levels among boys and girls with early JIA (n = 27 and n = 38, respectively), established
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in their pubertal age. On average, boys usually begin puberty
at an older age than girls. In healthy children, circulating
IGF-1 levels are positively related to age in prepuberty (mean
age: 9.4 years for boys and 8.5 years for girls) and early
puberty (mean age: 13.3 years for boys and 12.1 years for
girls), while the relationship between these two factors is neg-
ative in late puberty [11]. The majority of the boys in our

early JIA group were in prepuberty whereas the girls were
already in early or midpuberty [11]. Increased estrogen levels
could be expected in our early/midpuberty study girls as
compared to their prepubertal period. Rising estrogen (estra-
diol) levels transiently increase growth hormone (GH) con-
centrations, which in turn lead to increase in IGF-1 levels.
Additionally, serum IGF-1 levels have been found to increase

A
ge

 at
 in

cl
us

io
n 

(y
rs

)

20

Boys Girls

15

10

5

0
Controls ControlsEarly JIA Estab1 JIA Early JIA Estab1 JIA

⁎

(a)

IG
F-

1 
(n

g/
m

l) 
at

 in
cl

us
io

n

40

50

30

20

10

0
0 5 10 15 20

Boys

Age at inclusion (yrs)
Controls

r = 0.83
P = < 0.0001

r = 0.33
P = 0.09

Early JIA

(b)

IG
F-

1 
(n

g/
m

l) 
at

 in
cl

us
io

n

40

50

30

20

10

0
0 5 10 15 20

Girls

Controls
r = 0.69 r = 0.49

P = 0.002P = < 0.0001

Early JIA
Age at inclusion (yrs)

(c)

IG
F-

1 
(n

g/
m

l) 
at

 in
cl

us
io

n

40

50

30

20

10

0
0 5 10 15 20

Boys

Age at inclusion (yrs)
Controls

r = 0.83 r = 0.65
P = 0.0001P = < 0.0001

Est JIA

(d)

IG
F-

1 
(n

g/
m

l) 
at

 in
cl

us
io

n

40

50

30

20

10

0
0 5 10 15 20

Girls

Age at inclusion (yrs)

r = 0.62
P = < 0.0001

Controls
r = 0.69
P = < 0.0001

Est JIA

(e)

Figure 2: (a) Age of boys and girls at inclusion to the study. The horizontal bars indicate the median. (b, c) Correlations between serum IGF-1
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in parallel with the transient rise in insulin resistance that
occurs during pubertal development [22, 23].

In line with our findings, low serum IGF-1 levels have
previously been reported in several studies of JIA [12–15],
but IGF-1 levels in the normal range have also been found
[24]. However, these studies consisted of relatively small
JIA cohorts, most of them including less than 25 children,
and male and female patients were pooled. The disease

duration for the included JIA patients varied considerably
from a few months up to several years, children with dif-
ferent treatments were analyzed together, and early JIA
was not specifically investigated. An important strength with
our JIA cohort is the relatively large number of included
patients, which enabled separate analyses of IGF-1 levels
in boys and girls as well as distinctions between early and
established JIA.
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We also observed that boys with early JIA displayed
significantly lower IGF-1 serum levels compared to age-
matched male controls. One possible explanation for this
finding could be delayed onset of puberty compared to

healthy children (reviewed in [7]). In this study, samples
from population-based prevalence and incidence cohorts of
JIA were utilized and since these studies had other epidemi-
ological aims, pubertal development data were unfortunately
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Figure 4: Serum IGF-1 levels in relation to disease activity/inflammation variables among boys and girls with early JIA. Multivariate OPLS
loading column plots displaying the associations between Y, i.e., IGF-1 serum levels, and X-variables, i.e., clinical disease activity/
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not recorded. This is an important limitation of our study
since pubertal development influences serum IGF-1 levels
and therefore may affect comparison between age-matched
controls and children with JIA as well as between sexes. How-
ever, this does not change our intriguing observation that
IGF-1 levels in early JIA boys were significantly lower.

In children with systemic and polyarticular JIA, growth
failure is a common feature [1, 7, 25–27]. Several studies
also demonstrate that slow growing children with JIA present
with significantly lower serum IGF-1 levels compared to
those in healthy controls [13, 14, 28]. IGF-1 deficiency
could have severe clinical consequences in children and lead
to growth failure resulting in short adult height [29, 30]. In
the present study, age and height correlated strongly to
serum IGF-1 levels in the control groups, but not in boys with
early JIA. Our findings could indicate that there is a potential
dysregulation of IGF-1 production in the pathogenesis of
early JIA among boys. However, our results should be inter-
preted with some caution since all data regarding height and
weight were not available.

Several studies have demonstrated interaction between
IGF-1 and proinflammatory cytokines, which are com-
monly elevated in JIA patients [8, 31, 32]. Inflammation-
related cytokines, including TNF-α, IL-1β, and IL-6, have
been shown to dysregulate IGF-1 downstream intracellular
signaling in chondrocytes [33–35]. Moreover, elevated IL-6
serum levels were associated with low circulating IGF-1
levels and growth delay in a transgenic mouse model [36],
and serum IL-6 was inversely correlated with IGF-1 levels
in children with systemic JIA [32, 36, 37]. Also, systemic
JIA patients who were treated with anti-IL-6 receptor anti-
body (tocilizumab) experienced a catch-up in growth and
an increase in serum IGF-1 levels [38]. In the present
population-based JIA cohort, the majority of the established
JIA children received nonbiological antirheumatic treatment
with DMARDs, while most early JIA patients were treat-
ment-naïve, which could explain normalized IGF-1 levels in
established disease.

Few studies have examined serum IGF-1 levels in relation
to inflammation- and disease activity-related variables in JIA.
In a JIA cohort including all categories, but systemic JIA,
serum IGF-1 levels correlated inversely to CRP [24]. In
another cohort including systemic JIA patients only, there
was also a negative association, although not statistically sig-
nificant, between IGF-1 levels and CRP [38]. In both of these
cohorts, boys and girls were analyzed together. In the present
study, we observed an opposite pattern of association with
disease activity measurements between male and female
patients with early JIA. In boys, higher IGF-1 levels were
related positively to inflammation-related markers, whereas
they were either negatively associated or unrelated in girls.
The underlying mechanisms for these sex-based discrepan-
cies are unclear.

5. Conclusions

We here report for the first time that boys, but not girls, with
early JIA present with decreased IGF-1 levels. Despite accu-
mulating evidence that support sex-related differences in

immune responses and in the prevalence of autoimmune
diseases [39], a majority of JIA studies do not analyze data
by sex. Based on our results, there is a need for further
investigation of sex-based differences in biological mecha-
nisms involved in the very early phase of JIA process in
larger cohorts.
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Rheumatoid arthritis is a chronic autoimmune disease affecting typically synovial joints and leading to progressive articular
damage, disability, and reduced quality of life. Despite better recent therapeutic strategies improving long-term outcomes, RA is
associated with a high rate of comorbidities, infections, malignancies, and cardiovascular disease (CVD). Remarkably, some
well-known pathogenic proinflammatory mediators in RA, such as interleukin-1β (IL-1β) and tumor necrosis factor (TNF),
may play a pivotal role in the development of CVD. Interestingly, different preclinical and clinical studies have suggested that
biologic agents commonly used to treat RA patients may be effective in improving CVD. In this context, the contribution of
adipocytokines has been suggested. Adipocytokines are pleiotropic molecules, mainly released by white adipose tissue and
immune cells. Adipocytokines modulate the function of different tissues and cells, and in addition to energy homeostasis and
metabolism, amplify inflammation, immune response, and tissue damage. Adipocytokines may contribute to the
proinflammatory state in RA patients and development of bone damage. Furthermore, they could be associated with the
occurrence of CVD. In this study, we reviewed available evidence about adipocytokines in RA, because of their involvement in
disease activity, associated CVD, and possible biomarkers of prognosis and treatment outcome and because of their potential as
a possible new therapeutic target.

1. Introduction

Rheumatoid arthritis is a chronic autoimmune disease
affecting typically synovial joints and leading to progressive
articular damage, disability, and reduced quality of life [1–
4]. RA is associated with an increased rate of comorbidities,
including infections, malignancies, and cardiovascular
disease (CVD), leading to the excess of mortality
experienced by these patients [5–7]. Remarkably, a close
association between RA and accelerated atherosclerosis has
been highlighted, due to the interaction between traditional
cardiovascular (CV) risk factors and proinflammatory
pathways [8–11]. Furthermore, the fact that traditional CV
risk factors are underdiagnosed and undertreated may
increase the atherosclerotic process [12, 13]. In addition,
some well-known pathogenic proinflammatory mediators
in RA, such as interleukin-1β (IL-1β) and tumor necrosis

factor (TNF), may play a pivotal role in the development of
CVD [14–16]. In fact, common pathogenic inflammatory
pathways between the atherosclerotic process and
rheumatic diseases have been shown [16–18]. Different
reports have suggested that biologic DMARDs, commonly
used to treat RA patients, may be effective in improving CV
comorbidities [19, 20]. In this context, the contribution of
adipocytokines has been suggested [21]. Adipocytokines are
pleiotropic molecules, mainly released by white adipose
tissue and by immune cells [21, 22]. Adipocytokines
modulate the function of different tissues and cells,
amplifying inflammation, immune response, and tissue
damage [21]. During RA, adipocytokines could contribute
to the proinflammatory state, develop bone damage, and
accelerate concomitant atherosclerosis [22–25].

In this study, we reviewed available evidence about
adipocytokines in RA, because of their involvement in
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disease activity, associated CVD, and possible biomarkers
of prognosis and treatment outcome and because of their
potential as possible new therapeutic targets.

2. Methods

We designed a narrative review aimed at providing an
overview about leptin, adiponectin, resistin, and visfatin in
RA, because of their involvement in disease activity,
associated cardiometabolic diseases, and possible
biomarkers of prognosis and treatment outcome and
because of their potential as possible new therapeutic
targets. We performed an analysis of available evidence
linking the same molecule to joint damage and
cardiometabolic comorbidities, in order to discuss previous
studies but also to provide a rationale for further
researches. MEDLINE (via PubMed) was searched and the
bibliography of relevant articles was also hand searched for
identification of other potentially suitable studies.

3. Adipocytokines in RA: Generality, Pathogenic
Mechanisms, and Changing
Pattern to Treatment

3.1. Leptin. Leptin is a 16 kDa nonglycosylated adipocytokine
with a long-helix structure and it is one of the most common
adipocyte-derived molecules [26]. Leptin shows different
biological actions deriving from an activation of OB-Rb
long-form isoform receptors, which are encoded by the
diabetes (db) gene [27]. Acting on hypothalamic nuclei,
leptin decreases food intake and increases energy consump-
tion, via induction of anorexigenic factors and suppression
of orexigenic neuropeptides [28]. Furthermore, leptin is
involved in both innate and adaptive immune responses
being its production influenced by proinflammatory media-
tors [21–23]. Specifically, this adipocytokine exerts proin-
flammatory activities upregulating the production of TNF,
IL-6, IL-1β, and IL-12, which, in turn, increase the expres-
sion of leptin in adipose tissue [21, 28, 29]. Leptin modulates
the activity of innate immune cells by (i) enhancing the
phagocytic activity of monocytes/macrophages; (ii) stimulat-
ing chemotaxis and release of reactive oxygen species by
neutrophils; and (iii) promoting NK cell differentiation,
proliferation, activation, and cytotoxicity [27, 30–32].
Concerning the effects on adaptive immune cells, leptin is
able to (i) stimulate proliferation of naïve T lymphocytes
and activate B cells; (ii) shift the T-cell cytokine production
towards a Th1 phenotype, increasing the production of
IFN-γ and IL-2; and (iii) induce regulatory T-cell anergy
and T-cell receptor-reduced responsiveness [33–35]. As
shown by a recent meta-analysis, circulating leptin levels
are significantly higher in RA patients compared with
controls [36]. Furthermore, it has been reported that obese
RA patients showed an increased production of leptin
according to ACPA positivity, thus suggesting that leptin
could favour the humoral response against citrullinated
proteins [37]. In addition, Olam et al. assessed the ratio
between serum leptin levels and the synovial fluid [38].
Synovial/serum leptin ratio was significantly higher in RA

patients and correlated with disease duration, disease
activity, proinflammatory cytokines, and acute phase
reactants [38]. However, conflicting results are also
available in the literature and future studies are needed to
elucidate the pathogenic role of leptin in RA [39, 40]. In
fact, although this adipocytokine is considered to be
proinflammatory, it has also been reported to be associated
with reduced radiographic joint damage and this effect
could be related to the anabolic effects of leptin [39, 40].

Recently, many studies assessed the effects of biologic
DMARDs on leptin in RA, considering a relevant issue the
changing pattern of this molecule after treatments [41–43].
RA patients treated by TNFi were investigated for leptin
levels, assessing serum levels before and after such treatment
[42, 43]. Interestingly, leptin levels did not change, suggest-
ing that the beneficial effect of TNFi therapy on CVD
outcomes in RA could not be mediated by a reduction of
leptin [44, 45]. In fact, no significant modification was
observed assessing leptin levels during therapy with
adalimumab, etanercept, and infliximab [41–45]. However,
these studies should be cautiously interpreted because the
number of enrolled patients was relatively small.

3.2. Adiponectin. Adiponectin is a 244-residue protein, also
known as GBP28, apM1, Acrp30, or AdipoQ, and it is mainly
synthesised by adipose tissue [46]. This adipocytokine
increases fatty acid oxidation and glucose uptake in themuscle
and reduces the synthesis of glucose in the liver, acting via 2
receptors, AdipoR1 and AdipoR2, found in skeletal muscle
and liver, respectively [47]. Ablation of the adiponectin gene
has a dramatic effect in knockout mice on a high-fat/high-
sucrose diet, inducing insulin resistance and lipid
accumulation in muscles [46, 47]. Mirroring animal models,
adiponectin levels are lower in obese patients and higher in
patients losing weight [48, 49]. On the contrary, adiponectin
and its receptors increase during physical activities [50].
Furthermore, the secretion of adiponectin is inhibited by
proinflammatory cytokines, suggesting that inflammation
may contribute to hypoadiponectinemia in insulin resistance
and obesity [51].

In rheumatic diseases, adiponectin could act as a proin-
flammatory mediator in joints and it could be involved in
matrix degradation [52, 53]. During RA, adiponectin and
AdipoR1 expressions were higher in the synovial fluids and
synovial tissues of patients compared with those of controls
[54]. In this study, many cells derived from RA synovial
fluids and tissues, including synovial fibroblasts, showed
adiponectin, adipoR1, and adipoR2. Interestingly, the
addition of adiponectin to cultures of synovial fibroblasts
increased the production of proinflammatory cytokines,
such as IL-6 and IL-8 [54]. The stimulation with
adiponectin also contributed to the production of
metalloproteinases, such as MMP-1 and MMP-13, by RA
synovial fibroblasts [55]. Furthermore, adiponectin could
synergise with IL-1β thus increasing the production of
proinflammatory mediators by RA synovial fibroblasts [56,
57]. Adiponectin aggravated bone erosions by promoting
osteopontin production in RA synovial tissue, suggesting
that adiponectin induced the expression of osteopontin,
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which in turn recruited osteoclasts [58]. Recently, the effects
of adiponectin were assessed on adipose mesenchymal stem
cells (ASCs) derived from the infrapatellar fat pad of RA
patients [59]. ASCs were stimulated with both low
molecular weight (LMW) and high/middle molecular
weight (HMW/MMW) adiponectin isoforms. The authors
observed that the secretion of proinflammatory mediators
was upregulated by HMW/MMW adiponectin, but not by
LMW adiponectin. In addition, they observed that the
stimulation with HMW/MMW adiponectin reduced the
proproliferative effects of ASC-derived soluble factors on
RA synovial fibroblasts [59]. Taking together these results,
it is possible to suggest a proinflammatory and joint
destructive role of adiponectin in RA [55–59].

3.3. Visfatin. Visfatin is a protein of 471 amino acids and
52 kDa, and it is produced by the liver, bone marrow, muscle,
macrophages, and visceral adipose tissue [60, 61]. This adi-
pocytokine is increased in obesity [61]. Visfatin is regulated
by proinflammatory cytokines and, in turn, it induces che-
motaxis and the production of inflammatory cytokines, such
as IL-1β, IL-6, and TNF, in lymphocytes from obese patients,
suggesting involvement in the obesity proinflammatory
milieu [62]. Furthermore, the proinflammatory actions
of visfatin have been observed in experimental models
of arthritis, in which the high levels of visfatin were
proposed to modulate the proinflammatory process and
the joint destruction [63, 64].

During RA, serum visfatin levels were higher in patients
and correlated with radiographic joint damage [65–67].
Despite the association with radiographic outcome, the cor-
relation with disease activity has shown conflicting results.
In fact, the association with disease activity reported in some
studies has been not confirmed in others [66–68]. The rela-
tively small sample size and different experimental condi-
tions could partially explain these results. Similarly, the
analysis of results derived from clinical studies evaluating
the changing pattern of visfatin after treatment with TNFi
showed conflicting results. Serum visfatin levels were ana-
lysed in RA patients, who were differently treated (i) after
16 weeks of adalimumab treatment, (ii) after 2 weeks of
high-dose prednisolone, and (iii) after 22 weeks of treatment
with a combination regimen with tapered high-dose pred-
nisolone and synthetic DMARD. Treatment with adalimu-
mab was associated with a reduction in visfatin levels,
whereas in other groups of patients, opposing effects on vis-
fatin levels were observed [42]. On the contrary, other
authors showed that visfatin levels did not change after the
administration of infliximab [68].

3.4. Resistin. Resistin is a 12.5 kDa protein included in the
resistin-like molecule (RELM) family, and it is mainly
produced by nonadipocyte resident inflammatory cells,
mainly macrophages [69–71]. Resistin increases with
obesity and promotes insulin resistance, suggesting a
possible link between obesity and diabetes [72–74].

Although a significant difference was not found in
serum resistin levels between patients and controls, a path-
ogenic role for resistin has been suggested in RA [75, 76].

In fact, the intra-articular injection of recombinant resistin
in the knee joints of murine models induced arthritis and
increased the production of several proinflammatory
cytokines, such as an increased expression of several
proinflammatory cytokines including IL-1β, IL-6, IL-12,
and TNF [76]. Furthermore, higher levels of this adipocy-
tokine were observed in synovial fluid samples from RA
patients and were correlated with disease activity and joint
damage [77]. These data could suggest the production and
the contribution of resistin in the inflamed joint, despite
the lack of correlation with inflammatory markers in
peripheral blood [76, 77].

Concerning the changing pattern after treatment, TNFi
reduced serum resistin levels [42, 78]. After the adminis-
tration of infliximab, the serum resistin levels significantly
decreased in RA patients. In this cohort, resistin levels also
correlated with inflammatory markers thus suggesting a
possible role in the RA inflammatory process [78].

4. Adipocytokines and Cardiometabolic
Diseases in RA

RA patients characteristically experience an increased risk of
CVD derived from the synergy between traditional CV risk
factors and inflammation [7–10]. In this context, the role
of adipocytokines has been suggested as a possible link
between adiposity, inflammation, and cardiometabolic
diseases (Figure 1) [79, 80]. A previous study was
performed to evaluate whether adipocytokines could affect
insulin resistance and coronary atherosclerosis in RA
patients [81]. In this study, the authors assessed the
coronary calcium score, homeostatic model assessment for
insulin resistance (HOMA-IR), and serum adipocytokine
(leptin, adiponectin, resistin, and visfatin) levels in 169 RA
patients. To date, high leptin levels correlated with
HOMA-IR, even after adjustment for possible clinical
confounders, age, gender, BMI, traditional CV risk factors,
and inflammatory mediators. On the contrary, visfatin,
adiponectin, and resistin showed no association with the
HOMA-IR index. No association was retrieved between the
coronary calcium score and assessed adipocytokines [81].
More recently, adipocytokines were further investigated as
a link between inflammation, insulin resistance, and
atherosclerosis in RA, being associated with pathogenic
mechanisms of these diseases (Figure 2) [82]. A study
evaluated HOMA-IR, intima-media thickness (IMT),
carotid artery (CCA) resistive index (RI), and carotid
plaques in 192 RA patients. These data were correlated
with levels of adiponectin, leptin, and resistin. The authors
observed that leptin and leptin : adiponectin (L :A) ratio
were correlated with HOMA-IR and with CCA-RI after
adjustment for CV risk factors, suggesting a possible
independent role of leptin in predicting CVD in RA [82].
Although these correlations were not observed in another
experience [83], it is possible to speculate that leptin is
associated with insulin resistance in RA. Multiple lines of
evidence showed the influence of leptin in the metabolism
of glucose and pathogenesis of insulin resistance and
diabetes [84, 85]. Insulin resistance in diabetic leptin
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receptor-deficient or genetic leptin-deficient animal models
could not be fully attributed for their obesity and
hyperphagia; the restriction in caloric intake failed to
improve or recover the sensitivity of insulin in these models
[86]. Furthermore, leptin administration in these models
reduced plasma insulin and blood glucose levels [87]. In
addition, leptin could influence glucose metabolism via the
modulation of glucagon by α-cells of pancreas [88].
Furthermore, leptin could provide a functional link between
obesity and CVD [88]. The link between fat mass and
atherogenesis is confirmed by the findings in animal
models of obesity [89, 90]. Leptin levels were associated
with endothelial dysfunction proatherogenic actions,
enhancing oxidative stress in endothelial cells, smooth
muscle cell proliferation, and vascular calcification [90].

Concerning adiponectin, the correlation between total
and HMW adiponectin concentrations, cardiometabolic
risk, and surrogate markers of enhanced early atherogene-
sis was performed in 210 RA patients [91]. Total and
HMW adiponectin concentrations correlated with high
systolic, diastolic, and mean blood pressure and HDL cho-
lesterol concentrations, low total HDL cholesterol ratios
and triglyceride concentrations, and triglyceride-HDL cho-
lesterol ratios and glucose concentrations [91]. These
results mirrored what was observed in a lipoatrophy
mouse model with adiponectin deficiency [92]. In these
models, the replacement of adiponectin improved insulin
resistance, fatty acid oxidation, and energy consumption,
leading to a reduction of triglyceride levels in muscle
and liver tissue [92, 93]. Furthermore, wild-type mice
which received a high-fat diet showed a reduction in
adiponectin levels and the replacement of adiponectin

improved this diet-induced hypertriglyceridemia [94, 95].
To date, the possible role of adiponectin in modulating
the homeostasis of blood pressure has been suggested
[96]. In a cross-sectional study assessing patients with
high blood pressure, high serum adiponectin levels were
correlated with low procollagen type I carboxy-terminal
propeptide circulating levels, a molecule reported to be
associated with the arterial stiffening process [97].
Furthermore, adiponectin showed the ability to increase
the gene expression and to activate the endothelial nitric
oxide synthase by activation of AMPK [98]. Finally, it
has been reported that adiponectin inhibited the
deleterious effect of the renin-angiotensin system on the
vascular system [99].

The potential impact of visfatin was assessed on CVD
in 232 RA patients [100]. Visfatin concentrations were
related to increased diastolic blood pressure and presence
of diabetes [100]. In this context, it has been reported that
visfatin could represent a proinflammatory cytokine influ-
enced by insulin and/or insulin sensitivity via the NF-κB
and JNK pathways [101, 102]. The role of visfatin was
investigated in the impairment of the insulin pathway by
TNF activity in adipocytes. In that study, the authors
showed that visfatin was involved in TNF-mediated insu-
lin resistance in adipocytes, via the NAD(+)/Sirt1/PTP1B
pathway [103]. Furthermore, heterozygous mice with a
mutation in the visfatin gene had higher levels of plasma
glucose, impaired glucose tolerance, and reduced glucose-
stimulated insulin secretion when compared with controls
[104]. In addition, high visfatin levels could mediate vas-
cular damage by inducing the expression of adhesion mol-
ecules via oxidative stress-dependent NF-κB activation,
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Adiponectin
Visfatin

Synoviocyte
Smooth muscle cell
Endothelial cell

Resisistin
Macrophage
Lymphocyte

Adipose tissue

RA joint

Artery wall with enhanced
atherosclerotic process

Artery

Pannus

Figure 1: Schematic role of adipocytokines on the relationship among adipose tissue, rheumatoid arthritis, and atherosclerotic process.
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thus leading to endothelial inflammation and plaque
destabilisation [105]. However, conflicting results are
available concerning the role of visfatin [106, 107], thus
future studies are needed to entirely clarify its role in
cardiometabolic diseases.

Finally, the role of resistin has been proposed in car-
diometabolic diseases. Of note, a certain degree of cross-
talk between resistin and other adipokines has been
reported [108, 109]. In fact, the expression on endothe-
lial cells of VCAM-1 and ICAM-1 by resistin is counter-
acted by adiponectin [108]. A further link between leptin
and resistin has also been proposed, and the expression
of resistin was shown to be suppressed by leptin admin-
istration in animal models with subsequently decreased
glucose and insulin levels [109]. In addition, the patho-
genic role of resistin in atherogenesis has been proposed
[110]. The secretion of resistin from atheroma-derived
macrophages was suggested because of the colocalization
of resistin and CD68 in the staining of human aneurysms
and the higher mRNA resistin expression in cultured mac-
rophages than in controls [111].

5. Adipocytokines as Future Possible
Therapeutic Targets

In the last decades, long-term outcomes of RA have
remarkably improved by using synthetic and biological
DMARDs [112–114] and, presently, multiple lines of evi-
dence assessed the best therapeutic strategy of concomitant
diseases [115, 116]. In this context, it has been proposed
that the inhibition of some cytokines may extend beyond
the inflamed joints thus targeting, at the same time, asso-
ciated comorbidities and improving the management of
these patients [115–117]. Taking together these observa-
tions, it could be possible to speculate whether targeting
adipocytokines may be effective in RA and comorbidities.
Presently, antagonists of leptin have been developed to
treat metabolic disorders. It should be tested if they could
also have anti-inflammatory activities in vivo [118–120].
Interestingly, a monoclonal antibody against the leptin
receptor was shown to block human TNF production by
monocytes acting as an antagonist [121]. Recently, an
orally active adiponectin receptor agonist improved insulin

Rheumantoid arthritis
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↑ Production of MMP-1 and MMP-13 in
synovial fibroblasts

↑ Production of TNF, IL-6 and IL-1𝛽
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↑ Production of TNF, IL-6, IL-1𝛽 and IL-12
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Endothelial dysfunction

↑ Insulin resistance

↓ Arterial stiffening process

↓ Renin-angiotensin system

↓ Insulin resistance

Endothelial dysfunction

Plaque destabilisation

↑ Insulin resistance

Endothelial dysfunction

Proatherogenic actions

↑ Insulin resistance

Cardiometabolic diseases

Leptin

Adiponectin

Visfatin

Resistin

↑ T-cell proliferation, T reg cells anergy, TCR
hyporesponsiveness
 
↑ Activities of macrophages, neutrophils and
NK cells

↑ Production of TNF, IL-1𝛽 IL-12

Figure 2: Pathogenic mechanisms of adipocytokines in rheumatoid arthritis and cardiometabolic diseases. Abbreviations: T Reg cells—T
regulatory cells; TCR—T-cell receptor; NK cells—natural killer cells; TNF—tumor necrosis factor; IL—interleukin;
MMP—metalloproteinase.
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resistance and glucose intolerance in mice [122]. Consider-
ing that adiponectin showed anti-inflammatory properties,
it could be speculated that adiponectin or adiponectin
receptor agonists could be promising targets for the devel-
opment of therapeutic drugs to treat insulin-resistant
states and possible inflammatory states [123].

6. Conclusions

RA is a chronic autoimmune disease with increasedmortality,
due mainly to CVD. Adipocytokines are shown to be of
importance in the pathogenesis of RA and associated
comorbidities. Future studies are needed to identify the
new mechanisms of action of adipocytokines and to eluci-
date if these molecules could be new possible therapeutic
targets, thus improving the management of RA patients.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors thank Mrs. Federica Sensini for her
technical assistance.

References

[1] I. B. McInnes and G. Schett, “Pathogenetic insights from the
treatment of rheumatoid arthritis,” The Lancet, vol. 389,
no. 10086, pp. 2328–2337, 2017.

[2] R. Giacomelli, R. Gorla, F. Trotta et al., “Quality of life and
unmet needs in patients with inflammatory arthropathies:
results from the multicentre, observational RAPSODIA
study,” Rheumatology (Oxford, England), vol. 54, no. 5,
pp. 792–797, 2015.

[3] P. Ruscitti, P. Cipriani, F. Carubbi et al., “The role of IL-1β in
the bone loss during rheumatic diseases,” Mediators of
Inflammation, vol. 2015, Article ID 782382, 10 pages, 2015.

[4] A. Barile, F. Arrigoni, F. Bruno et al., “Computed tomography
and MR imaging in rheumatoid arthritis,” Radiologic Clinics
of North America, vol. 55, no. 5, pp. 997–1007, 2017.

[5] P. Cipriani, O. Berardicurti, F. Masedu et al., “Biologic thera-
pies and infections in the daily practice of three Italian rheu-
matologic units: a prospective, observational study,” Clinical
Rheumatology, vol. 36, no. 2, pp. 251–260, 2017.

[6] F. Ursini, E. Russo, D. Mauro et al., “Complement C3 and
fatty liver disease in rheumatoid arthritis patients: a cross-
sectional study,” European Journal of Clinical Investigation,
vol. 47, no. 10, pp. 728–735, 2017.

[7] P. Ruscitti, P. Cipriani, F. Masedu et al., “Increased cardiovas-
cular events and subclinical atherosclerosis in rheumatoid
arthritis patients: 1 year prospective single centre study,”
PLoS One, vol. 12, no. 1, article e0170108, 2017.

[8] P. Ruscitti, F. Ursini, P. Cipriani et al., “Poor clinical response
in rheumatoid arthritis is the main risk factor for diabetes
development in the short-term: A 1-year, single-centre, longi-
tudinal study,” PLoS One, vol. 12, no. 7, article e0181203,
2017.

[9] P. Ruscitti, F. Ursini, P. Cipriani et al., “Prevalence of type 2
diabetes and impaired fasting glucose in patients affected by

rheumatoid arthritis: results from a cross-sectional study,”
Medicine, vol. 96, no. 34, article e7896, 2017.

[10] P. Ruscitti, D. P. E. Margiotta, F. Macaluso et al., “Subclinical
atherosclerosis and history of cardiovascular events in Italian
patients with rheumatoid arthritis: results from a cross-sec-
tional, multicenter GIRRCS (Gruppo Italiano di Ricerca in
Reumatologia Clinica e Sperimentale) study,” Medicine,
vol. 96, no. 42, article e8180, 2017.

[11] K. Zou, F. K. Xiao, H. Y. Li et al., “Risk of cardiovascular dis-
ease in Chinese patients with rheumatoid arthritis: a cross-
sectional study based on hospital medical records in 10
years,” PLoS One, vol. 12, no. 7, article e0180376, 2017.

[12] F. Ursini, S. D’Angelo, E. Russo et al., “Serum complement
C3 strongly correlates with whole-body insulin sensitivity in
rheumatoid arthritis,” Clinical and Experimental Rheumatol-
ogy, vol. 35, no. 1, pp. 18–23, 2017.

[13] F. Ursini, S. D’Angelo, E. Russo et al., “Complement C3 is the
strongest predictor of whole-body insulin sensitivity in psori-
atic arthritis,” PLoS One, vol. 11, no. 9, article e0163464, 2016.

[14] E. E. A. Arts, J. Fransen, A. A. den Broeder, C. D. Popa, and
P. L. C. M. van Riel, “The effect of disease duration and dis-
ease activity on the risk of cardiovascular disease in rheuma-
toid arthritis patients,” Annals of the Rheumatic Diseases,
vol. 74, no. 6, pp. 998–1003, 2015.

[15] P. Ruscitti, P. Cipriani, V. Liakouli et al., “The emerging role
of IL-1 inhibition in patients affected by rheumatoid arthritis
and diabetes,” Reviews on Recent Clinical Trials, vol. 13, no. 3,
pp. 210–214, 2018.

[16] C. Popa, M. G. Netea, P. L. C. M. van Riel, J. W. M. van der
Meer, and A. F. H. Stalenhoef, “The role of TNF-α in chronic
inflammatory conditions, intermediary metabolism, and car-
diovascular risk,” Journal of Lipid Research, vol. 48, no. 4,
pp. 751–762, 2007.

[17] P. Ruscitti, P. Cipriani, P. di Benedetto et al., “Monocytes
from patients with rheumatoid arthritis and type 2 diabetes
mellitus display an increased production of interleukin (IL)-
1β via the nucleotide-binding domain and leucine-rich repeat
containing family pyrin 3 (NLRP3)-inflammasome activa-
tion: a possible implication for therapeutic decision in these
patients,” Clinical and Experimental Immunology, vol. 182,
no. 1, pp. 35–44, 2015.

[18] K. S. Lee, A. Kronbichler, M. Eisenhut, K. H. Lee, and J. I.
Shin, “Cardiovascular involvement in systemic rheumatic
diseases: an integrated view for the treating physicians,”
Autoimmunity Reviews, vol. 17, no. 3, pp. 201–214, 2018.

[19] C. F. Suciu, M. Prete, P. Ruscitti, E. Favoino, R. Giacomelli,
and F. Perosa, “Oxidized low density lipoproteins: the bridge
between atherosclerosis and autoimmunity. Possible implica-
tions in accelerated atherosclerosis and for immune interven-
tion in autoimmune rheumatic disorders,” Autoimmunity
Reviews, vol. 17, no. 4, pp. 366–375, 2018.

[20] F. Ursini, C. Leporini, F. Bene et al., “Anti-TNF-alpha agents
and endothelial function in rheumatoid arthritis: a systematic
review and meta-analysis,” Scientific Reports, vol. 7, no. 1,
p. 5346, 2017.

[21] V. Abella, M. Scotece, J. Conde et al., “Adipokines, metabolic
syndrome and rheumatic diseases,” Journal of Immunology
Research, vol. 2014, Article ID 343746, 14 pages, 2014.

[22] G. Keustermans, L. B. van der Heijden, B. Boer et al., “Differ-
ential adipokine receptor expression on circulating leukocyte
subsets in lean and obese children,” PLoS One, vol. 12, no. 10,
article e0187068, 2017.

6 Journal of Immunology Research



[23] E. Neumann, S. Junker, G. Schett, K. Frommer, and
U. Müller-Ladner, “Adipokines in bone disease,” Nature
Reviews Rheumatology, vol. 12, no. 5, pp. 296–302, 2016.

[24] M. Scotece, J. Conde, R. Gómez et al., “Role of adipokines in
atherosclerosis: interferences with cardiovascular complica-
tions in rheumatic diseases,” Mediators of Inflammation,
vol. 2012, Article ID 125458, 14 pages, 2012.

[25] F. Lago, R. Gómez, J. Conde, M. Scotece, J. J. Gómez-Reino,
and O. Gualillo, “Cardiometabolic comorbidities and rheu-
matic diseases: focus on the role of fat mass and adipokines,”
Arthritis Care & Research, vol. 63, no. 8, pp. 1083–1090, 2011.

[26] É. Toussirot, F. Michel, D. Binda, and G. Dumoulin, “The
role of leptin in the pathophysiology of rheumatoid arthritis,”
Life Sciences, vol. 140, pp. 29–36, 2015.

[27] V. Abella, M. Scotece, J. Conde et al., “Leptin in the interplay
of inflammation, metabolism and immune system disorders,”
Nature Reviews Rheumatology, vol. 13, no. 2, pp. 100–109,
2017.

[28] R. S. Ahima, D. Prabakaran, C. Mantzoros et al., “Role of lep-
tin in the neuroendocrine response to fasting,” Nature,
vol. 382, no. 6588, pp. 250–252, 1996.

[29] M. Gajewski, J. Gajewska, P. Rzodkiewicz, and E. Wojtecka-
Łukasik, “Influence of exogenous leptin on redox homeosta-
sis in neutrophils and lymphocytes cultured in synovial fluid
isolated from patients with rheumatoid arthritis,” Reumatolo-
gia, vol. 54, no. 3, pp. 103–107, 2016.

[30] J. Santos-Alvarez, R. Goberna, and V. Sánchez-Margalet,
“Human leptin stimulates proliferation and activation of
human circulating monocytes,” Cellular Immunology,
vol. 194, no. 1, pp. 6–11, 1999.

[31] H. Zarkesh-Esfahani, A. G. Pockley, Z. Wu, P. G. Hellewell,
A. P. Weetman, and R. J. M. Ross, “Leptin indirectly activates
human neutrophils via induction of TNF-α,” Journal of
Immunology, vol. 172, no. 3, pp. 1809–1814, 2004.

[32] N. Kiguchi, T. Maeda, Y. Kobayashi, Y. Fukazawa, and
S. Kishioka, “Leptin enhances CC-chemokine ligand expres-
sion in cultured murine macrophage,” Biochemical and Bio-
physical Research Communications, vol. 384, no. 3, pp. 311–
315, 2009.

[33] G. M. Lord, G. Matarese, J. K. Howard, R. J. Baker, S. R.
Bloom, and R. I. Lechler, “Leptin modulates the T-cell
immune response and reverses starvation-induced immuno-
suppression,” Nature, vol. 394, no. 6696, pp. 897–901, 1998.

[34] C. Martín-Romero, J. Santos-Alvarez, R. Goberna, and
V. Sánchez-Margalet, “Human leptin enhances activation
and proliferation of human circulating T lymphocytes,” Cel-
lular Immunology, vol. 199, no. 1, pp. 15–24, 2000.

[35] V. Sánchez-Margalet, C. Martín-Romero, J. Santos-Alvarez,
R. Goberna, S. Najib, and C. Gonzalez-Yanes, “Role of leptin
as an immunomodulator of blood mononuclear cells: mech-
anisms of action,” Clinical and Experimental Immunology,
vol. 133, no. 1, pp. 11–19, 2003.

[36] Y. H. Lee and S.-C. Bae, “Circulating leptin level in rheuma-
toid arthritis and its correlation with disease activity: a
meta-analysis,” Zeitschrift für Rheumatologie, vol. 75,
no. 10, pp. 1021–1027, 2016.

[37] E. Gómez-Bañuelos, R. E. Navarro-Hernández, F. Corona-
Meraz et al., “Serum leptin and serum leptin/serum leptin
receptor ratio imbalance in obese rheumatoid arthritis
patients positive for anti-cyclic citrullinated peptide antibod-
ies,” Arthritis Research & Therapy, vol. 17, no. 1, p. 335, 2015.

[38] S. M. Olama, M. K. Senna, and M. Elarman, “Synovial/serum
leptin ratio in rheumatoid arthritis: the association with
activity and erosion,” Rheumatology International, vol. 32,
no. 3, pp. 683–690, 2012.

[39] S. R. Najafizadeh, G. Farahmand, A. T. Roudsari et al.,
“Absence of a positive correlation between CRP and leptin
in rheumatoid arthritis,” Heliyon, vol. 2, no. 12, article
e00205, 2016.

[40] S. Y. Oner, O. Volkan, C. Oner, A. Mengi, H. Direskeneli, and
D. A. Tasan, “Serum leptin levels do not correlate with dis-
ease activity in rheumatoid arthritis,” Acta Reumatológica
Portuguesa, vol. 40, no. 1, pp. 50–54, 2015.

[41] G. Tian, J. N. Liang, Z. Y.Wang, and D. Zhou, “Emerging role
of leptin in rheumatoid arthritis,” Clinical and Experimental
Immunology, vol. 177, no. 3, pp. 557–570, 2014.

[42] R. Klaasen, M. M. J. Herenius, C. A. Wijbrandts
et al.Treatment-specific changes in circulating adipocyto-
kines: a comparison between tumour necrosis factor block-
ade and glucocorticoid treatment for rheumatoid arthritis,”
Annals of the Rheumatic Diseases, vol. 71, no. 9, pp. 1510–
1516, 2012.

[43] C. S. Derdemezis, T. D. Filippatos, P. V. Voulgari, A. D. Tse-
lepis, A. A. Drosos, and D. N. Kiortsis, “Effects of a 6-month
infliximab treatment on plasma levels of leptin and adiponec-
tin in patients with rheumatoid arthritis,” Fundamental &
Clinical Pharmacology, vol. 23, no. 5, pp. 595–600, 2009.

[44] M. A. Gonzalez-Gay, M. T. Garcia-Unzueta, A. Berja et al.,
“Anti-TNF alpha therapy does not modulate leptin in
patients with severe rheumatoid arthritis,” Clinical and
Experimental Rheumatology, vol. 27, no. 2, pp. 222–228,
2009.

[45] N. Sattar, D. W. McCarey, H. Capell, and I. B. McInnes,
“Explaining how “high-grade” systemic inflammation accel-
erates vascular risk in rheumatoid arthritis,” Circulation,
vol. 108, no. 24, pp. 2957–2963, 2003.

[46] D. K. Oh, T. Ciaraldi, and R. R. Henry, “Adiponectin in
health and disease,” Diabetes, Obesity & Metabolism, vol. 9,
no. 3, pp. 282–289, 2007.

[47] M. Iwabu, M. Okada-Iwabu, T. Yamauchi, and T. Kadowaki,
“Adiponectin/adiponectin receptor in disease and aging,”
NPJ Aging and Mechanisms of Diseases, vol. 1, no. 1, article
15013, 2015.

[48] T. Kadowaki, T. Yamauchi, H. Waki, M. Iwabu, M. Okada-
Iwabu, and M. Nakamura, “Adiponectin, adiponectin recep-
tors, and epigenetic regulation of adipogenesis,” Cold Spring
Harbor Symposia on Quantitative Biology, vol. 76, pp. 257–
265, 2011.

[49] T. Yamauchi and T. Kadowaki, “Adiponectin receptor as a
key player in healthy longevity and obesity-related diseases,”
Cell Metabolism, vol. 17, no. 2, pp. 185–196, 2013.

[50] M. Blüher, J. W. Bullen Jr, J. H. Lee et al., “Circulating adipo-
nectin and expression of adiponectin receptors in human
skeletal muscle: associations with metabolic parameters and
insulin resistance and regulation by physical training,” The
Journal of Clinical Endocrinology & Metabolism, vol. 91,
no. 6, pp. 2310–2316, 2006.

[51] C. Weyer, T. Funahashi, S. Tanaka et al., “Hypoadiponectine-
mia in obesity and type 2 diabetes: close association with
insulin resistance and hyperinsulinemia,” The Journal of
Clinical Endocrinology and Metabolism, vol. 86, no. 5,
pp. 1930–1935, 2001.

7Journal of Immunology Research



[52] A. Schäffler, A. Ehling, E. Neumann et al., “Adipocytokines in
synovial fluid,” Journal of the American Medical Association,
vol. 290, no. 13, pp. 1709-1710, 2003.

[53] M. Ozgen, S. S. Koca, N. Dagli, M. Balin, B. Ustundag, and
A. Isik, “Serum adiponectin and vaspin levels in rheumatoid
arthritis,” Archives of Medical Research, vol. 41, no. 6,
pp. 457–463, 2010.

[54] W. Tan, F. Wang, M. Zhang, D. Guo, Q. Zhang, and S. He,
“High adiponectin and adiponectin receptor 1 expression in
synovial fluids and synovial tissues of patients with rheuma-
toid arthritis,” Seminars in Arthritis and Rheumatism,
vol. 38, no. 6, pp. 420–427, 2009.

[55] H. M. Choi, Y. A. Lee, S. H. Lee et al., “Adiponectin may con-
tribute to synovitis and joint destruction in rheumatoid
arthritis by stimulating vascular endothelial growth factor,
matrix metalloproteinase-1, and matrix metalloproteinase-
13 expression in fibroblast-like synoviocytes more than pro-
inflammatory mediators,” Arthritis Research & Therapy,
vol. 11, no. 6, article R161, 2009.

[56] Y. A. Lee, H. M. Choi, S. H. Lee et al., “Synergy between adi-
ponectin and interleukin-1β on the expression of interleukin-
6, interleukin-8, and cyclooxygenase-2 in fibroblast-like
synoviocytes,” Experimental & Molecular Medicine, vol. 44,
no. 7, pp. 440–447, 2012.

[57] K. W. Frommer, A. Schäffler, C. Büchler et al., “Adiponectin
isoforms: a potential therapeutic target in rheumatoid arthri-
tis?,” Annals of the Rheumatic Diseases, vol. 71, no. 10,
pp. 1724–1732, 2012.

[58] J. Qian, L. Xu, X. Sun et al., “Adiponectin aggravates bone
erosion by promoting osteopontin production in synovial tis-
sue of rheumatoid arthritis,” Arthritis Research & Therapy,
vol. 20, no. 1, p. 26, 2018.

[59] U. Skalska and E. Kontny, “Adiponectin isoforms and leptin
impact on rheumatoid adipose mesenchymal stem cells func-
tion,” Stem Cells International, vol. 2016, Article ID 6532860,
6 pages, 2016.

[60] C. A. Curat, V. Wegner, C. Sengenès et al., “Macrophages in
human visceral adipose tissue: increased accumulation in
obesity and a source of resistin and visfatin,” Diabetologia,
vol. 49, no. 4, pp. 744–747, 2006.

[61] H. Xie, S. Y. Tang, X. H. Luo et al., “Insulin-like effects of vis-
fatin on human osteoblasts,” Calcified Tissue International,
vol. 80, no. 3, pp. 201–210, 2007.

[62] Y. C. Chang, T. J. Chang, W. J. Lee, and L. M. Chuang, “The
relationship of visfatin/pre-B-cell colony-enhancing factor/
nicotinamide phosphoribosyltransferase in adipose tissue
with inflammation, insulin resistance, and plasma lipids,”
Metabolism, vol. 59, no. 1, pp. 93–99, 2010.

[63] M. Olszanecka-Glinianowicz, P. Kocełak, M. Nylec,
J. Chudek, and B. Zahorska-Markiewicz, “Circulating visfatin
level and visfatin/insulin ratio in obese women with meta-
bolic syndrome,” Archives of Medical Science, vol. 8, no. 2,
pp. 214–218, 2012.

[64] D. A. de Luis, R. Aller, M. Gonzalez Sagrado, R. Conde,
O. Izaola, and B. de la Fuente, “Serum visfatin levels and met-
abolic syndrome criteria in obese female subjects,” Diabetes/
Metabolism Research and Reviews, vol. 29, no. 7, pp. 576–
581, 2013.

[65] M. Nourbakhsh, M. Nourbakhsh, Z. Gholinejad, and
M. Razzaghy-Azar, “Visfatin in obese children and adoles-
cents and its association with insulin resistance andmetabolic

syndrome,” Scandinavian Journal of Clinical and Laboratory
Investigation, vol. 75, no. 2, pp. 183–188, 2015.

[66] L. Senolt, O. Kryštůfková, H. Hulejová et al., “The level of
serum visfatin (PBEF) is associated with total number of B
cells in patients with rheumatoid arthritis and decreases fol-
lowing B cell depletion therapy,” Cytokine, vol. 55, no. 1,
pp. 116–121, 2011.

[67] I. R. Klein-Wieringa, M. P. M. van der Linden, R. Knevel
et al., “Baseline serum adipokine levels predict radiographic
progression in early rheumatoid arthritis,” Arthritis and
Rheumatism, vol. 63, no. 9, pp. 2567–2574, 2011.

[68] M. A. Gonzalez-Gay, T. R. Vazquez-Rodriguez, M. T. Garcia-
Unzueta et al., “Visfatin is not associated with inflammation
or metabolic syndrome in patients with severe rheumatoid
arthritis undergoing anti-TNF-alpha therapy,” Clinical and
Experimental Rheumatology, vol. 28, no. 1, pp. 56–62, 2010.

[69] L. Patel, A. C. Buckels, I. J. Kinghorn et al., “Resistin is
expressed in human macrophages and directly regulated by
PPARγ activators,” Biochemical and Biophysical Research
Communications, vol. 300, no. 2, pp. 472–476, 2003.

[70] J. N. Fain, P. S. Cheema, S. W. Bahouth, and M. Lloyd Hiler,
“Resistin release by human adipose tissue explants in primary
culture,” Biochemical and Biophysical Research Communica-
tions, vol. 300, no. 3, pp. 674–678, 2003.

[71] A. Tarkowski, J. Bjersing, A. Shestakov, and M. I. Bokarewa,
“Resistin competes with lipopolysaccharide for binding to
toll-like receptor 4,” Journal of Cellular and Molecular Medi-
cine, vol. 14, no. 6B, pp. 1419–1431, 2010.

[72] C. M. Steppan, S. T. Bailey, S. Bhat et al., “The hormone resis-
tin links obesity to diabetes,” Nature, vol. 409, no. 6818,
pp. 307–312, 2001.

[73] M. A. Lazar, “Resistin- and obesity-associated metabolic dis-
eases,” Hormone and Metabolic Research, vol. 39, no. 10,
pp. 710–716, 2007.

[74] M. Y. Gharibeh, G. M. al Tawallbeh, M. M. Abboud,
A. Radaideh, A. A. Alhader, and O. F. Khabour, “Correlation
of plasma resistin with obesity and insulin resistance in type 2
diabetic patients,” Diabetes & Metabolism, vol. 36, no. 6,
pp. 443–449, 2010.

[75] T. Yoshino, N. Kusunoki, N. Tanaka et al., “Elevated serum
levels of resistin, leptin, and adiponectin are associated with
C-reactive protein and also other clinical conditions in rheu-
matoid arthritis,” Internal Medicine, vol. 50, no. 4, pp. 269–
275, 2011.

[76] M. Bokarewa, I. Nagaev, L. Dahlberg, U. Smith, and
A. Tarkowski, “Resistin, an adipokine with potent proinflam-
matory properties,” Journal of Immunology, vol. 174, no. 9,
pp. 5789–5795, 2005.

[77] L. Senolt, D. Housa, Z. Vernerova et al., “Resistin in rheuma-
toid arthritis synovial tissue, synovial fluid and serum,”
Annals of the Rheumatic Diseases, vol. 66, no. 4, pp. 458–
463, 2006.

[78] M. A. Gonzalez-Gay, M. T. Garcia-Unzueta, C. Gonzalez-
Juanatey et al., “Anti-TNF-alpha therapy modulates resistin
in patients with rheumatoid arthritis,” Clinical and Experi-
mental Rheumatology, vol. 26, no. 2, pp. 311–316, 2008.

[79] V. P. van Halm, M. J. L. Peters, A. E. Voskuyl et al., “Rheuma-
toid arthritis versus diabetes as a risk factor for cardiovascular
disease: a cross-sectional study, the CARRE investigation,”
Annals of the Rheumatic Diseases, vol. 68, no. 9, pp. 1395–
1400, 2009.

8 Journal of Immunology Research



[80] M. J. L. Peters, V. P. van Halm, A. E. Voskuyl et al., “Does
rheumatoid arthritis equal diabetesmellitus as an independent
risk factor for cardiovascular disease? A prospective study,”
ArthritisandRheumatism, vol. 61,no.11,pp.1571–1579,2009.

[81] Y. H. Rho, C. P. Chung, J. F. Solus et al., “Adipocytokines,
insulin resistance, and coronary atherosclerosis in rheuma-
toid arthritis,” Arthritis & Rheumatism, vol. 62, no. 5,
pp. 1259–1264, 2010.

[82] Y. Kang, H. J. Park, M. I. Kang et al., “Adipokines, inflamma-
tion, insulin resistance, and carotid atherosclerosis in patients
with rheumatoid arthritis,” Arthritis Research & Therapy,
vol. 15, no. 6, article R194, 2013.

[83] P. H. Dessein, G. R. Norton, A. J. Woodiwiss, L. Tsang, and
A. Solomon, “Age impacts on the independent relationships
of leptin with cardiometabolic risk and surrogate markers of
enhanced early atherogenesis in black and white patients with
rheumatoid arthritis: a cross-sectional study,” Rheumatology
International, vol. 34, no. 3, pp. 329–339, 2014.

[84] M. Amitani, A. Asakawa, H. Amitani, and A. Inui, “The role
of leptin in the control of insulin-glucose axis,” Frontiers in
Neuroscience, vol. 7, 2013.

[85] H. K. Park and R. S. Ahima, “Physiology of leptin: energy
homeostasis, neuroendocrine function and metabolism,”
Metabolism, vol. 64, no. 1, pp. 24–34, 2015.

[86] A. M. D’souza, J. D. Johnson, S. M. Clee, and T. J. Kieffer,
“Suppressing hyperinsulinemia prevents obesity but causes
rapid onset of diabetes in leptin-deficient Lepob/ob mice,”
Molecular Metabolism, vol. 5, no. 11, pp. 1103–1112, 2016.

[87] G. J. Morton and M. W. Schwartz, “Leptin and the central
nervous system control of glucose metabolism,” Physiological
Reviews, vol. 91, no. 2, pp. 389–411, 2011.

[88] K. Rehman, M. S. H. Akash, and Z. Alina, “Leptin: a new
therapeutic target for treatment of diabetes mellitus,” Journal
of Cellular Biochemistry, vol. 119, no. 7, pp. 5016–5027, 2018.

[89] S. I. Yamagishi, D. Edelstein, X. L. du, Y. Kaneda,
M. Guzmán, and M. Brownlee, “Leptin induces mitochon-
drial superoxide production and monocyte chemoattractant
protein-1 expression in aortic endothelial cells by increasing
fatty acid oxidation via protein kinase A,” The Journal of Bio-
logical Chemistry, vol. 276, no. 27, pp. 25096–25100, 2001.

[90] J. Beltowski, “Leptin and atherosclerosis,” Atherosclerosis,
vol. 189, no. 1, pp. 47–60, 2006.

[91] P. H. Dessein, A. J. Woodiwiss, G. R. Norton, L. Tsang, and
A. Solomon, “Independent associations of total and high
molecular weight adiponectin with cardiometabolic risk and
surrogate markers of enhanced early atherogenesis in black
and white patients with rheumatoid arthritis: a cross-
sectional study,” Arthritis Research & Therapy, vol. 15,
no. 5, article R128, 2013.

[92] A. D. von Frankenberg, A. F. Reis, and F. Gerchman, “Rela-
tionships between adiponectin levels, themetabolic syndrome,
and type 2 diabetes: a literature review,” Archives of Endocri-
nology and Metabolism, vol. 61, no. 6, pp. 614–622, 2017.

[93] T. Yamauchi, J. Kamon, H. Waki et al., “The fat-derived hor-
mone adiponectin reverses insulin resistance associated with
both lipoatrophy and obesity,” Nature Medicine, vol. 7, no. 8,
pp. 941–946, 2001.

[94] A. H. Berg, T. P. Combs, X. Du, M. Brownlee, and P. E.
Scherer, “The adipocyte secreted protein Acrp30 enhances
hepatic insulin action,” Nature Medicine, vol. 7, no. 8,
pp. 947–953, 2001.

[95] T. P. Combs, A. H. Berg, S. Obici, P. E. Scherer, and
L. Rossetti, “Endogenous glucose production is inhibited by
the adipose-derived protein Acrp30,” The Journal of Clinical
Investigation, vol. 108, no. 12, pp. 1875–1881, 2001.

[96] A. Xu and P. M. Vanhoutte, “Adiponectin and adipocyte
fatty acid binding protein in the pathogenesis of cardiovas-
cular disease,” American Journal of Physiology Heart and
Circulatory Physiology, vol. 302, no. 6, pp. H1231–H1240,
2012.

[97] W. C. Tsai, C. C. Lin, J. Y. Chen et al., “Association of adipo-
nectin with procollagen type I carboxyterminal propeptide in
non-diabetic essential hypertension,” Blood Pressure, vol. 17,
no. 4, pp. 233–238, 2009.

[98] A. G. Vaiopoulos, K. Marinou, C. Christodoulides, and
M. Koutsilieris, “The role of adiponectin in human vascular
physiology,” International Journal of Cardiology, vol. 155,
no. 2, pp. 188–193, 2012.

[99] C. M. W. van Stijn, J. Kim, G. D. Barish, U. J. F. Tietge, and
R. K. Tangirala, “Adiponectin expression protects against
angiotensin II-mediated inflammation and accelerated ath-
erosclerosis,” PLoS One, vol. 9, no. 1, article e86404, 2014.

[100] C. Robinson, L. Tsang, A. Solomon et al., “Nesfatin-1 and vis-
fatin expression is associated with reduced atherosclerotic
disease risk in patients with rheumatoid arthritis,” Peptides,
vol. 102, pp. 31–37, 2018.

[101] K. C. McGee, A. L. Harte, N. F. da Silva et al., “Visfatin is reg-
ulated by rosiglitazone in type 2 diabetes mellitus and influ-
enced by NFκB and JNK in human abdominal
subcutaneous adipocytes,” PLoS One, vol. 6, no. 6, article
e20287, 2011.

[102] J. Kieswich, S. R. Sayers, M. F. Silvestre, S. M. Harwood,
M. M. Yaqoob, and P. W. Caton, “Monomeric eNAMPT in
the development of experimental diabetes in mice: a potential
target for type 2 diabetes treatment,” Diabetologia, vol. 59,
no. 11, pp. 2477–2486, 2016.

[103] E. Gouranton, B. Romier, J. Marcotorchino et al., “Visfatin is
involved in TNFα-mediated insulin resistance via an
NAD(+)/Sirt1/PTP1B pathway in 3T3-L1 adipocytes,” Adi-
pocytes, vol. 3, no. 3, pp. 180–189, 2014.

[104] C. Grunfeld, “Leptin and the immunosuppression of malnu-
trition,” The Journal of Clinical Endocrinology and Metabo-
lism, vol. 87, no. 7, pp. 3038-3039, 2002.

[105] H. S. Mattu and H. S. Randeva, “Role of adipokines in cardio-
vascular disease,” The Journal of Endocrinology, vol. 216,
no. 1, pp. T17–T36, 2013.

[106] S. Y. Lim, S. M. Davidson, A. J. Paramanathan, C. C. T. Smith,
D. M. Yellon, and D. J. Hausenloy, “The novel adipocytokine
visfatin exerts direct cardioprotective effects,” Journal of Cel-
lular and Molecular Medicine, vol. 12, no. 4, pp. 1395–1403,
2008.

[107] D. J. Hausenloy and D. M. Yellon, “Cardioprotective growth
factors,” Cardiovascular Research, vol. 83, no. 2, pp. 179–194,
2009.

[108] D. Kawanami, K. Maemura, N. Takeda et al., “Direct recipro-
cal effects of resistin and adiponectin on vascular endothelial
cells: a new insight into adipocytokine-endothelial cell inter-
actions,” Biochemical and Biophysical Research Communica-
tions, vol. 314, no. 2, pp. 415–419, 2004.

[109] M. W. Rajala, Y. Qi, H. R. Patel et al., “Regulation of resistin
expression and circulating levels in obesity, diabetes, and fast-
ing,” Diabetes, vol. 53, no. 7, pp. 1671–1679, 2004.

9Journal of Immunology Research



[110] G. Cohen and W. H. Hörl, “Resistin as a cardiovascular and
atherosclerotic risk factor and uremic toxin,” Seminars in
Dialysis, vol. 22, no. 4, pp. 373–377, 2009.

[111] H. Jung, K. Park, Y. Cho et al., “Resistin is secreted from
macrophages in atheromas and promotes atherosclero-
sis,” Cardiovascular Research, vol. 69, no. 1, pp. 76–
85, 2006.

[112] R. Giacomelli, P. Ruscitti, S. Bombardieri et al., “What could
we learn from the sub-analysis of a single nation cohort in a
worldwide study? Lessons from the results observed in the
Italian cohort of the GO-MORE trial,” Clinical and Experi-
mental Rheumatology, vol. 35, no. 4, pp. 623–629, 2017.

[113] P. Cipriani, P. Ruscitti, F. Carubbi, V. Liakouli, and
R. Giacomelli, “Methotrexate in rheumatoid arthritis: opti-
mizing therapy among different formulations. Current and
emerging paradigms,” Clinical Therapeutics, vol. 36, no. 3,
pp. 427–435, 2014.

[114] P. Cipriani, P. Ruscitti, F. Carubbi, V. Liakouli, and
R. Giacomelli, “Methotrexate: an old new drug in autoim-
mune disease,” Expert Review of Clinical Immunology,
vol. 10, no. 11, pp. 1519–1530, 2014.

[115] R. Giacomelli, A. Afeltra, A. Alunno et al., “International
consensus: what else can we do to improve diagnosis and
therapeutic strategies in patients affected by autoimmune
rheumatic diseases (rheumatoid arthritis, spondyloarthri-
tides, systemic sclerosis, systemic lupus erythematosus, anti-
phospholipid syndrome and Sjogren’s syndrome)?,”
Autoimmunity Reviews, vol. 16, no. 9, pp. 911–924, 2017.

[116] R. Giacomelli, P. Ruscitti, S. Alvaro et al., “IL-1β at the cross-
road between rheumatoid arthritis and type 2 diabetes: may
we kill two birds with one stone?,” Expert Review of Clinical
Immunology, vol. 12, no. 8, pp. 849–855, 2016.

[117] P. Ruscitti, P. Cipriani, L. Cantarini et al., “Efficacy of inhibi-
tion of IL-1 in patients with rheumatoid arthritis and type 2
diabetesmellitus: twocase reports and reviewof the literature,”
Journal of Medical Case Reports, vol. 9, no. 1, p. 123, 2015.

[118] A. Gertler and E. Elinav, “Novel superactive leptin antago-
nists and their potential therapeutic applications,” Current
Pharmaceutical Design, vol. 20, no. 4, pp. 659–665, 2014.

[119] M. Shpilman, L. Niv-Spector, M. Katz et al., “Development
and characterization of high affinity leptins and leptin antag-
onists,” The Journal of Biological Chemistry, vol. 286, no. 6,
pp. 4429–4442, 2011.

[120] G. Solomon, A. Atkins, R. Shahar, A. Gertler, and
E. Monsonego-Ornan, “Effect of peripherally administered
leptin antagonist on whole body metabolism and bone
microarchitecture and biomechanical properties in the
mouse,” American Journal of Physiology Endocrinology and
Metabolism, vol. 306, no. 1, pp. E14–E27, 2014.

[121] M. Fazeli, H. Zarkesh-Esfahani, Z. Wu et al., “Identification
of a monoclonal antibody against the leptin receptor that acts
as an antagonist and blocks human monocyte and T cell acti-
vation,” Journal of Immunological Methods, vol. 312, no. 1-2,
pp. 190–200, 2006.

[122] M. Okada-Iwabu, T. Yamauchi, M. Iwabu et al., “A small-
molecule AdipoR agonist for type 2 diabetes and short life
in obesity,” Nature, vol. 503, no. 7477, pp. 493–499, 2013.

[123] V. Andrade-Oliveira, N. O. S. Câmara, and P. M. Moraes-
Vieira, “Adipokines as drug targets in diabetes and underly-
ing disturbances,” Journal of Diabetes Research, vol. 2015,
Article ID 681612, 11 pages, 2015.

10 Journal of Immunology Research



Research Article
Role of the Specialized Proresolving Mediator Resolvin D1 in
Systemic Lupus Erythematosus: Preliminary Results

Luca Navarini ,1 Tiziana Bisogno ,2,3 Domenico Paolo Emanuele Margiotta ,1

Alessandra Piccoli,3 Silvia Angeletti ,4 Alice Laudisio,5 Massimo Ciccozzi,4

Antonella Afeltra,1 and Mauro Maccarrone 3,6

1Unit of Allergology, Immunology and Rheumatology, Department of Medicine, Università Campus Bio-Medico di Roma, Via Álvaro
del Portillo 21, 00128 Rome, Italy
2Endocannabinoid Research Group, Institute of Biomolecular Chemistry, Consiglio Nazionale delle Ricerche, 80078 Pozzuoli, Italy
3Unit of Biochemistry and Molecular Biology, Department of Medicine, Università Campus Bio-Medico di Roma, Via Álvaro del
Portillo 21, 00128 Rome, Italy
4Unit of Clinical Laboratory Science, Department of Medicine, Università Campus Bio-Medico di Roma, Via Álvaro del Portillo 21,
00128 Rome, Italy
5Unit of Geriatrics, Department of Medicine, Università Campus Bio-Medico di Roma, Via Álvaro del Portillo 21, 00128 Rome, Italy
6Laboratory of Lipid Neurochemistry, European Center for Brain Research, Santa Lucia Foundation, Via del Fosso di Fiorano 64,
00143 Rome, Italy

Correspondence should be addressed to Luca Navarini; l.navarini@unicampus.it and Tiziana Bisogno; tbisogno@icb.cnr.it

Received 25 May 2018; Accepted 20 September 2018; Published 21 October 2018

Academic Editor: Francesca Santilli

Copyright © 2018 Luca Navarini et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Objective. Systemic lupus erythematosus (SLE) is an autoimmune systemic disease and its pathogenesis has not yet been completely
clarified. Patients with SLE show a deranged lipid metabolism, which can contribute to the immunopathogenesis of the disease and
to the accelerated atherosclerosis. Resolvin D1 (RvD1), a product of the metabolism of the omega-3 polyunsaturated fatty acid
docosahexaenoic acid (DHA), acts as a specialized proresolving mediator which can contribute in restoring the homeostasis in
inflamed tissues. The aim of the present pilot study is to evaluate plasma levels of RvD1 in patients with SLE and healthy
subjects, investigating its potential role as a biomarker of SLE and assessing its relationship with disease activity and laboratory
parameters. Methods. Thirty patients with SLE and thirty age- and sex-matched healthy subjects (HSs) have been consecutively
recruited at Campus Bio-Medico University Hospital. RvD1 plasma levels were measured by ELISA according to the
manufacturer’s protocol (Cayman Chemical Co.). RvD1 levels were compared using Mann–Whitney test. Discriminatory ability
for SLE has been evaluated by the area under the ROC curve. Results. Lower levels of RvD1, 45.6 (35.5–57.4) pg/ml, in patients
with SLE have been found compared to HSs, 65.1 (39.43–87.95) pg/ml (p = 0 0043). The area under the ROC curve (AUC) for
RvD1 was 0.71 (95% CI: 0.578–0.82) and the threshold value of RvD1 for the classification of SLE was <58.4 pg/ml, sensitivity
80% (95% CI: 61.4–92.3), and specificity 63.3% (95% CI: 43.9–80.1), likelihood ratio 2.2 (95% CI: 1.3–3.6). Conclusions. The
present preliminary study allows hypothesizing a dysregulation of RvD1 in patients with SLE, confirming the emerging role of
bioactive lipids in this disease.

1. Introduction

Systemic lupus erythematosus is an autoimmune systemic
disease which can involve virtually every organ or apparatus
[1]. Despite intense research efforts, the pathogenesis of SLE
is not completely understood [2] and many unmet needs still

remain in the diagnosis, management, and prognosis [3].
In SLE patients, accelerated atherosclerosis and increased
risk of cardiovascular disease (CVD) have been observed
[4, 5]. SLE patients are also characterized by an altered
lipid metabolism [6], with increased triglycerides, total
cholesterol, low-density lipoprotein (LDL) cholesterol, and
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apolipoprotein B (ApoB) levels, as well as reduced high-
density lipoprotein (HDL) cholesterol levels [6]. Oxidation
of LDL (oxLDL), which occurs in the early stages of athero-
sclerosis and can induce inflammation and formation of
anti-oxLDL autoantibodies [7], is increased in patients with
SLE, and this phenomenon is associated with CVD parame-
ters and renal involvement [5, 8, 9]. Notably, omega-6 poly-
unsaturated fatty acid (FA) elevations have been observed
in SLE [10], and recently, altered metabolism of the endocan-
nabinoid 2-arachidonoylglycerol (2-AG) has been demon-
strated in patients with SLE, who show higher plasma levels
of this molecule compared to healthy subjects [11]. On the
other hand, the role of omega-3 polyunsaturated FAs still
remains elusive. Of note, the dietary supplementation of the
omega-3 polyunsaturated FAs eicosapentaenoic acid (EPA)
and docosahexaenoic acid (DHA) provides improvement of
SLE manifestations in 5 of 7 studies [12–16], while one study
failed to demonstrate beneficial effects [17] and another
one showed an initial improvement followed by loss of
effectiveness [18] (see [19] for a recent review).

Omega-3 polyunsaturated FA can be metabolized in
inflamed tissue leading to specialized proresolving mediators
(SPMs), which prevent further polymorphonuclear cell
(PMN) infiltration, induce efferocytosis of apoptotic bodies
in macrophages, and promote tissue repair and healing
[20–22]. D-series resolvins (RvDs) are derived from DHA
and include RvD1-RvD6, while E-series resolvins (RvEs)
are derived from EPA and include RvE1-RvE3 [20, 23]. In
vivo, the biosynthesis of RvDs, including RvD1, requires a
first step involving 15-lipoxygenase (15-LOX) or aspirin-
triggered cyclooxygenase-2 (COX-2) and a second step
involving 5-LOX [24, 25]. RvD1 exerts its biological func-
tions through interaction with G-protein-coupled receptor
32 (GPR32) or lipoxin A4 receptor/formyl peptide receptor
2 (ALX/FPR2). In addition to the effects on innate immunity,
RvD1 is able to support the humoral response that increases
IgM and IgG production [26], also reducing IgE secretion
[27]. Overall, the output of proinflammatory cytokines from
T helper (Th) and cytotoxic lymphocytes and the differentia-
tion of Th1 and Th17 are reduced, and the differentiation of
T regulatory (Treg) cells is enhanced [28]. As yet, little is
known about the role of RvD1 in rheumatic diseases. For
instance, RvD1 shows proresolving features and protects
the cartilage from injury in a mouse model of arthritis [29].
In vitro, RvD1 also reduces inflammatory mediators and
oxidative stress in osteoarthritis [30].

The present pilot study is aimed at evaluating plasma
levels of RvD1 in patients with SLE and healthy sub-
jects, investigating its potential role as a biomarker of
SLE and assessing its relationship with disease activity
and laboratory parameters.

2. Materials and Methods

2.1. Study Population and Clinical Assessment. Thirty
patients with SLE, classified according to the 2012 Systemic
Lupus International Collaborating Clinics (SLICC) criteria
[31], were consecutively enrolled from outpatient lupus clinic
of the Campus Bio-Medico Università Hospital of Rome. As

for the control group, thirty age- and sex-matched healthy
subjects (HSs) without chronic diseases and not taking any
medication were also enrolled using a “friend of the same
age” referral strategy. The study was conducted in compli-
ance with International Conference on Harmonization Good
Clinical Practice guidelines and the Declaration of Helsinki.
In the SLE cohort, the inclusion criteria included serological
disease activity: anti double-strand DNA (anti-dsDNA)
positivity and/or low plasma of complement component 3
(C3) and/or C4 with or without extractable nuclear antigen
antibodies (anti-ENA), anti-phospholipids, and hypergam-
maglobulinemia [32]. At enrollment, SLE treatment with
low-medium dose glucocorticoids (prednisone<25mg/day),
immunosuppressants (such as methotrexate, cyclosporine,
azathioprine, and mycophenolate mofetil), was not an exclu-
sion criterion. In both SLE and HS cohorts, the exclusion
criteria included past or present biological therapy (such as
rituximab, tocilizumab, or belimumab), glucocorticoids
bolus in the previous year, cyclophosphamide treatment in
the previous year, cancer at enrollment or in the previous 5
years, infectious diseases at enrollment or in the previous 2
months, and current pregnancy. At enrollment, antinuclear
antibodies (ANA), anti-dsDNA, erythrosedimentation rate
(ESR), and C-reactive protein (CRP) C3 and C4 levels have
been assessed with conventional laboratory tests. In the SLE
cohort, disease activity has been measured with the Safety
of Estrogens in Lupus Erythematosus National Assessment-
SLE Disease Activity Index (SELENA-SLEDAI) and the
British Isles Lupus Activity Group (BILAG), while organ
damage has been evaluatedwith the SLICC/American College
of Rheumatology (ACR)Damage Index (SDI). At enrollment,
a blood sample has been taken and plasma was separated.

2.2. Quantification of RvD1. RvD1 plasma levels were
measured by ELISA according to the manufacturer’s protocol
(Cayman Chemical Co., Ann Arbor, MI), as validated
elsewhere [33].

2.3. Statistical Analysis. Data were expressed as median
(25th–75th percentile). RvD1 levels between patients with
SLE and HSs as well as demographic and laboratory param-
eters have been compared using Mann–Whitney U test.
Fisher’s exact test has been used to analyze contingency
tables. Receiver operating characteristic (ROC) analysis was
used to define the ability of RvD1 to differentiate patients
with SLE and HSs; the optimum cutoff value has been
identified from the highest Youden’s index. Pretest odds,
posttest odds, and posttest probability were calculated. Sta-
tistical analysis was performed using GraphPad Prism 7
(GraphPad Software, Inc., San Diego, Ca, USA) andMedCalc
11.6.1.0 (Belgium).

3. Results

Demographic features and clinical and laboratory character-
istics of the patients with SLE and HSs are shown in Table 1.

Patients with SLE showed lower levels of RvD1, 45.6
(35.5–57.4)pg/ml, compared to HSs, 65.1 (39.43–87.95)pg/mL
(p = 0 0043), as reported in Figure 1. Notably, in the SLE
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cohort, no difference in RvD1 levels has been demonstrated
between patients taking low-dose aspirin or not (p = 0 11).

The area under the ROC curve (AUC) was 0.71 (95% CI:
0.578–0.82), showing a fair discriminatory ability as reported
in Figure 2. Based on ROC and AUC analysis, the threshold
value of RvD1 for the classification of SLE was <58.4 pg/ml,
sensitivity 80% (95% CI: 61.4–92.3), and specificity 63.3%
(95% CI: 43.9–80.1), and likelihood ratio 2.2 (95% CI: 1.3–
3.6). Based on the cutoff value of 58.4 pg/ml, the odds ratio
of SLE was 0.1522 (95% CI: 0.0488–0.4742), p = 0 0012.

In the SLE cohort, no relation has been found between
RvD1 plasma levels and disease activity scores, SDI, or dis-
ease duration. Likewise, no relation has been demonstrated
between RvD1 plasma levels and pharmacological therapies.
Nevertheless, SLE patients with low C4 levels (<0.1 g/l) also

had lower RvD1 plasma levels, 36.05 pg/ml (29.55–42.45),
compared to patients with normal (>0.1 g/l) C4 levels of
52.2 pg/ml (43.4–61.8), p = 0 0087, as reported in Figure 3.
In the SLE cohort, no significant difference in RvD1 plasma
levels has been found among patients with low (<0.9 g/l)
and normal (>0.9 g/l) C3 levels.

Table 1: Patients’ characteristics at enrollment.

SLE (n = 30) HSs (n = 30) p

Age (years) 39 (35–46.25) 40.5 (35–46.5) ns

Sex (F/M) 29/1 29/1 ns

Disease duration (months) 64 (31–99) NA

Antiphospholipid syndrome (N) 9 0 0.0019

Anti-dsDNA positivity (N) 18 0 <0.0001
Hypcomplementemia C3 (N) 19 0 <0.0001
C3 (g/l) 0.69 (0.34–0.8) 1.01 (0.96–1.2) 0.0002

Hypocomplementemia C4 (N) 10 0 0.0008

C4 (g/l) 0.078 (0.03–0.115) 0.15 (0.1–0.225) 0.0039

No prednisone (N) 4 30 <0.0001
Prednisone≤5mg (N) 13 0 0.0003

Prednisone>5mg 13 0 0.0003

Immunosuppressants (N) 18 NA

Hydroxychloroquine (N) 19 NA

Low dose aspirin (N) 8 0 0.0046

SELENA-SLEDAI 4 (2–6.75) NA

BILAG A 4 NA

BILAG B 9 NA

SDI 0.917 (0–1.04) NA

NA: not applicable; ns: not significant.
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Figure 1: Levels of resolvin D1 (RvD1) in plasma from SLE patients
(n = 30) and matched HSs (n = 30). Data are expressed as pg/ml,
median (horizontal bar) with 25th and 75th percentile (boxes),
and minimum and maximum (bars) (∗∗p = 0 0043).
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Figure 2: ROC curve for RvD1. Area under the curve (AUC) value
is 0.71 (95% CI: 0.58 to 0.82).
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4. Discussion

SLE is a complex autoimmune multisystemic disease, with a
huge impact on quality of life and development of organ
damage [34, 35]. Despite having a large number of studies
clarify many aspects of the pathogenesis of this disease, a
comprehensive understanding of the immunological phe-
nomena underlying the clinical manifestations of SLE still
remains a challenge [36, 37].

Bioactive lipids seem to be a main actor in inflammation,
and they could play a pivotal role in immunopathogenesis on
many inflammatory diseases [22, 38, 39]. At present, despite
SPMs representing key mediators in rheumatic diseases, data
are still scarce and their potential from a therapeutic point of
view has not yet been adequately addressed [22].

For the first time, our study demonstrates lower levels of
RvD1 in plasma of SLE patients compared to HSs. Moreover,
the analysis of the ROC curve showed a fair ability of RvD1 to

0

20

40

60

80

100 ⁎⁎

Rv
D

1 
pg

/m
l

C4 > 0.1 g/l C4 < 0.1 g/l

(a)

0

20

40

60

80

100

Rv
D

1 
pg

/m
l

C3 < 0.9 g/l C3 < 0.9 g/l

(b)

0

20

40

60

80

100

Rv
D

1 
pg

/m
l

Anti-dsDNA− Anti-dsDNA+

(c)

0

20

40

60

80

100

Rv
D

1 
pg

/m
l

SELENA-SLEDAI ≤ 3 SELENA-SLEDAI > 3

(d)

0

20

40

60

80

100

Rv
D

1 
pg

/m
l

SDI = 0 SDI ≥ 1

(e)

0

20

40

60

80

100

Rv
D

1 
pg

/m
l

APS− APS+

(f)

Figure 3: (a) Levels of resolvin D1 (RvD1) in plasma from SLE patients with low C4 levels (<0.1 g/l) (N = 10) and SLE patients with normal
C4 levels (>0.1 g/l) (N = 20). (b) Levels of resolvin D1 (RvD1) in plasma from SLE patients with low C3 levels (<0.9 g/l) (N = 19) and SLE
patients with normal C4 levels (>0.9 g/l) (N = 11). (c) Levels of resolvin D1 (RvD1) in plasma from anti-dsDNA antibody-positive SLE
patients (N = 18) and anti-dsDNA antibody-negative SLE patients (N = 12). (d) Levels of resolvin D1 (RvD1) in plasma from SLE patients
with SELENA-SLEDAI≤ 3 (N = 10) and SLE patients with SELENA-SLEDAI> 3 (N = 20). (e) Levels of resolvin D1 (RvD1) in plasma
from SLE patients with SDI = 0 (N = 15) and SLE patients with SDI≥ 1 (N = 15). (f) Levels of resolvin D1 (RvD1) in plasma from SLE
patients without antiphospholipid syndrome (APS) (N = 21) and SLE patients with APS (N = 9). Data are expressed as pg/ml, median
(horizontal bar) with 25th and 75th percentile (boxes), and minimum and maximum (bars) (∗∗p = 0 0087).
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discriminate SLE patients from HSs, providing a preliminary
cutoff value of 58.4 pg/ml. Recently, Barden and coworkers
demonstrated higher plasma levels of RvD1 in patients with
arthritis compared to healthy subjects; therefore, the role of
RvD1 in SLE and arthritis appears to be different [40]. In
our cohort, no relation between RvD1 plasma levels and
disease activity has been found. However, we demonstrated
lower levels of RvD1 in patients with low plasma levels of
C4 (but not of C3). This finding supports the hypothesis that
RvD1 could affect complement cascade activation, which is a
well-established pathogenetic feature of SLE [41].

Several weaknesses of this study should be considered.
The sample size was relatively small, and further studies on
a larger number of patients are required to better evaluate
the role of RvD1 in SLE, especially its potential role as a
biomarker. Furthermore, this study did not schedule a
follow-up of patients and therefore could not ascertain
the role RvD1 in predicting changes in disease activity,
damage accrual, or laboratory parameters over time. More-
over, no information about omega-3 polyunsaturated FAs
was available. In the present study, we cannot exclude that
the difference of RvD1 plasma concentrations between
patients with SLE and HSs may partly reflect the use of
glucocorticoids or immunosuppressants.

In conclusion, this study allows hypothesizing a dys-
regulation of RvD1 in SLE and confirms the emerging role
of bioactive lipids in this disease.
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Crohn’s disease is one of the systemic autoimmune diseases. It commonly affects the small intestine and colon but may involve any
portion of the gastrointestinal tract from the mouth to the anus. The most affected area by Crohn’s disease is the distal part of the
small intestine, in which the bile acid molecules are most efficiently reabsorbed. Bile acids form mixed micelles together with fatty
acids, which function as a transport vehicle to deliver fatty acids to the apical membrane of enterocytes for absorption. Therefore, if
the terminal ileum is impaired, bile acid malabsorption may occur, which may cause congenital diarrhoea in Crohn’s disease.
Similarly, the impairment of the terminal ileum also induces fatty acid malabsorption, which may influence the role of fatty
acids in Crohn’s disease. In contrast, a recent study reported that multidrug resistance protein 1 (MDR1) regulated effector
T-cell function in the ileum from bile acid-driven oxidative stress and MDR1 loss of function in a subset of patients with
Crohn’s disease. However, the role of consumption of fatty acids in Crohn’s disease remains to be fully elucidated. This
review is aimed at providing an overview of some recent developments in research of Crohn’s disease from comprehensive
perspective with a focus on the connection between disease location and behaviour, lipid diets, and bile acid malabsorption.

1. Introduction

Crohn’s disease is one of the main disease phenotypes of
inflammatory bowel disease. It is often characterised by
systemic symptoms and discontinuous lesions with inflam-
mation that can involve the full thickness of the affected
portion of the bowel from mucosa to serosa. The small intes-
tine and the colon are the most affected areas, but any portion
of the gastrointestinal tract from the mouth to the anus can
be involved.

Crohn’s disease is considered to be a multifactorial dis-
ease with both genetic and acquired factors in its aetiology.
Genetic studies highlighted the importance of the intestinal
immune system, including dysregulation of intestinal CD4+

T-cell subgroups [1, 2]. Meanwhile, as discussed in the Euro-
pean Crohn’s and Colitis Organisation’s Epidemiological
Committee study [3], the “westernised” lifestyle, such as an
increased consumption of refined sugar, fatty acids, and fast

food and a reduced consumption of fruits, vegetables, and
fibres, was deemed to link to the development of Crohn’s dis-
ease. In parallel, the first choice of therapy in children with
Crohn’s disease is exclusive enteral nutrition, which is an
induction therapy [4]. Enteral nutrition is one of the estab-
lished remission–induction therapies for both children and
adults with Crohn’s disease in Japanese population [5]. How-
ever, it is not a common treatment in adults with Crohn’s dis-
ease in western countries [6], because no studies on its
significant efficacy were found in systematic reviews [7].
Interestingly, a recent review showed an evidence to support
a possible role of exclusive enteral nutrition in a newly diag-
nosed adult with Crohn’s disease with ileal involvement [6].

This review is aimed at providing an overview of some
recent developments in research concerning the molecular
pathways of lipid consumptions, which may connect immu-
nological and nutritional studies in Crohn’s disease and epi-
demiological studies on disease location, phenotype, and diet.
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2. Location and Phenotype of Crohn’s Disease

Generally, the terminal ileum and colon are the commonest
locations affected in Crohn’s disease, of which approximately
50% of patients have involvement [8, 9]. About 30% of the
patients have only small bowel involvement, and the remain-
ing 20% of the patients have isolated colonic involvement [8].
Changes in disease location are likely to occur over time in
about 5–24% of patients with the disease [10–12]. In the
Montreal classification, the disease location was defined as
follows: L1, terminal ileum; L2, colon; L3, ileocolon; and L4,
upper gastrointestinal tract [13]. Figures 1–3 show three
studies, which reported disease location changes [10–12].
Their results suggest that only ileal or colonic involvement
tends to occur at disease onset. However, as time progresses,
the disease location extends to the other organs; especially
both the ileum and colon (L3) will be involved. In the
study of a Danish cohort [10], biologics, infliximab or ada-
limumab, showed protective effects on changes in disease
location. Infliximab and adalimumab are anti-tumour
necrosis factor-α (TNF-α) antibody drugs. The result of
the above study may suggest that inflammatory cytokines,
such as TNF-α, play an important role in the expansion of
the disease location.

The phenotype of Crohn’s disease was defined as B1,
nonstricturing and nonpenetrating (inflammation); B2, stric-
turing; and B3, penetrating in the Montreal classification
[13]. At diagnosis, the predominance of inflammatory behav-
iour (B1) is the most prevalent phenotype in patients with
Crohn’s disease [14]. However, dramatic changes in the pro-
portion of disease behaviour were reported [14–16]. Usually,
inflammation (B1) evolves to stricturing (B2) or penetrating

(B3). This suggests that inflammation influences factors that
may cause the exacerbation of Crohn’s disease.

3. Epidemiology of Diet and Crohn’s Disease

Several large longitudinal studies have reported dietary
information prior to the onset of Crohn’s disease. An asso-
ciation was found between long-term intakes of dietary fibre
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Figure 1: Disease location at diagnosis and at elapsed years among
patients with Crohn’s disease in a study of the University Hospital of
Liège in Belgium [11].
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Figure 2: Disease location at recruitment and after 5 years
among patients with Crohn’s disease in a study in southeastern
Norway [12].
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Figure 3: Disease location at diagnosis and after 7 years among
patients with Crohn’s disease in a study of a Danish cohort [10].
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[17] and fish [18] and high intake of zinc [19] and lower
risk of Crohn’s disease in the Nurses’ Health Study (NHS).
Several systematic reviews also reported dietary factors that
were related to the development of Crohn’s disease. A late
meta-analysis of 12 studies revealed that 570 patients with
Crohn’s disease had a significantly higher odds ratio of vita-
min D deficiency than 778 controls [20]. A recent system-
atic review of 19 studies reported that high intakes of total
fats, total polyunsaturated fatty acids (PUFAs), n-6 PUFAs,
and meat were associated with an increased risk of Crohn’s
disease [21].

Several potential mechanisms, which could explain an
inverse association with fibre, zinc, and vitamin D, were pro-
posed. Short-chain fatty acids, mainly acetate, propionate,
and butyrate, are produced in the large bowel by anaerobic
bacterial fermentation of fibre [22, 23]. Butyrate was reported
to decrease inflammatory cytokine expression, such as TNF-
α, via inhibition of nuclear factor-kappa B (NF-κB) activation
[22, 24]. TNF-α has an effect on activation of T helper-1
(Th1) immune responses [24, 25]. Therefore, fibre consump-
tion may regulate Th1 immune responses in Crohn’s disease.
In a recent case–control study using the metagenomic
shotgun sequencing technique, changes in gut microbiota
were confirmed to be associated with the prevalence of
Crohn’s disease, and short-term exclusive enteral nutrition
elicited limited impact on the overall composition of the
microbiota in patients with Crohn’s disease [26]. In the
study, of the 49 patients with Crohn’s disease, 35 patients
(71%) had colonic involvements [26]. Fibre metabolised by
intestinal bacteria and its absorption in the large bowel are
required; therefore, fibre intake may work protectively on
patients whose disease location is limited in the ileum (L1).
Consequently, colonic involvement might cause the limited
impact of exclusive enteral nutrition in the study and might
also relate to the effectiveness of nutritional therapy to a
newly diagnosed adult patient with Crohn’s disease with
ileal involvement [6]. Zinc plays an essential role in the
function of the immune system and modulates the function
of innate immune cells, including macrophages and
neutrophils [19]. Zinc signals impact on NF-κB activation;
however, these findings have raised controversies [27]. Zinc
deficiency induces intestinal membrane damage and inflam-
matory cell infiltration; conversely, zinc consumption
maintains the membrane barrier integrity and prevents
from massive neutrophil infiltration [28]. Vitamin D has
effects on the regulation of the innate and adaptive immune
systems, including Th1/Th17 T-cells and inflammatory
cytokine decreases [29, 30].

In contrast, the role of fish and fatty acid consumptions
still remains to be fully elucidated. A few studies, including
a cohort study in the NHS II [18], reported the inverse corre-
lation between fish intake and risk of Crohn’s disease [31].
However, a Japanese case–control study indicated the
consumption of fish was positively associated with Crohn’s
disease risk [32]. The effect of marine n-3 PUFAs on fish is
a proposed potential mechanism to explain the inverse asso-
ciation between intake of fish and Crohn’s diseases [18, 31].
Meanwhile, a clinical randomised controlled trial reported
that treatment with n-3 PUFAs was not effective in the

prevention of relapse in Crohn’s disease [33]. A case–control
study in children reported positive but nonsignificant associ-
ations between most fats and fatty acids and the risk of
Crohn’s disease. Moreover, they reported that n-3 PUFAs
were negatively associated with Crohn’s disease [34]. Inter-
estingly, the other case–control study in children revealed
diet–gene interactions between the dietary ratio of n-6 to n-
3 PUFAs and single nucleotide polymorphisms (SNPs) in
cytochrome P450 family 4 subfamily F member 3 (CYP4F3)
or fatty acid desaturase 2 (FADS2), which are PUFA meta-
bolic genes [35]. Specifically, the guanine and cytosine alleles
of 2 SNPs, rs1290617 and rs1290620, in CYP4F3, are associ-
ated with high plasma levels of docosapentaenoic acid, which
is one of the n-3 PUFAs. In the subjects who have those
alleles, the ratio of n-6 to n-3 PUFAs was associated with
higher odds ratio of Crohn’s disease [35]. Equivalently, but
except for SNP rs17831757, the high ratio of n-6 to n-3
PUFAs increased the odds ratio of Crohn’s disease in the sub-
jects who have the alleles of 3 SNPs in FADS2, which are
associated with high plasma levels of n-3 PUFAs and low
plasma levels of n-6 PUFA [35]. In contrast, the diet–gene
interaction model has also been a controversial topic. A
recent nested case–control study reported that no association
was found between the ratio of n-6 to n-3 PUFAs and the risk
of Crohn’s disease under consideration of SNPs at CYP4F3
and FADS2 loci [36].

Oxidised n-3 PUFAs have anti-inflammatory effects,
which may result in n-3 PUFAs acting as a ligand of peroxi-
some proliferator-activated receptor alpha (PPARα) [37, 38].
This effect was observed with only oxidised n-3 PUFA, not
unoxidised ones, in in vitro human umbilical vein endothe-
lial cell experiments, which resulted from inhibitory effects
on NF-κB activation through a PPARα-dependent pathway
[38]. As mentioned above, zinc has inhibitory effects on
NF-κB activation. Indeed, a case–control study reported that
zinc supplementation modulated docosahexaenoic acid
levels in the red blood cell phospholipids [39]. Therefore,
the dietary status of zinc may be a possible confounding fac-
tor in the relation between n-3 PUFAs and the development
of Crohn’s disease. Incidentally, an opposite result in mice
experiments was reported [40]. In this report, consumption
of oxidised n-3 PUFAs resulted in accumulation of 4-
hydroxy-2-hexenal (4-HHE), an oxidised n-3 PUFA end
product, in blood after its intestinal absorption and triggered
oxidative stress and inflammation in the upper intestine. A
previous study of 4-hydroxy-2-alkenals, 4-HHE, and 4-
hydroxy-2-nonenal concentrations in a Korean foodstuff
reported that the average daily exposure to 4-HHE was
1.6μg/day [41]. This report concluded that the value might
not pose a significant risk for human health; however, exces-
sive consumption of 4-HHE might increase the risk of
Crohn’s disease. No sufficient data is available concerning
the safe level of 4-HHE; therefore, this may provide solu-
tions to the problem regarding the controversial results in
fish consumption.

Dietary fat is an important source of concentrated
energy, together with other nutrients, and fatty acids are an
important reservoir of stored energy [42]. They are stored
as triacylglycerols in the body, which are principally from
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two sources, animal fats and vegetable oils [42]. The small
intestine is a vital organ for triacylglycerol homeostasis;
therefore, a better understanding of the mechanisms of intes-
tinal fatty acid absorption is necessary to consider the role of
fatty acids and meet consumption in Crohn’s disease.

4. Malabsorption of Fatty Acids and Bile
Acids in Crohn’s Disease

Pancreatic lipase is essential in the digestion of dietary fats.
Biliary bile acids form mixed micelles together with fatty
acids, which function as a transport vehicle to deliver fatty
acids to the apical membrane of enterocytes for absorption
[42]. CD36 is one of the fatty acid transporters identified in
the small intestine [42]. Despite in vitro experimental results
with biopsy specimens from damaged and nondamaged
colonic mucosa of 12 patients with inflammatory bowel dis-
ease, the number of CD36-positive cells was significantly
lower in the damaged mucosa than in the nondamaged
mucosa [43]. Even if n-3 PUFAs have anti-inflammatory
effects, ineffective absorption of n-3 PUFAs can reduce the
effects. Consequently, disease location and behaviour could
have influenced on the dietary effect of fatty acids. This
may be one possible reason why the controversial results
in consumption of the various fatty acids, including n-3,
were observed.

Bile acids are formed from cholesterol in the liver and
secreted into bile [44]. Bile acids are concentrated in the gall-
bladder during the fasting state and secreted in the duode-
num after stimulation by food [44]. Two primary bile acids,
cholic acid and chenodeoxycholic acid, are synthesised in
the liver, and gut microbiota produces secondary bile acids
through two enzymatic reactions [45]. Most of the bile acids
remain in the gut lumen until they reach the terminal ileum
[44]. Bile acid uptake into the enterocyte occurs principally
in the terminal ileum via the apical sodium-dependent bile
acid transporter (ASBT) [46]. Reabsorbed bile acids enter
hepatic portal circulation [46]. Bile acids are recycled with
almost perfect yield (approximately 95%) [47], and their
malabsorption can cause congenital diarrhoea, steatorrhoea,
and reduced plasma cholesterol levels.

A recent case–control study suggested that bile acid
malabsorption occurred in patients with Crohn’s disease
[46]. In the study, mRNA expression levels of ASBT, breast
cancer-related protein (BCRP), sulfotransferase family 2A
member 1 (SULT2A1), and fibroblast growth factor 19
(FGF-19) were significantly lower in inflamed regions in
patients with active Crohn’s ileitis than in controls. BCRP is
a drug efflux transporter of the adenosine triphosphate-
binding cassette (ABC) transporter family, which works in
the opposite direction of a bile acid uptake transporter,
ASBT. Meanwhile, SULT2A1 metabolises bile acids for
protecting enterocytes from accumulation of bile acids in
potentially harmful concentrations, and FGF-19 mediates
the negative feedback regulation of hepatic bile acid synthesis
between the gut and liver [46]. Therefore, bile acid transport
and metabolism are reduced; increased bile acid concentra-
tions appear associated with enhanced mucosal permeability
and structural changes. Additionally, hepatic bile acid

synthesis is enhanced due to missing FGF-19 signalling;
intraluminal concentrations of bile acids may induce the
onset of diarrhoea in Crohn’s disease. As a result, bile acid
malabsorption would lead to difficulty in revealing the posi-
tive effects of any kinds of foods by epidemiological studies.

The different aspect of bile acid malabsorption is seen in
the relation to the CD4+ T effector (Teff) cell function in the
ileum. The elevation of Teff cytokine expression in tissue is
significantly associated with inflammatory bowel diseases
[48, 49]. A recent study reported that multidrug resistance
protein 1 (MDR1) expressing Teff plays a key role in mucosal
homeostasis in the ileum [49]. MDR1 is one of the ABC
transporter families. Therefore, MDR1 prevents bile acids
from driving oxidative stress to intestinal T-cells [49],
which may cause dysregulation of intestinal T-cells induced
in Crohn’s disease [1, 2]. Further studies paying more
attention to bile acid handling in Crohn’s disease not only
in dietary dysmetabolism but also in immunological aspects
are warranted.

5. Conclusions

The role of consumption of fatty acids in Crohn’s disease
remains to be discussed. This review provides an overview
of the recent developments in the molecular pathways of
lipid consumptions, which may connect immunological
and nutritional studies in Crohn’s disease, and epidemiolog-
ical studies on disease location, phenotype, and diet. Data
suggests that disease location, phenotype, and intestinal
microbiota may be possible confounding factors. Addition-
ally, bile acid may play a key role in the pathogenesis and/
or exacerbation of Crohn’s disease through bile acid malab-
sorption or dysregulation of negative MDR1-expressed Teff.
Further comprehensive studies on diet and immunology
may be warranted.
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The interleukin- (IL-) 17 superfamily, a T cell-derived cytokine, consists of 6 ligands (IL-17A–IL-17F) and 5 receptors (IL-17RA–IL-
17RE). IL-17A, a prototype member of this family, is involved in the pathogenesis of allergies, autoimmune diseases, allograft
transplantations, and malignancies. By contrast, IL-17B is reported to be closely related to certain diseases, particularly tumors such
as breast cancer, gastric cancer, and pancreatic cancer. Recently, the biological function of IL-17E (also called IL-25) in disease,
particularly airway diseases, has attracted the attention of researchers. However, studies on IL-25 are scant. In this review, we detail
the structural characteristics, expression patterns, responder cells, biological properties, and role of IL-25 in disease pathogenesis.

1. Introduction

Cytokines are a class of small molecular proteins with broad
biological activity. They are synthesized and secreted by
immune cells (monocytes, macrophages, T cells, B cells,
and natural killer (NK) cells) and nonimmune cells (endo-
thelial cells, epidermal cells, and fibroblasts). Cytokines can
regulate innate and adaptive immunities, blood-cell produc-
tion, cell growth, adult pluripotent stem cells (APSC), plurip-
otent cells, and damaged tissue repair. The interleukin- (IL-)
17 family is a recently discovered group of cytokines that
share homology in amino acid sequences and have highly
conservedcysteine residues [1].The IL-17 family and its recep-
tors, which share minimal homology with other cytokines or
known proteins, have been recognized as a distinct cytokine-
receptor family and are crucial for normal host immune
responses; this family is associated with many human patho-
geneses, including those of inflammation and cancer [2–4].

2. Structural Characteristics of IL-25

IL-25, also named IL-17E, was first reported by Lee et al. [5]
as a new member of the IL-17 family. Shortly after, Fort et al.

reported that IL-25 is a cytokine produced by type 2 helper T
(Th2) cells with structural similarity with IL-17 [6]. IL-25
was discovered after a BLAST search of the NCBI expression
sequence tag (EST) database. A sequence of EST with a sig-
nificant homology to IL-17 was discovered, and the IL-25
gene was finally cloned through reverse genetics. The IL-25
gene is located on chromosome 14 (14q11.2); it is 3987 base
pairs (bp) in length and contains a 483 bp open reading
frame, encoding a 161-amino acid hydrophobic signal pep-
tide. The final products include a hydrophobic signal peptide
consisting of 16 amino acids and a mature protein composed
of 145 amino acids [7]. The IL-25 gene has two types of alter-
native splicing mRNA products that encode two subtypes
(subtypes 1 and 2). The mRNA of both subtypes contains
two exons; subtype 2 is less of an internal fragment than sub-
type 1 for a shorter N end. The mRNA of subtype 1 encodes a
protein composed of 177 amino acids, and the mRNA of sub-
type 2 encodes a protein with 161 amino acids. Both subtypes
have the same carboxy-terminal end composed of 159 amino
acids. So far, no studies have reported differences in the phys-
iological function of the two subtypes [8]. The murine IL-25
gene is located on chromosome 7, measures 985 bp in length,
and encodes a protein composed of 169 amino acids. The
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human and mouse IL-25 genes share 80% homology. The
IL-25 proteins of the human and mouse have a potential
N-glycosylation site and a conserved cysteine sequence,
which is composed of 10 cysteine residues in humans and
11 cysteine residues in mice [6].

3. Expression Patterns of IL-25

Fort et al. reported that IL-25 is a cytokine produced by Th2
cells, which are one of the earliest recognized sources of IL-25
[6]. Subsequently, the bone marrow-derived mast cells [9],
alveolar epithelial cells [10], and alveolar macrophages were
identified as other sources of IL-25 [11]. Later, the IL-25
expression was identified in the central nervous system [12]
and the bronchial submucosa in asthmatic patients [13].
Sonobe et al. proved that IL-25 can be produced by brain cap-
illary endothelial cells (BCECs) [14]. Gregory et al. reported
the expression of IL-25 in varying degrees in allergic diseases
[15]. A recent study has shown that mesenchymal stem cells
derived from the placenta and bone marrow also secrete IL-
25 [16]. A series of experimental studies have found that
IL-25 is widely distributed and can be expressed in various
cells, tissues, and systems.

4. IL-25 Responder Cells

The effects of IL-25 are mediated by the IL-25 receptors that
are composed of two subunits, IL-17RA and IL-17RB [5].
Terashima et al. reported that NKT cells are target cells of
IL-25 [17]. Stock et al. further proved that IL-17RB is highly
expressed on a subset of inactive and activated CD4(+)
invariant NKT (iNKT) cells [18]. Subsequently, type 2 mye-
loid cells, Th9 cells, basophils, eosinophils, mast cells, and
endothelial cells [19] were identified as target cells of IL-25
in the course of allergic inflammation [20–22]. Recently,
Yang et al. reported that macrophages carry IL-17RB [23],
and Hongjia et al. proved that dendritic cells carry IL-17RB
as well [24].

5. Biological Activities of IL-25

IL-25 can induce and enhance Th2-type immune responses
and plays an important role in some allergic diseases. How-
ever, how IL-25 regulates the Th2 immune response is not
fully understood. Some studies have suggested that IL-25
enhances the expression of Th2-type cytokines and induces
Th2-type immune responses mainly through two mecha-
nisms: (i) high doses of IL-25 can induce inherent lymphoid
type 2 cells (ILC2s) to produce IL-4, IL-5, IL-13, and other
cytokines and (ii) low doses of IL-25 can induce Th cells to
differentiate into Th2 cells with the participation of cluster
of differentiation 4 (CD4+) T cells and increase the expres-
sion of Th2-type cytokines [25, 26].

In addition to promoting Th2-type immune responses,
IL-25 can also inhibit the immune responses mediated by
Th1/Th17. Kleinschek et al. found that IL-25 in knockout
mice were highly susceptible to autoimmune encephalomyeli-
tis and rapid deterioration [12]. Through a study of patients
with inflammatory bowel disease, Caruso et al. found that

IL-25 can inhibit IL-12 production, reduce inflammation
mediated by Th1, and inhibit Th17 immune responses by
inducing IL-23 production [27].

6. Role of IL-25 in Asthma

Bronchial asthma is a chronic inflammatory disease of the
airways, which is caused by various cells (e.g., eosinophils,
mast cells, T lymphocytes, neutrophils, smooth muscle cells,
and airway epithelial cells) and cellular components. The
pathogenesis of asthma is related to Th2 cells, ILC2s, Th2
cytokines secreted by Th2 cells and ILC2s, and epithelial cell
factors [28]; however, the pathogenesis of asthma has not yet
been fully clarified. IL-25 is associated with bronchospasm
after aspirin challenge, possibly via mechanisms other than
altered LTC4 and PGD2 production [29]. Blockade of the
IL-25 receptor (IL-25R) reduced many rhinovirus-induced
exacerbation-specific responses, including type 2 cytokine
expression, mucus production, and recruitment of eosino-
phils, neutrophils, basophils, and T and non-T type 2 cells
[30, 31]. The release of IL-25 has been found to increase
when the airway epithelium has been damaged, and this plays
an important role in allergic diseases represented by bron-
chial asthma [2, 32, 33]. Similarly, Wang et al. found that
IL-25 promoted the accumulation of inducible costimulator
(ICOS) and T1/ST2 on nuocytes, further inducing the proin-
flammatory Th2 cells, and promoted Th2 cytokine responses
in ovalbumin-induced airway inflammation [34]. Eosino-
phils are considered a typical marker of bronchial asthma air-
way inflammation [35]. IL-25 through immune reactivity
localize with eosinophils [19]. Wong et al. suggested that
IL-25 can activate eosinophils in allergic inflammation, while
levels of IL-4, IL-5, eosinophil chemokines, and IgE increased
[36]. The IL-25/IL-25R axis plays a crucial role in promoting
the recruitment and proinflammatory function of eosino-
phils in allergic asthma [37]. It also plays an important role
in the recruitment of eosinophils, airway mucus oversecre-
tion, and airway remodeling in the airway of mice [2, 6, 38,
39]. Corrigan et al. found that IL-25 contributes to angiogen-
esis, at least partly by increasing endothelial cell VEGF/VEGF
receptor expression through PI3K/Akt and Erk/MAPK path-
ways [40]. IL-25 can also mediate bronchial smooth muscle
hyperplasia and collagen deposition around the airway [15],
which further supports the idea that IL-25 promotes airway
remodeling. IL-25 and its receptor IL-17RB are considered
as targets for innate and adaptive immune responses in
chronic allergic airway disease [41]. Specific immunotherapy
reduced asthmatic Th2 cytokine levels and the production of
IL-25 and alleviated oxidative stress and cell apoptosis in the
lung tissue of an asthma mouse model [42]. Lipopolysaccha-
ride and ovalbumin (OVA) induced the production of IL-25
in bronchial epithelial cells in vitro via the activation of
MAPK p38 and JNK [34]. Zhang et al. reported that the
coblockade of IL-13 and IL-25 with sIL-13R and sIL-25R
was more effective than either agent alone at decreasing
inflammatory cell infiltration, airway hyperresponsiveness,
and airway remodeling, including mucus production, extra-
cellular collagen deposition, smooth muscle cell hyperplasia,
and angiogenesis in mice exposed to OVA [43]. Bronchial
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mucosal vascular remodeling refers to structural changes
such as loss of epithelial integrity. Chronic exposure of the air-
ways to IL-25 alone is sufficient to cause functionally relevant
airway remodeling, with the corollary that targeting of IL-25
may attenuate bronchial remodeling and fibrosis in human
asthmatics [44]. To target IL-17Rb+CD4+NKT cells for the
treatment of allergic asthma, IL-25 is considered to be a novel
therapeutic approach [17]. In conclusion, IL-25 plays a key
role in the pathogenesis of bronchial asthma, and the regula-
tion of IL-25 production is expected to become a new direc-
tion for the treatment of bronchial asthma (Figure 1).

7. Role of IL-25 in Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic, systemic autoimmune
disease characterized by erosive and symmetrical arthritis.
The basic pathological changes of RA include synovitis, pan-
nus formation, and gradual joint cartilage and bone destruc-
tion, which may eventually lead to joint malformation and
loss of function. The exact pathogenesis of RA is unknown,
but it is classified as an immune-mediated inflammatory dis-
order. Studies have shown that RA inflammation is domi-
nated by Th1 cell immunity and that there is an imbalance
of Th1 cell polarization. The inflammatory damage caused
by this immune imbalance is closely related to Th17 cells
and IL-17 family members [45]. Some researchers have found
that the expression of IL-25 in articular cartilage inhibits the
synthesis of articular cartilage matrix, stimulates the release
of nitric oxide (NO), and stimulates the production of IL-6,
which is related to the occurrence of arthritis. Recent studies
[10, 27, 46] suggest that IL-25 has dual immune-regulatory
effects: it can upregulate Th2-mediated immune responses
and also downregulate Th1 and Th17 cell-mediated immune

responses. Moreover, collagen-induced arthritis (CIA) in a
mouse model showed high expression of IL-25 and IL-17 in
the early stage of diseases [47]. In a recent study, Liu et al.
found that IL-25 can alleviate CIA development in mice
through suppression of Th17-type immune responses in an
IL-13-dependent manner [48]. In conclusion, IL-25 may be
involved in the immune and inflammatory responses of RA
and has considerable value in the treatment of RA (Figure 2).

8. Role of IL-25 in Allergic Rhinitis

Allergic rhinitis (AR) is considered a nasal inflammation
mediatedbyTh2-type cytokines, characterizedby theaggrega-
tion of nasal mucosal eosinophils and mast cell and increased
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Figure 1: The potential mechanism of IL-25 in asthma. LPS and OVA induce the production of IL-25 in bronchial epithelial cells via
activating MAPK p38 and JNK. Damage of airway epithelium induces the production of IL-25 in bronchial epithelial cells as well. IL-25
can enhance the Th2-type immune responses, stimulate ILC2s, promote the accumulation of inducible costimulator (ICOS) and T1/ST2
on nuocytes, or induce naïve T cells differentiated into Th2 cells to produce IL-4, IL-5, IL-13, or other cytokines. IL-25 increases
chemokines and promotes the recruitment of eosinophils and inflammation. IL-25 can also promote airway remodeling by mediating
mucus secretion, extracellular collagen deposition, smooth muscle cell proliferation, and angiogenesis. All of the above can aggravate asthma.
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Figure 2: The mechanism of IL-25 involvement in rheumatoid
arthritis. IL-25 stimulates the production of IL-6 at the early stage
of RA to promote Th17 immune responses. IL-25 also suppresses
Th17 immune responses in an IL-13-dependent manner at the
middle and late stages of RA.
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serum antigen-specific IgE levels [49]. It is a common and
recurrent disease in the ear-nose-throat department that
severely affects the quality of life of the patients. In recent
years, the imbalance of Th1/Th2 cytokines has been dis-
covered to play an important role in the pathogenesis of
AR: Th2 cytokines increase while Th1 cytokines decrease,
breaking the balance between them, which is the basis of
AR. The pathogenesis of AR and bronchial asthma is very
similar; both are Th2-type immune hyperactivity reactions
and diseases essentially caused by Th2-type hyperimmune
reaction. Grossman [50] introduced the concept of “the
same airway, the same disease.” Casale and Dykewicz have
found that AR and bronchial asthma are highly similar in
their etiology, pathogenesis, and treatment, further proving
this concept [51]. Hence, we speculate that the role of IL-
25 in bronchial asthma patients is also applicable in the
ARAs and that eosinophils are associated with allergic dis-
eases, such as AR and bronchial asthma [52]. IL-25 can
promote the expression of Th2 cytokines and accumula-
tion of eosinophils [6, 26], inhibit the apoptosis of eosino-
phils, enhance adhesion between eosinophils and epithelial
cells, release cytokines and chemokines by stimulating
eosinophils, and thus promote allergy [2, 6, 36, 38, 39,
45, 53, 54]. These studies have confirmed that IL-25 is
involved in the pathogenesis of allergic rhinitis and that it
plays a crucial role in the occurrence and development of
the disease. The expression of IL-25 in the nasal mucosa
and the concentration of IL-25 in the serum are positively
correlated with the severity of AR, which can be used to
judge the severity of allergic rhinitis. Therefore, inhibitors
related to IL-25 may be a new target for the treatment
of allergic rhinitis.

9. Role of IL-25 in Inflammatory Bowel Disease

Inflammatory bowel disease (IBD) is an idiopathic intestinal
inflammatory disease involving the ileum, rectum, and/or
colon. The clinical manifestations are diarrhea, abdominal
pain, and even persistent loose stools. The most common
forms of the disease are ulcerative colitis (UC) and Crohn’s
disease (CD). The etiology and pathogenesis of IBD are not
completely clear, and recent studies suggest that IBD is
caused by the interaction of several factors, for example, envi-
ronmental, genetic, and immune factors. Its pathogenesis is
related to the regulation of the intestinal mucosal immune
barrier to the inflammatory response of the intestinal anti-
gen, and Th1/Th17-type reaction mediated by IL-12/23 is
one of the key factors [55]. Commensal-dependent expres-
sion of IL-25 by intestinal epithelial cells limits the expansion
of Th17 cells in the intestine by inhibiting expression of
macrophage-derived IL-23 [46]. Kleinschek et al. found that
IL-25 knockout mice are highly susceptible to autoimmune
encephalomyelitis, which was associated with increased
expression of IL-23; IL-17, interferon γ, tumor necrosis fac-
tor α, and other proinflammatory factors infiltrate the central
nervous system [12]. Caruso et al. used IL-25 to stimulate
CD4+ cells in the intestinal mucosal tissue of CD patients,
which lead to decreased synthesis of IL-23 and IL-12, similar
to the levels in the peripheral blood [27]. Su et al. found that

the level of IL-25 in the intestinal mucosa and serum of
patients with active IBD was significantly lower than that of
the control group and was negatively correlated with the
degree of IBD activity and the level of C-reactive protein
[56]. A recent study by Shi et al. showed that the expression
of IL-25 was negatively correlated with microRNA-31 in rats
with CD and patients with UC. Luciferase test results showed
that miR-31 could bind to the untranslated region of IL-25
mRNA 3′ and directly regulate the expression of IL-25. The
content changes of microRNA-31 in CD rats can affect the
Th1/Th17 pathway mediated by IL-12/23 in the intestinal
mucosa and consequently improve or aggravate colitis [57].
If IL-25 in CD mice was cleared or the content of IL-25 in
the colon was decreased, the treatment effects of miR-31
inhibitors on colitis were significantly decreased. The results
suggest that IL-25 is an important anti-inflammatory factor
in the pathogenesis of IBD and a possible target to inhibit
the Th1/Th17 inflammatory pathways, which are mediated
by IL-12/IL-23. In the future, IL-25 inhibitors may be a new
therapy for the treatment of IBD with potential quality of life
benefits for patients with IBD (Figure 3).

10. Role of IL-25 in Skin Diseases

Urticaria is a localized edema caused by a temporary increase
in vascular permeability of the skin and mucous membrane.
Chronic urticaria (CU) is defined as skin lesions that recur
for more than 6 weeks with attacks occurring at least 2 times
per week. The pathogenesis of this disease is not clear. How-
ever, several studies have demonstrated that the imbalance of
Th1/Th2 and Th2-mediated immune response is dominant
in the pathogenesis of CU [58–60]. As explained earlier, IL-
25 can increase Th2 cytokines via two mechanisms, resulting
in enhanced Th2-type immune response. Therefore, IL-25
may be involved in the pathogenesis of CU.

Psoriasis is a polygenic inflammatory dermatosis that
can be induced by certain environmental factors [61]. It
is typically characterized by scaly erythema or plaque that
can be limited or widely distributed. The exact etiology
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Figure 3: The potential mechanism of IL-25 in IBD. IL-25
stimulates CD4+ T cells to reduce synthesis of IL-12 and inhibit
Th1 immune responses. IL-25 also stimulates CD4+ T cells and
intestinal epithelial cells to decrease IL-23 to inhibit Th17 immune
responses, thus improving inflammatory bowel diseases.
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and pathogenesis of psoriasis are not yet clear, but a series
of studies have shown that Th1/Th2 imbalance and Th17
cells comediate this autoimmune disease [62, 63]. IL-25 is well
known to regulate allergic responses and type 2 immunity.
Caruso et al. found that IL-25 levels in the peripheral blood
of patients with psoriasis vulgaris were significantly reduced
as compared to normal people [27]. Thus, IL-25 may play
a certain inhibitory role in the pathogenesis of psoriasis
vulgaris. Recently, Xu et al. have shown that via IL-17RB
expression in keratinocytes, IL-25 stimulated the prolifera-
tion of keratinocytes and induced the production of inflam-
matory cytokines and chemokines, via activation of the
STAT3 transcription factor [64]. Thus, the IL-17-induced
autoregulatory circuit in keratinocytes is proved to be
mediated by IL-25, and this circuit could be targeted in
the treatment of psoriasis patients (Figure 4).

11. Relationship between IL-25 and
Other Diseases

Bernal et al. found that the expression of IL-25 in the periph-
eral blood of patients with nonalcoholic fatty liver disease
(NAFLD) is significantly decreased and is negatively corre-
lated with body mass index (BMI) [65]. In vitro and in vivo
studies have further confirmed that IL-25 can activate macro-
phages, transform macrophages into M2 type, enhance its
intake of fat, promote fat decomposition, inhibit fat synthe-
sis, and significantly improve NAFLD. Moreover, fulminant
hepatitis (FH) is a liver disease characterized by massive
destruction of hepatocytes and severe impairment of liver
functions [65]. In a FH animal model study, Sarra et al. found
that the IL-25 content in the liver of FH mice was signifi-
cantly reduced and the intervention of IL-25 before drug
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Figure 4: The role of IL-25 in skin diseases. IL-25 can aggravate CU by enhancing the Th2-type immune responses. IL-25 stimulates the
proliferation of keratinocytes via activation of the STAT3 transcription factor, inhibits the production of IL-12 to reduce Th1 immune
responses, increases the production of IL-13, and decreases the production of IL-23 to inhibit the Th17 immune responses. Thus, IL-25
can improve psoriasis.
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Figure 5: The relationship between IL-25 and other diseases. IL-25 can activate macrophages, transformmacrophages into M2 type, enhance
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induction could prevent the occurrence of FH, suggesting
that IL-25 might have therapeutic effects on FH [66].

Owyang et al. found that IL-25 not only enhanced Th2
immune response but also inhibited the secretion of Th1-
type cytokines to inhibit gastrointestinal inflammation
induced by parasite in a mouse model of whipworm infection
[67]. Fallon et al. found that IL-25 knockout mice had
delayed secretion of Th2 cytokines and could not effectively
expel the nematode, further confirming that IL-25 played
an important role in parasitic infection [68]. Parasitic hel-
minths and allergens induce a type 2 immune response lead-
ing to profound changes in tissue physiology, including
hyperplasia of mucus-secreting goblet cells and smooth mus-
cle cell’s hypercontractility. Tuft cells express IL-25, sustain
ILC2 homeostasis, and regulate type 2 immune responses
in mice [69, 70] (Figure 5).

12. Conclusion

As one of the members of the IL-17 family, IL-25 is distinctly
different from other family members in molecular structure
and biological functions. The current studies show that
IL-25 not only plays an important role in the regulation
of type 2 immune responses and inflammatory, skin, and
autoimmune diseases but also has a certain role in the treat-
ment of tumors. Therefore, IL-25 provides new exploratory
direction and is expected to become a new treatment target
for these diseases. However, further research is needed to
confirm these results.

Conflicts of Interest

The authors declare no competing financial interests.

Authors’ Contributions

Yuwan Liu and Zewei Shao contributed equally to this work.

Acknowledgments

The authors acknowledge the National Natural Science
Foundation of China (81702439, 81802446), the Postdoctoral
Science Foundation of China (2016M600383), and the Special
Funded Projects of China Postdoctoral Science Fund
(2017T100337).

References

[1] M. Kawaguchi, M. Adachi, N. Oda, F. Kokubu, and S. K.
Huang, “IL-17 cytokine family,” The Journal of Allergy and
Clinical Immunology, vol. 114, no. 6, pp. 1265–1273, 2004.

[2] M. Suzukawa, H. Morita, A. Nambu et al., “Epithelial cell-
derived IL-25, but not Th17 cell-derived IL-17 or IL-17F, is
crucial for murine asthma,” The Journal of Immunology,
vol. 189, no. 7, pp. 3641–3652, 2012.

[3] J. K. Kolls and A. Linden, “Interleukin-17 family members and
inflammation,” Immunity, vol. 21, no. 4, pp. 467–476, 2004.

[4] T. A. Moseley, D. R. Haudenschild, L. Rose, and A. H. Reddi,
“Interleukin-17 family and IL-17 receptors,” Cytokine &
Growth Factor Reviews, vol. 14, no. 2, pp. 155–174, 2003.

[5] J. Lee, W. H. Ho, M. Maruoka et al., “IL-17E, a novel proin-
flammatory ligand for the IL-17 receptor homolog IL-
17Rh1,” The Journal of Biological Chemistry, vol. 276, no. 2,
pp. 1660–1664, 2001.

[6] M. M. Fort, J. Cheung, D. Yen et al., “IL-25 induces IL-4, IL-5,
and IL-13 and Th2-associated pathologies in vivo,” Immunity,
vol. 15, no. 6, pp. 985–995, 2001.

[7] M. R. Kim, R. Manoukian, R. Yeh et al., “Transgenic over-
expression of human IL-17E results in eosinophilia, B-
lymphocyte hyperplasia, and altered antibody production,”
Blood, vol. 100, no. 7, pp. 2330–2340, 2002.

[8] C. Buning, J. Genschel, R. Weltrich, H. Lochs, and H. Schmidt,
“The interleukin-25 gene located in the inflammatory bowel
disease (IBD) 4 region: no association with inflammatory
bowel disease,” European Journal of Immunogenetics, vol. 30,
no. 5, pp. 329–333, 2003.

[9] K. Ikeda, H. Nakajima, K. Suzuki et al., “Mast cells produce
interleukin-25 upon FcεRI-mediated activation,” Blood,
vol. 101, no. 9, pp. 3594–3596, 2003.

[10] P. Angkasekwinai, H. Park, Y. H. Wang et al., “Interleukin 25
promotes the initiation of proallergic type 2 responses,” The
Journal of Experimental Medicine, vol. 204, no. 7, pp. 1509–
1517, 2007.

[11] C. M. Kang, A. S. Jang, M. H. Ahn et al., “Interleukin-25
and interleukin-13 production by alveolar macrophages in
response to particles,” American Journal of Respiratory Cell
and Molecular Biology, vol. 33, no. 3, pp. 290–296, 2005.

[12] M. A. Kleinschek, A. M. Owyang, B. Joyce-Shaikh et al., “IL-25
regulates Th17 function in autoimmune inflammation,” The
Journal of Experimental Medicine, vol. 204, no. 1, pp. 161–
170, 2007.

[13] S. Létuvé, S. Lajoie-Kadoch, S. Audusseau et al., “IL-17E upre-
gulates the expression of proinflammatory cytokines in lung
fibroblasts,” The Journal of Allergy and Clinical Immunology,
vol. 117, no. 3, pp. 590–596, 2006.

[14] Y. Sonobe, H. Takeuchi, K. Kataoka et al., “Interleukin-25
expressed by brain capillary endothelial cells maintains
blood-brain barrier function in a protein kinase Cε-dependent
manner,” The Journal of Biological Chemistry, vol. 291, no. 24,
article 12573, 2016.

[15] L. G. Gregory, C. P. Jones, S. A. Walker et al., “IL-25 drives
remodelling in allergic airways disease induced by house dust
mite,” Thorax, vol. 68, no. 1, pp. 82–90, 2012.

[16] W. B.Wang,M. L. Yen, K. J. Liu et al., “Interleukin-25mediates
transcriptional control of PD-L1 via STAT3 in multipotent
human mesenchymal stromal cells (hMSCs) to suppress Th17
responses,” Stem Cell Reports, vol. 5, no. 3, pp. 392–404, 2015.

[17] A. Terashima, H. Watarai, S. Inoue et al., “A novel subset of
mouse NKT cells bearing the IL-17 receptor B responds to
IL-25 and contributes to airway hyperreactivity,” The Journal
of Experimental Medicine, vol. 205, no. 12, pp. 2727–2733,
2008.

[18] P. Stock, V. Lombardi, V. Kohlrautz, and O. Akbari, “Induc-
tion of airway hyperreactivity by IL-25 is dependent on a sub-
set of invariant NKT cells expressing IL-17RB,” The Journal of
Immunology, vol. 182, no. 8, pp. 5116–5122, 2009.

[19] C. J. Corrigan, W. Wang, Q. Meng et al., “Allergen-induced
expression of IL-25 and IL-25 receptor in atopic asthmatic air-
ways and late-phase cutaneous responses,” The Journal of
Allergy and Clinical Immunology, vol. 128, no. 1, pp. 116–
124, 2011.

6 Journal of Immunology Research



[20] V. Dolgachev, B. C. Petersen, A. L. Budelsky, A. A. Berlin, and
N. W. Lukacs, “Pulmonary IL-17E (IL-25) production and IL-
17RB+ myeloid cell-derived Th2 cytokine production are
dependent upon stem cell factor-induced responses during
chronic allergic pulmonary disease,” The Journal of Immunol-
ogy, vol. 183, no. 9, pp. 5705–5715, 2009.

[21] P. Angkasekwinai, S. H. Chang, M. Thapa, H. Watarai, and
C. Dong, “Regulation of IL-9 expression by IL-25 signaling,”
Nature Immunology, vol. 11, no. 3, pp. 250–256, 2010.

[22] H. Wang, R. Mobini, Y. Fang et al., “Allergen challenge of
peripheral blood mononuclear cells from patients with sea-
sonal allergic rhinitis increases IL-17RB, which regulates baso-
phil apoptosis and degranulation,” Clinical & Experimental
Allergy, vol. 40, no. 8, pp. 1194–1202, 2010.

[23] Z. Yang, V. Grinchuk, J. F. Urban et al., “Macrophages as IL-
25/IL-33-responsive cells play an important role in the induc-
tion of type 2 immunity,” PLoS One, vol. 8, no. 3, article
e59441, 2013.

[24] L. Hongjia, Z. Caiqing, L. Degan et al., “IL-25 promotes Th2
immunity responses in airway inflammation of asthmatic mice
via activation of dendritic cells,” Inflammation, vol. 37, no. 4,
pp. 1070–1077, 2014.

[25] J. L. Barlow and A. N. J. McKenzie, “Nuocytes: expanding the
innate cell repertoire in type-2 immunity,” Journal of Leuko-
cyte Biology, vol. 90, no. 5, pp. 867–874, 2011.

[26] T. Tamachi, Y. Maezawa, K. Ikeda et al., “IL-25 enhances aller-
gic airway inflammation by amplifying a TH2 cell-dependent
pathway in mice,” The Journal of Allergy and Clinical Immu-
nology, vol. 118, no. 3, pp. 606–614, 2006.

[27] R. Caruso, M. Sarra, C. Stolfi et al., “Interleukin-25 inhibits
interleukin-12 production and Th1 cell-driven inflammation
in the gut,” Gastroenterology, vol. 136, no. 7, pp. 2270–2279,
2009.

[28] P. Licona-Limón, L. K. Kim, N. W. Palm, and R. A. Flavell,
“TH2, allergy and group 2 innate lymphoid cells,” Nature
Immunology, vol. 14, no. 6, pp. 536–542, 2013.

[29] J.U. Lee,H. S.Chang,H. J. Lee et al., “Associationof interleukin-
25 levels with development of aspirin induced respiratory dis-
eases,” Respiratory Medicine, vol. 123, pp. 71–78, 2017.

[30] J. Beale, A. Jayaraman, D. J. Jackson et al., “Rhinovirus-
induced IL-25 in asthma exacerbation drives type 2 immunity
and allergic pulmonary inflammation,” Science Translational
Medicine, vol. 6, no. 256, article 256ra134, 2014.

[31] M. Cully, “Lung disease: IL-25 blockade could reduce virus-
associated asthma attacks,” Nature Reviews Drug Discovery,
vol. 13, no. 11, pp. 810-811, 2014.

[32] W. al-Ramli, D. Préfontaine, F. Chouiali et al., “TH17-associ-
ated cytokines (IL-17A and IL-17F) in severe asthma,” The
Journal of Allergy and Clinical Immunology, vol. 123, no. 5,
pp. 1185–1187, 2009.

[33] C. Dong, “Regulation and pro-inflammatory function of
interleukin-17 family cytokines,” Immunological Reviews,
vol. 226, no. 1, pp. 80–86, 2008.

[34] C. Wang, Q. Liu, F. Chen, W. Xu, C. Zhang, and W. Xiao, “IL-
25 promotes Th2 immunity responses in asthmatic mice via
nuocytes activation,” PLoS One, vol. 11, no. 9, article
e0162393, 2016.

[35] K. V. Soman, S. J. Stafford, K. Pazdrak et al., “Activation of
human peripheral blood eosinophils by cytokines in a compar-
ative time-course proteomic/phosphoproteomic study,” Jour-
nal of Proteome Research, vol. 16, no. 8, pp. 2663–2679, 2017.

[36] C. K. Wong, P. F. Y. Cheung, W. K. Ip, and C. W. K. Lam,
“Interleukin-25-induced chemokines and interleukin-6 release
from eosinophils is mediated by p38 mitogen-activated pro-
tein kinase, c-Jun N-terminal kinase, and nuclear factor-κB,”
American Journal of Respiratory Cell and Molecular Biology,
vol. 33, no. 2, pp. 186–194, 2005.

[37] W. Tang, S. G. Smith, B. Salter et al., “Allergen-induced
increases in interleukin-25 and interleukin-25 receptor expres-
sion in mature eosinophils from atopic asthmatics,” Interna-
tional Archives of Allergy and Immunology, vol. 170, no. 4,
pp. 234–242, 2016.

[38] S. D. Hurst, T. Muchamuel, D. M. Gorman et al., “New IL-17
family members promote Th1 or Th2 responses in the lung:
in vivo function of the novel cytokine IL-25,” The Journal of
Immunology, vol. 169, no. 1, pp. 443–453, 2002.

[39] S. J. Ballantyne, J. L. Barlow, H. E. Jolin et al., “Blocking IL-25
prevents airway hyperresponsiveness in allergic asthma,” The
Journal of Allergy and Clinical Immunology, vol. 120, no. 6,
pp. 1324–1331, 2007.

[40] C. J. Corrigan, W. Wang, Q. Meng et al., “T-helper cell type 2
(Th2) memory T cell-potentiating cytokine IL-25 has the
potential to promote angiogenesis in asthma,” Proceedings of
the National Academy of Sciences of the United States of Amer-
ica, vol. 108, no. 4, pp. 1579–1584, 2011.

[41] M. D. Knolle, B. M. Rana, and A. N. J. McKenzie, “IL-25 as a
potential therapeutic target in allergic asthma,” Immunother-
apy, vol. 7, no. 6, pp. 607–610, 2015.

[42] X. Yuan, E. Wang, X. Xiao et al., “The role of IL-25 in the
reduction of oxidative stress and the apoptosis of airway epi-
thelial cells with specific immunotherapy in an asthma mouse
model,” American Journal of Translational Research, vol. 9,
no. 9, pp. 4137–4148, 2017.

[43] F. Q. Zhang, X. P. Han, F. Zhang et al., “Therapeutic efficacy of
a co-blockade of IL-13 and IL-25 on airway inflammation and
remodeling in a mouse model of asthma,” International
Immunopharmacology, vol. 46, pp. 133–140, 2017.

[44] X. Yao, W. Wang, Y. Li et al., “Characteristics of IL-25 and
allergen-induced airway fibrosis in a murine model of
asthma,” Respirology, vol. 20, no. 5, pp. 730–738, 2015.

[45] C. Wu, S. Wang, F. Wang et al., “Increased frequencies of T
helper type 17 cells in the peripheral blood of patients with
acute myeloid leukaemia,” Clinical and Experimental Immu-
nology, vol. 158, no. 2, pp. 199–204, 2009.

[46] C. Zaph, Y. du, S. A. Saenz et al., “Commensal-dependent
expression of IL-25 regulates the IL-23-IL-17 axis in the intes-
tine,” The Journal of Experimental Medicine, vol. 205, no. 10,
pp. 2191–2198, 2008.

[47] W. Kaiwen, S. Zhaoliang, Z. Yinxia et al., “Changes and signif-
icance of IL-25 in chicken collagen II-induced experimental
arthritis (CIA),” Rheumatology International, vol. 32, no. 8,
pp. 2331–2338, 2012.

[48] D. Liu, T. Cao, N. Wang et al., “IL-25 attenuates rheumatoid
arthritis through suppression of Th17 immune responses in
an IL-13-dependent manner,” Scientific Reports, vol. 6, no. 1,
article 36002, 2016.

[49] D. P. Skoner, “Allergic rhinitis: definition, epidemiology,
pathophysiology, detection, and diagnosis,” The Journal of
Allergy and Clinical Immunology, vol. 108, no. 1, pp. S2–S8,
2001.

[50] J. Grossman, “One airway, one disease,” Chest, vol. 111, no. 2,
Supplement 2, pp. 11s–16s, 1997.

7Journal of Immunology Research



[51] T. B. Casale and M. S. Dykewicz, “Clinical implications of the
allergic rhinitis-asthma link,” The American Journal of the
Medical Sciences, vol. 327, no. 3, pp. 127–138, 2004.

[52] A. A. Humbles, C. M. Lloyd, S. J. McMillan et al., “A critical
role for eosinophils in allergic airways remodeling,” Science,
vol. 305, no. 5691, pp. 1776–1779, 2004.

[53] S. Swaidani, K. Bulek, Z. Kang et al., “The critical role of
epithelial-derived Act1 in IL-17- and IL-25-mediated pulmo-
nary inflammation,” The Journal of Immunology, vol. 182,
no. 3, pp. 1631–1640, 2009.

[54] J. M. Kessel, J. E. Gern, R. F. Vrtis, J. B. Sedgwick, and W. W.
Busse, “Ligation of intercellular adhesion molecule 3 inhibits
GM-CSF production by human eosinophils,” The Journal of
Allergy and Clinical Immunology, vol. 111, no. 5, pp. 1024–
1031, 2003.

[55] M. Sarra, F. Pallone, T. T. MacDonald, and G. Monteleone,
“IL-23/IL-17 axis in IBD,” Inflammatory Bowel Diseases,
vol. 16, no. 10, pp. 1808–1813, 2010.

[56] J. Su, T. Chen, X. Y. Ji et al., “IL-25 downregulates Th1/Th17
immune response in an IL-10-dependent manner in inflam-
matory bowel disease,” Inflammatory Bowel Diseases, vol. 19,
no. 4, pp. 720–728, 2013.

[57] T. Shi, Y. Xie, Y. Fu et al., “The signaling axis of microRNA-31/
interleukin-25 regulates Th1/Th17-mediated inflammation
response in colitis,” Mucosal Immunology, vol. 10, no. 4,
pp. 983–995, 2017.

[58] M. Caproni, B. Giomi, W. Volpi et al., “Chronic idiopathic
urticaria: infiltrating cells and related cytokines in autologous
serum-induced wheals,” Clinical Immunology, vol. 114, no. 3,
pp. 284–292, 2005.

[59] M. Ferrer and A. P. Kaplan, “Chronic urticaria: what is new,
where are we headed,” Allergologia et Immunopathologia,
vol. 35, no. 2, pp. 57–61, 2007.

[60] T. Zuberbier, R. Asero, C. Bindslev-Jensen et al., “EAACI/
GA2LEN/EDF/WAO guideline: management of urticaria,”
Allergy, vol. 64, no. 10, pp. 1427–1443, 2009.

[61] W. Wang, Y. Qiu, F. Zhao, and F. Zhang, “Poor medication
adherence in patients with psoriasis and a successful interven-
tion,” The Journal of Dermatological Treatment, pp. 1–18,
2018.

[62] S. Jain, I. R. Kaur, S. Das, S. N. Bhattacharya, and A. Singh, “T
helper 1 to T helper 2 shift in cytokine expression: an autore-
gulatory process in superantigen-associated psoriasis pro-
gression?,” Journal of Medical Microbiology, vol. 58, no. 2,
pp. 180–184, 2009.

[63] P. J. Mease, “Inhibition of interleukin-17, interleukin-23 and
the TH17 cell pathway in the treatment of psoriatic arthritis
and psoriasis,” Current Opinion in Rheumatology, vol. 27,
no. 2, pp. 127–133, 2015.

[64] M. Xu, H. Lu, Y. H. Lee et al., “An interleukin-25-mediated
autoregulatory circuit in keratinocytes plays a pivotal role in
psoriatic skin inflammation,” Immunity, vol. 48, no. 4,
pp. 787–798.e4, 2018.

[65] W. Bernal, G. Auzinger, A. Dhawan, and J. Wendon, “Acute
liver failure,” The Lancet, vol. 376, no. 9736, pp. 190–201, 2010.

[66] M. Sarra, M. L. Cupi, R. Bernardini et al., “IL-25 prevents and
cures fulminant hepatitis in mice through a myeloid-derived
suppressor cell-dependent mechanism,” Hepatology, vol. 58,
no. 4, pp. 1436–1450, 2013.

[67] A. M. Owyang, C. Zaph, E. H. Wilson et al., “Interleukin 25
regulates type 2 cytokine-dependent immunity and limits

chronic inflammation in the gastrointestinal tract,” The Jour-
nal of Experimental Medicine, vol. 203, no. 4, pp. 843–849,
2006.

[68] P. G. Fallon, S. J. Ballantyne, N. E. Mangan et al., “Identifica-
tion of an interleukin (IL)-25-dependent cell population that
provides IL-4, IL-5, and IL-13 at the onset of helminth expul-
sion,” The Journal of Experimental Medicine, vol. 203, no. 4,
pp. 1105–1116, 2006.

[69] J. von Moltke, M. Ji, H. E. Liang, and R. M. Locksley, “Tuft-
cell-derived IL-25 regulates an intestinal ILC2-epithelial
response circuit,” Nature, vol. 529, no. 7585, pp. 221–225,
2016.

[70] F. Gerbe, E. Sidot, D. J. Smyth et al., “Intestinal epithelial tuft
cells initiate type 2 mucosal immunity to helminth parasites,”
Nature, vol. 529, no. 7585, pp. 226–230, 2016.

8 Journal of Immunology Research


