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Dear Colleagues,

This is a very exciting time in the field of rheumatoid arthritis (RA). The more we understand 

from the basic and clinical research about the pathogenesis of RA, the more equipped we are to 

understand this disease. We now know that cytokines play many key roles in the inflammation 

that drives RA. One such example is interleukin-6 (IL-6), a multifunctional cytokine that 

contributes to chronic inflammation in patients with RA.

Regeneron Pharmaceuticals and Sanofi Genzyme are excited to bring you additional educational 

material describing some of the fundamental immunology as well as clinical pathology we see in 

RA patients through a series of scientific monographs entitled The New and Evolving Science of 

IL-6 in Rheumatoid Arthritis. 

In the previous six installments in this series, we explored the following topics: the signaling 

mechanisms of IL-6 that allow it to have widespread effects in RA, the role of the IL-6 pathway 

in bone resorption in RA, the contributions of elevated IL-6 signaling to both the articular and 

systemic manifestations of RA, the roles of IL-6 in innate and adaptive immunity, the role of IL-6 

in RA-associated pain, and the effects of IL-6 on neutrophils in RA. 

In this new installment, we discuss how the biological activity of IL-6 contributes to the systemic 

manifestations and comorbidities that affect numerous organ systems in patients with RA, 

including the nervous, endocrine, cardiovascular, and metabolic systems.

I hope you find this latest installment informative and engaging.

Sincerely,

Dr. Calabrese was provided honoraria by Sanofi Genzyme and Regeneron Pharmaceuticals.

Provided by Sanofi Genzyme and Regeneron Pharmaceuticals.
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from that of other cytokines such as TNF-α and 
IL-1,  whose soluble receptors act as inhibitors of 
signaling by sequestering soluble TNF-α and IL-1 
away from their cell-bound receptors.10,12,13

This monograph will describe how the broad 
biological activity of IL-6 allows for its 
contributions to the systemic manifestations and 
comorbidities of RA. 

Role of IL-6 in 
Neuroendocrine and 
Neurophysiological 
Manifestations 

Chronic, systemic neuroendocrine and 
neurophysiological manifestations such as pain, 
fatigue, poor sleep, and mood disorders affect 
a significant proportion of patients with RA and 
can be debilitating to daily quality of life.3,14 These 
manifestations are often ranked as a top concern 
by patients with RA.15-17 There are significant 
positive correlations between pain, fatigue, sleep, 
and mood, which are likely to mutually influence 
each other (Figure 1).3,18 For example, the presence 
of pain and/or fatigue could have important 
negative implications for a patient’s mental 
health.19 In addition, pain, fatigue, and mood are all 
manifestations related to central nervous system 
(CNS) function, and may have commonalities in 
their underlying mechanisms.3 Indeed, IL-6 and 
its actions on neuronal cells have been implicated 
in the pathology of these CNS-related RA 
manifestations/comorbidities.3 Numerous studies 

have shown that IL-6 is an important mediator 
between the immune system and the CNS in 
inflammatory disease.20 IL-6 can cross the blood-
brain barrier and interact with numerous types 
of neural cells (including neurons and microglia) 
through cis- and trans-signaling.21-23 In this way, IL-6 
may play a direct role in CNS physiology in both 
health and disease states.22,23

Pain 

Prevalence and Impact

Overall, pain is a common and dominant symptom 
of patients with RA and is the most common 
reason that patients with inflammatory arthritis 
seek medical care from a rheumatologist.15,24,25 
Furthermore, pain is often considered the greatest 
concern and highest priority of patients with RA.26,27 
Pain contributes significantly to the disease burden 
of patients with RA and has a detrimental effect on 
both physical and social functioning of patients.25,28 
In addition, the levels of pain experienced by 
patients with RA have been linked to other systemic 
symptoms such as fatigue and mood disorders, 
including depression.3,29,30

The Biology Driving RA Pain

Pain can be classified according to mechanism: 
nociceptive/inflammatory, neuropathic, or central.31 
Although pain in RA is multifactorial, sensitization 
of the nociceptive system, and the resulting 
hyperalgesia, has been proposed as a major 
determinant.32 During hyperalgesia, the threshold 
for the excitation of nociceptive neurons (and 
thus for the elicitation of pain) is lowered and the 
responses to noxious stimuli are heightened.33 

Rheumatoid arthritis (RA) is a chronic, systemic, 
and debilitating autoimmune disease that is 
estimated to affect approximately 1% of the world 
population.1,2 Although RA is often thought of as 
a disease of the joints, it is also characterized by 
systemic manifestations, including comorbidities, 
that affect many organ systems, including the 
nervous, endocrine, cardiovascular, and metabolic 
systems.3,4 Systemic manifestations may include 
pain, fatigue, poor sleep, anemia, and production 
of acute phase proteins.3,5 Some of the most 
common comorbidities of RA are mood disorders, 
cardiovascular disease (CVD), pulmonary diseases, 
and malignancies.6 Comorbidity is often defined 
as “the existence or occurrence of any distinct 
additional entity during the clinical course of a 
patient who has the index disease (eg, RA) under 
study. ”7 Although comorbidities are often defined 
as distinct from the index disease, it is theorized 
that some of the pathological mechanisms that 
contribute to chronic inflammation and RA 
pathogenesis may also be involved in comorbidities 
found in patients with RA.3

Patients with RA have a high prevalence of 
comorbid conditions; it is estimated that  
on average, each patient with RA has  
1.6 comorbidities.7,8 The presence of 
comorbidities is associated with greater  
disease activity and impairments in physical 
function, as well as poor prognosis and 
potentially reduced survival in patients with 
RA.2,7,9 The prevalence of comorbidities and 
systemic manifestations in RA complicates 
patient care and may necessitate a holistic 
approach to the assessment of disease.7

It has been established that RA and other 
inflammatory diseases are driven by a complex 
network of cytokines, including tumor necrosis 
factor α (TNF-α), interleukins (IL)-1, 4, 6, 12, 
13, and 17, and interferons (IFN).5,10 IL-6 is a 
multifunctional cytokine that performs vital 
proinflammatory roles in response to infection 
or injury. Because of its pleiotropic nature, 
IL-6 also functions in many nonimmunological 
processes and tissues, including the 
neuroendocrine system, neuropsychological 
behavior, the cardiovascular system, lipid 
and glucose metabolism, and mitochondrial 
activities.11 Thus, dysregulated IL-6 signaling 
can disrupt homeostasis in multiple physiologic 
processes, thereby leading to pathologic 
consequences and contributing to development 
of disease. IL-6 is chronically and systemically 
elevated in RA and is believed to play a key role 
in the pathogenesis, articular and systemic 
manifestations, and comorbidities of  
the disease.2,5  

The widespread effects of IL-6 are due to its 
unique dual signaling mechanism.3 Classical, or 
cis-signaling, is mediated by the membrane-bound 
form of the IL-6 receptor (mIL-6R), whereas 
soluble, or trans-signaling, is mediated by the 
soluble form of the receptor (sIL-6R). In both 
cases, the IL-6/IL-6R complex associates with the 
cell surface glycoprotein 130 (gp130) to initiate a 
signaling cascade. While cis-signaling is restricted 
to cells expressing mIL-6R (ie, hepatocytes, 
neutrophils, monocytes/macrophages, and  
some lymphocytes), trans-signaling is possible 
in cells expressing gp130. Because gp130 is 
ubiquitously expressed, trans-signaling enables 
IL-6 to have a broad range of biological effects  
in organ systems throughout the body.2,3  
Trans-signaling differentiates IL-6 signaling 

Introduction
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neurons showed reduced inflammatory and 
tumor-induced pain, demonstrating that 
gp130 is a key regulator of the induction and 
maintenance of mechanical hypersensitivity.36,37 
Additionally, compared to normal mice, IL-6 
knockout mice exhibited reduced sensitivity to 
thermal and mechanical stimuli.38 In contrast, 
injection of IL-6 or IL-6/sIL-6R into knee joints of 
normal rats caused long-lasting sensitization 
of nociceptive C-fibers to mechanical stimuli 
applied to the joint.39 Coadministration of 
soluble gp130 (sgp130), which would be expected 
to block IL-6 trans-signaling, abrogated this 
effect.39 In additional experiments in normal 
rats, injection of IL-6/sIL-6R into the knee joint 
or topical application of IL-6/sIL-6R to the spinal 
cord significantly increased the response of 
spinal neurons to mechanical stimulation of 
the knee and ankle joints, thereby showing the 
potential of IL-6 to induce central sensitization.40 
Furthermore, in a rat model of antigen-induced 
arthritis, sgp130 injections significantly 
attenuated pain-related behavior and increased 
nociceptive thresholds.41 Together, these 
preclinical studies demonstrate that IL-6 is an 
important mediator of pain because of its role in 
nociceptive pain mechanisms.

Fatigue and Poor Sleep

Prevalence and Impact

Like pain, fatigue is a symptom experienced 
almost universally by patients with RA, and 
patients rate the impact and importance 
of fatigue as similar to pain.16 Studies have 
shown that more than 80% of patients with RA 
experience clinically relevant fatigue, often on 
a daily basis.16,42 For the majority of patients 
with RA, fatigue interferes significantly with 
their quality of life and physical functioning.18,19 

A study using qualitative interview data from 
patients with RA reported that patients often 
perceive fatigue to be intrusive, overwhelming, 
and poorly managed.16 

Drivers of RA-Associated Fatigue

The causality of fatigue is not yet completely 
understood, but is likely multifactorial in 
each patient, involving a complex interplay 
between inflammation, pain, anemia, poor 
sleep, physical inactivity, and/or psychosocial 
factors.16,43,44 A systematic literature review 
identified the 3 variables most likely to be 
involved in RA-associated fatigue as pain, 
depression/depressive mood, and disability/
diminished physical functioning.43 Even when 
RA is controlled, persistent fatigue has been 
shown to be associated with greater pain and 
depression; however, further study is needed 
to determine directional causation of these 
factors.45 Higher levels of fatigue in patients 
with RA have also been shown to be associated 
with higher comorbidity burdens, suggesting 
the comorbid conditions themselves or their 
associated medications may contribute to 
fatigue or interfere with sleep.46,47

In RA, hyperalgesia may be experienced as 
ongoing, pathological pain in the absence of 
stimulation, in response to mechanical stimuli 
such as movements in the working range and joint 
palpation, or from normally nonpainful warm or 
cold stimuli (thermal hyperalgesia).33 While both 
inflammation and joint damage can cause pain 
in RA, they do not always correlate with pain 
severity. For example, some patients experience 
more severe pain than the degree of inflammation 
and joint damage would suggest, or pain even in 
the absence of inflammation and damage.3

Proinflammatory cytokines, including IL-6, 
TNF-α, IL-1β, and IL-17, and granulocyte-
macrophage colony-stimulating factor (GM-CSF) 
have been identified as important regulators of 
pain mechanisms and hyperalgesia in RA.33,34 A 
growing body of preclinical research suggests 
that IL-6 plays a pivotal role in mediating pain 
by directly acting upon neural cells in the 
nociceptive system.33,35 Neurons and glial cells of 
the spinal cord and dorsal root ganglia express 
the signal transducer gp130, making them 
responsive to trans-signaling by IL-6/sIL-6R.5,33 
Knockout mice lacking gp130 in nociceptive 

Figure 1. Model of the interconnectivity between IL-6 and fatigue, mood, pain, and sleep in RA. Pain, fatigue, poor sleep, and mood disorders 
are highly correlated in patients with RA. Additionally, there may be overlap in the underlying mechanisms of these manifestations because 
they are all associated with the actions of IL-6.3,14,18 (Arrows are meant to show a possible association/correlation and not necessarily a 
causative effect.)
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The Role of the HPA Axis

Dysfunction of the hypothalamic-pituitary-
adrenal (HPA) axis stress response has 
been implicated in RA-associated fatigue.3 
This axis is normally involved in maintaining 
and reinstating homeostasis in response to 
stressors such as infection or injury.48 Briefly, 
perceived stress initiates a signal in neurons 
within the paraventricular nucleus (PVN) 
of the hypothalamus, which then release 
corticotrophin-releasing hormone (CRH) 
(Figure 2). CRH then binds to specific receptors 
in the anterior pituitary, causing the synthesis 
of adrenocorticotropic hormone (ACTH), which 
is released into the circulatory system. ACTH 
promotes the secretion of glucocorticoids (ie, 
cortisol) from the adrenal cortex.49 Cortisol 
helps orchestrate the stress response and 
also exerts negative feedback on the HPA 
axis at the hypothalamic and pituitary levels, 
downregulating its own production as well as 
that of CRH and ACTH.49 Proinflammatory 
cytokines, such as IL-6, TNF-α, and IL-1β, 
can activate the HPA axis either alone or 
synergistically and stimulate cortisol and CRH 
release by acting upon all 3 levels of the HPA 
axis (the hypothalamus, the pituitary gland, and 
the adrenal gland).3,50 Thus, the HPA axis relies 
on communication between the neuroendocrine 
and immune systems.3 

Dysfunction of the HPA axis, characterized 
by low levels of circulating cortisol and 
blunted HPA axis responsiveness to a 
stressor, has been linked to chronic fatigue.51 
Hypocortisolism is thought to be clinically 
significant in chronic fatigue, as low-dose 
hydrocortisone supplementation was shown 
to improve symptoms and disability in patients 

with chronic fatigue.52 Growing evidence 
suggests that HPA axis function is also altered 
in patients with RA, who were observed 
to have lower cortisol levels and elevated 
mean ACTH and IL-6 levels in response to a 
stressor relative to healthy controls. Thus, 
in RA, dysfunction of the HPA axis may be 
characterized by insufficient cortisol release 
in response to stimuli.53-55 It is hypothesized 
that this dysfunction is due to defects at both 
the adrenal and hypothalamic levels and may 
contribute to RA-associated fatigue.3

Sleep Disturbance in RA

Another factor that may contribute to fatigue 
is poor sleep quality, which is an independent 
predictor of RA-associated fatigue after 
controlling for disease activity.56,57 More 
than half of patients with RA report sleep 
disturbance, and patients with RA are 
significantly more likely to experience sleep 
disturbance than the general population.58,59 
Sleep disturbance correlates with greater 
disease activity and pain in patients with RA,  
and this relationship is believed to be complex 
and possibly bidirectional.14 Pain may 
contribute to sleep loss through immunologic 
or hormonal pathways, and sleep loss may 
contribute to inflammation and disease 
activity.14 Proinflammatory cytokines, such 
as IL-6, have been shown to be involved in 
sleep regulation and are thought to play 
a major role in inflammation-associated 
sleep impairment.20,60 Several studies 
have demonstrated that sleep deprivation 
results in elevated daytime levels of IL-6 in 
healthy individuals.61,62 Elevated IL-6 levels 
have also been observed in disorders of 
excessive daytime sleepiness (eg, sleep 

apnea), suggesting a role for IL-6 in the 
pathology of sleepiness and fatigue in these 
conditions.63 In addition, in a small study of 16 
healthy individuals, evening administration 
of IL-6 significantly altered sleep patterns 
and promoted symptoms of fatigue.64 This 
observation is attributed to IL-6–induced 
stimulation of the HPA axis.64 A model has 
been proposed wherein elevated IL-6 and the 
resulting HPA axis activity together lead to 
fatigue and poor sleep in RA; however, this 
association is complex and necessitates 
further research to fully delineate the 
mechanisms involved.3,60,65 

Anemia and Fatigue

Anemia is another common systemic symptom 
of RA, occurring in approximately one-third 
of patients with RA .66,67 Anemia is defined as 
hemoglobin (Hb) levels <12 g/dL in women and  
<13 g/dL in men. Patients with RA and anemia 
exhibit more severe physical disability than 
nonanemic patients with RA (Hb >14 g/dL).67 
Studies have demonstrated that hemoglobin 
levels may correlate with fatigue and other 
quality of life parameters, though data are 
conflicting.68-70 

Figure 2. Schematic representation of the role of proinflammatory cytokines in the HPA axis. In the HPA axis, activation by a stressor leads 
to the secretion of CRH by the hypothalamus. CRH then acts at the pituitary to promote the release of ACTH, which enters the peripheral 
circulation and stimulates the adrenal gland. This results in the release of cortisol, leading to downstream, peripheral, metabolic effects. 
Cortisol, in turn, can regulate its own secretion via a negative feedback mechanism. Proinflammatory cytokines—such as IL-6, TNF-α, and  
IL-1β, which are elevated in RA—activate all three levels of the HPA axis. Adapted from Choy EHS and Calabrese LH. Rheumatology. 
2018;57:1885-1895 and Papadopoulos AS and Cleare AJ. Nat Rev Endocrinol. 2012;8:22-32.3,51 
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In addition to its effect on the HPA axis, IL-6 
may also contribute to RA-associated fatigue 
through its involvement in the development 
of anemia.20 In hepatocytes, IL-6 increases 
the production of hepcidin, which is an acute 
phase protein that regulates iron homeostasis 
by preventing iron transport and release 
from macrophages into the bloodstream.2,5,71 
Increased hepcidin levels reduce iron 
bioavailability and hemoglobin synthesis, 
eventually leading to anemia.71 In agreement 
with this model, administration of IL-6 
increased hepcidin and induced hypoferremia in 
healthy subjects and induced rapid, reversible 
anemia in cancer patients.71,72 Among patients 
with early RA, IL-6 levels are significantly higher 
in patients with anemia than those without 
anemia.66 Serum levels of hepcidin have also 
been found to be higher in patients with active 

RA compared to those with inactive RA.73

Mood Disorders 

Prevalence and Impact

In addition to pain and fatigue, patients with 
RA also have an increased prevalence of 
mood disorders, including depression and 
anxiety.19,74 It is estimated that more than 
one-third of patients with RA suffer from 
mood disorders.3,74 In the COMOrbidities in 
Rheumatoid Arthritis (COMORA) study, which 
evaluated the prevalence of comorbidities in 
patients with RA, depression was the most 
commonly observed comorbidity, though 
the prevalence varied widely by country.6 A 
2013 systematic review and meta-analysis of 
studies comprised of >13,000 patients with 
RA revealed that estimated prevalence of 
depression among patients with RA varies 
widely (0.04–66.3%). Pooled prevalence of 

major depressive disorder was estimated to  
be 16.8% (n=480), and the estimated prevalence 
of depression according to the 9-item Patient 
Health Questionnaire (PHQ-9) was 38.8% 
(n=659).75

In patients with RA, depression can have 
effects beyond the burden of mental illness 
itself. Depression may influence (and be 
influenced by) disease activity, treatment 
outcomes, and medication adherence, and has 
been associated with poor quality of life and 
an increased risk of work disability, mortality, 
and myocardial infarction.9,76-79 The presence 
of psychiatric comorbidities (particularly 
depression) at the outset of RA diagnosis is 
associated with greater pain and impaired 
physical function.78 Furthermore, despite 
its prevalence and effect on quality of life, 
comorbid depression often goes unrecognized 
in patients with RA.80

The Biology of RA-Associated Mood Disorders

Systemic inflammation and the actions of 
proinflammatory cytokines are believed 
to contribute to the high prevalence of 
mood disorders in patients with RA.3,80 It is 
hypothesized that elevated IL-6 contributes 
to the development of mood disorders by 
acting upon the HPA axis.81 In addition to its 
associations with fatigue in RA, dysregulation 
of the HPA axis has been associated with 
numerous mood disorders, including 
depression, anxiety, and panic disorder. 
The HPA axis is normally essential for the 
physiological stress response, but repeated 
exposure to stress promotes persistent 
changes in HPA axis functionality that may 
contribute to maladaptive outcomes. Stress 
is a prevalent risk factor for numerous 
psychopathologies (eg, depression, anxiety), 

and impaired HPA axis functionality in the form 
of altered glucocorticoid secretion has been 
proposed as a potential link between stress 
and the development of psychiatric disorders.81 
Research suggests that IL-6 can promote 
dysregulation of the HPA axis by enhancing/
prolonging ACTH release by the pituitary, or by 
acting in the hypothalamus to influence stress-
responsive PVN neurons and affect HPA axis 
plasticity.81

Accumulating evidence from preclinical and 
clinical studies demonstrates a link between 
IL-6 and the pathogenesis of mood disorders. 
IL-6 knockout mice were shown to be resistant 
to stress in translational social stress animal 
models.82 In these models, repeated exposure 
of mice to social defeat, such as repeated 
attack and defeat in their home cage by an 
aggressive intruder mouse, leads to anxiety-
like behavior.83 This is similar to behavior 
observed in humans in response to social 
conflict.82,84 Resistance to social stress was 
also observed in a mouse model in which IL-6 
was sequestered outside the brain.82  
In another study, IL-6 knockout mice showed 
reduced despair behavior in tests known  
to elicit depression-like behavior, such as 
learned helplessness and despair (eg, forced  
swimming, tail suspension), suggesting that  
IL-6 plays an important role in the development 
of stress-related disorders such as 
depression.85 Studies in humans have further 
established this link; peripheral levels of IL-6 
are increased in otherwise healthy individuals 
experiencing psychosocial stress, and low 
IL-6 levels were shown to be predictive of 
better recovery from stress.86,87 IL-6 levels are 
increased in the serum and cerebrospinal fluid 
of patients with depression, and administration 
of IL-6 into healthy individuals significantly 

worsened self-reported mood.64,88,89  
Meta-analyses have identified IL-6 as the most 
consistently elevated cytokine in the blood of 
patients with major depressive disorder.90,91 In 
addition, patients with a history of inadequate 
response to antidepressants have increased 
levels of IL-6, suggesting that patients 
with high levels of IL-6 may be less likely to 
respond to antidepressant treatment.80,92,93 
Intriguingly, results from a 2018 study by 
Kakeda et al suggest a relationship between 
IL-6 and brain morphology in patients with 
depression. Patients with depression often 
exhibit alterations in brain morphology, such as 
thinning of gray matter on the brain’s surface. 
In the brains of drug-naive patients with 
depression, IL-6 levels were found to inversely 
correlate with the thickness of the prefrontal 
cortex. This relationship was not observed  
with the cytokines IL-1β, IFN-γ, or TNF-α.88  
Together, these data indicate an important role 
for IL-6 in the pathology of mood disorders such 
as depression.
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Role of IL-6 in 
Metabolic and 
Cardiovascular 
Manifestations
CVD 

Several studies have demonstrated that the risk 
of CVD is considerably higher in patients with RA 
than in the general population.94,95 Interestingly, 
studies have found that this increased risk is 
not entirely explained by traditional risk factors 
(eg, diabetes, family history of CVD, high body 
mass index [BMI]), but rather may also relate to 
systemic inflammation in RA.96-98 For example, 
a prospective cohort study of 114,342 women 
participating in the Nurses’ Health Study showed 
that women with RA had a >2-fold higher risk of 
myocardial infarction compared with women 
without RA, even after adjusting for known 
or potential cardiovascular risk factors.99 In 
addition, patients with RA have increased overall 
mortality and CVD-related mortality compared 
with healthy individuals.98,100 Women with RA 
followed prospectively in the Nurses’ Health Study 
exhibited 45% increased CVD mortality relative 
to those without RA (HR=1.45; 95% CI: 1.14–1.83).98 
In 2 large meta-analyses comprising over 150,000 
patients, RA was associated with a 48% increased 
risk of CV events (RR=1.48; 95% CI: 1.36–1.62)  
and a 50% increased risk of CVD-related mortality 
(standardized mortality ratio=1.50; 95% CI: 1.39–1.61) 
compared with the general population.101,102

Metabolic Syndrome

RA is also associated with metabolic 
syndrome and its components, each of which 
is an independent risk factor for CVD.4,103,104 

According to the National Cholesterol 
Education Program (NCEP), the components 
of metabolic syndrome include insulin 
resistance, central obesity, dyslipidemia, and 
hypertension, as well as a proinflammatory 
and prothrombotic state that leads to 
atherosclerosis.4,105 A meta-analysis involving 
2283 patients with RA and 4403 controls 
without RA identified a significant association 
between RA and risk of metabolic syndrome 
(OR=1.24; 95% CI: 1.03–1.50).106 A recent study 
by da Cunha et al reported that metabolic 
syndrome, as defined by NCEP-ATP III criteria, 
is more frequent in patients with RA than in 
control subjects without RA (39.2% vs 19.5%, 
respectively).103 This is consistent with a 
study by Chung et al, in which NCEP-defined 
metabolic syndrome was present in 42% of 
patients with long-standing RA, 30% with 
early RA, and 22% of healthy controls.104

Chronically elevated IL-6, such as that 
observed in RA, may contribute to systemic 
metabolic dysfunction (Figure 3).97,107  
IL-6–induced metabolic effects, which include 
transient alterations in lipids and peripheral 
insulin resistance, are favorable in the 
short term as part of the host response to 
infection and acute inflammation.97 However, 
chronically elevated IL-6 has been associated 
with numerous components of metabolic 
syndrome, including insulin resistance, 
obesity, dyslipidemia, hypertension, and 
atherosclerosis, which are discussed next.97,108

Figure 3. Summary of the metabolic effects of IL-6 that may contribute to CVD risk. In RA, chronic elevations in proinflammatory cytokines can 
alter the function of tissues throughout the body, including adipose, skeletal muscle, liver, and the vascular endothelium, to promote a spectrum of 
proatherogenic changes such as dyslipidemia, insulin resistance, endothelial activation/dysfunction, oxidative stress, and prothrombotic effects. 
These changes converge to contribute to metabolic syndrome and promote accelerated atherosclerosis and increased cardiovascular risk in 
patients with RA.5,97,105,107,109

Insulin Resistance

Patients with RA have been shown to have 
impaired insulin sensitivity and pancreatic 
β-cell function, which correlates with disease 
activity, as measured by the disease activity 
score using 28 joints (DAS28), and markers of 
inflammation, such as elevated IL-6, TNF-α, 
C-reactive protein (CRP), and erythrocyte 
sedimentation rate (ESR).110-112 Insulin resistance 

has been reported in 51% of patients with 
recent-onset RA and 58% of patients with 
long-standing RA, compared with 19% of 
subjects without RA.104,113 Consequently, RA 
is associated with an increased risk of type 2 
diabetes mellitus, which is characterized 
by hyperglycemia due to insulin resistance 
and pancreatic dysfunction.110,114 In the 
United States, the estimated prevalence of 
diabetes in patients with RA is approximately 
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15–19%, compared with approximately 9% in 
the general population.110,115,116 Additionally, 
diabetes has been shown to be predictive of 
CV events in patients with RA.112,115

Persistently elevated IL-6 levels may 
contribute to tissue insulin resistance 
during chronic inflammation.117 IL-6 levels 
are elevated in obesity yet also positively 
correlate with the development of diabetes 
irrespective of body fat.117-119 High IL-6 levels 
are associated with reduced insulin sensitivity 
in both control subjects and patients with 
RA.111,120 In preclinical studies, IL-6 led to 
insulin resistance in vivo when chronically 
administered to mice at levels similar to those 
found in obese individuals.121 

IL-6 may be linked to insulin resistance 
through its numerous tissue-specific roles in 
regulating glucose metabolism (Figure 4).122 
Systemic glucose metabolism is determined 
by pancreatic β-cell function (insulin 
production) and by the peripheral effects 
of insulin (insulin sensitivity). Both insulin 
production and insulin sensitivity affect 
glucose uptake in skeletal muscle and glucose 
production by the liver.110 Patients with RA 
exhibit β-cell dysfunction as well as reduced 
insulin sensitivity, contributing to an impaired 
metabolic state.110 Increases in plasma IL-6 
can promote the production and secretion 
of glucagon-like peptide-1 (GLP-1) from 
pancreatic α-cells and intestinal L cells; GLP-1 
then acts upon pancreatic β-cells to promote 
insulin release.117,123 In addition, IL-6 promotes 
proliferation of pancreatic α-cells and inhibits 
apoptosis of pancreatic islets, α-cells, and 
β-cells, thereby helping to preserve insulin 
secretory function.123,124 Insulin secretion 
by the pancreas and peripheral insulin 

sensitivity are interrelated; compensatory 
hyperinsulinemia can occur when insulin 
secretion increases to maintain normal blood 
glucose levels in the setting of peripheral 
insulin resistance in muscle and adipose 
tissue.110,125 Plasma levels of IL-6 are normally 
elevated following exercise and promote 
glucose transport, glucose oxidation, and 
glycogenesis in skeletal muscle.122 Short-term 
administration of IL-6 in mice and to skeletal 
muscle cells increased insulin sensitivity and 
glucose uptake; however, chronic exposure 
resulted in insulin resistance and reduced 
glucose uptake, likely due to impaired 
localization of the glucose transporter 
GLUT4.126 Because skeletal muscle plays an 
important role in regulating insulin-mediated 
glucose uptake, elevated IL-6 levels may 
directly affect glucose metabolism through 
this mechanism.122

IL-6 is also thought to play a prominent role 
in regulating glucose metabolism in the 
liver.117 In human and mouse hepatocytes, IL-6 
inhibited gluconeogenesis by suppressing the 
expression of gluconeogenic genes, such as 
glucose-6-phosphatase (G6Pase).127 In obese 
mice, depletion of IL-6 acutely improved 
hepatic insulin activity; conversely, treatment 
with IL-6 increased hepatic insulin resistance 
in non-obese mice.121,128 Moreover, liver-
specific knockout of SOCS3, an IL-6 target 
gene, improved hepatic insulin sensitivity in 
mice.129 These data demonstrate that IL-6 is 
an important mediator of hepatic glucose 
metabolism and insulin function. IL-6 has been 
found to regulate hepatocyte expression of 
insulin receptor substrate proteins IRS1 and 
IRS2, thereby inhibiting insulin receptor  
signal transduction and insulin action in  
the liver.117,130,131 Taken together, the  

tissue-specific effects of IL-6 on insulin 
signaling in individual tissues illustrate the 
complexity of its potential role in systemic 
insulin resistance.122,132 

Dyslipidemia

Patients with RA commonly exhibit 
dyslipidemia, with lower levels of total 
cholesterol, high-density lipoprotein 
cholesterol (HDL-C), and low-density 
lipoprotein cholesterol (LDL-C) than individuals 
without RA.4,97,134 This has been referred to 
as a “lipid paradox” because in this context, a 
reduction in serum lipids is associated with 
increased cardiovascular risk.4,134,135 A similar 
phenomenon is observed in other inflammatory 
conditions, in which a greater inflammatory 
burden is associated with lower levels of 
circulating lipids.134 Decreased HDL-C levels 
and increased risk of CVD are also associated 
with other chronic autoimmune diseases 
such as systemic lupus erythematosus and 
psoriasis, further suggesting a link between 
inflammation, altered lipid profiles, and CV 

risk.136 One hypothesis to explain the lipid 
paradox in RA is that inflammation leads to 
oxidative modification of lipids that alters 
their properties and activities, such as their 
antioxidative and reverse cholesterol transport 
capacities, making them proatherogenic.134,137 

For example, uptake of oxidized LDL-C by 
macrophages drives their transformation into 
foam cells, a pivotal process in atherogenesis; 
interestingly, IL-6 has been shown to promote 
this uptake.97,134,138 Proatherogenic changes are 
observed clinically in patients with RA, who 
have a higher incidence of arterial plaques 
compared with matched control subjects 
(OR=3.61; 95% CI: 2.65–4.93).139

Elevated IL-6 may contribute to dyslipidemia 
in RA by directly affecting lipid metabolism. 
Administration of exogenous IL-6 or TNF-α 
decreases serum levels of total cholesterol, 
HDL-C and LDL-C, in humans.134,140 In adipose 
tissue, IL-6 can function as an adipokine: 
IL-6 increases leptin production, decreases 
lipoprotein lipase activity, and regulates lipolysis, 
thus increasing free fatty acid (FFA) release.140-142 

Figure 4. Tissue-specific effects of IL-6 on glucose metabolism and insulin activity. IL-6 has been reported to have numerous roles in metabolic 
processes in the pancreas, skeletal muscle, liver, and adipose tissue, which may contribute to systemic insulin resistance when IL-6 is 
dysregulated. In skeletal muscle, the effect of IL-6 on insulin activity depends on the length of exposure; short-term increases in IL-6 (eg, after 
exercise) promote insulin sensitivity, whereas chronic exposure contributes to insulin resistance. IL-6 also regulates glucose metabolism and may 
contribute to insulin resistance through its actions in the pancreas, liver, and adipose tissue.117,122-124,126,127,132,133
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Elevations in FFAs are proatherogenic 
and are an important contributor to the 
pathophysiology of insulin resistance.97 
Indeed, adipocytes exposed to IL-6 in vitro 
exhibit insulin resistance, and IL-6 expression 
is increased in adipocytes from non-obese 
insulin-resistant subjects.122,133,143 Increased 
expression of IL-6 in adipocytes decreases 
the expression of glucose transport protein 
GLUT4, which could directly affect adipocyte 
response to insulin.144

Atherogenic Effects of IL-6 in RA

Patients with RA often exhibit accelerated 
atherogenesis, a known contributor to CV 
risk.97,145,146 There are numerous mechanisms by 
which IL-6 may contribute to this phenomenon 
in the vasculature. Vascular expression of 
IL-6 is due to secretion by vascular cells (eg, 
endothelial cells, vascular smooth muscle 
cells, and fibroblasts) as well as by resident 
and infiltrating immune cells.146 IL-6 signaling 
has been shown to mediate endothelial 
activation, vascular permeability, and immune 
cell recruitment. During RA, elevated IL-6 can 
contribute to a spectrum of proatherogenic 
changes in addition to insulin resistance and 
dyslipidemia: oxidative stress, endothelial 
dysfunction, and prothrombotic effects.97,147,148

Oxidative Stress and Endothelial Dysfunction

Endothelial dysfunction is a known predictor 
of CV events and is associated with traditional 
CV risk factors including hypertension, 
dyslipidemia, hyperglycemia, and metabolic 
syndrome.109 Endothelial dysfunction 
is characterized by increased oxidative 
stress and altered vascular tone and can be 
directly measured through flow-mediated 
vasodilation and pulse-wave analysis.97 

Considerable indirect evidence supports 
systemic endothelial activation/dysfunction 
in patients with RA.97 It has been hypothesized 
that endothelial dysfunction in patients with 
RA is largely due to chronic inflammation 
driven by persistently elevated levels of 
proinflammatory cytokines.149

IL-6 has been found to promote oxidative 
stress, defined as an increase in reactive 
oxygen species (eg, superoxide), which reduces 
nitric oxide (NO) levels and is a significant 
contributor to endothelial dysfunction.147 The 
reduced bioavailability of NO impairs arterial 
dilation in response to stimuli and plays an 
important role in promoting cardiovascular 
disease.147,149 Hypertension has been reported 
in up to 73% of patients with RA and only 29% 
of the general population.95 IL-6 inhibits the 
expression and activity of endothelial NO 
synthase (eNOS) and promotes the expression 
and activity of nicotinamide adenine 
dinucleotide phosphate (NADPH) oxidase, 
thereby influencing NO and superoxide 
levels and contributing to oxidative stress.147 
Elevated IL-6 also promotes expression of 
angiotensin II, which is a key regulator of blood 
pressure and contributes to the production 
of vascular superoxide through activation of 
vascular NADPH oxidase.147,150,151 A significant 
correlation has been observed between IL-6 
levels and blood pressure in normotensive 
volunteers, and lowering blood pressure led 
to decreases in IL-6 levels in hypertensive 
subjects.150,152 In addition, IL-6 stimulates 
production of the acute phase reactant CRP 
through the activation of hepatocytes.2,5 High 
serum levels of CRP inhibit NO bioavailability 
and are associated with endothelial 
dysfunction as well as increased CVD 
mortality.149,153 Lastly, IL-6 also promotes the 

proliferation of vascular smooth muscle cells, 
which is considered a hallmark of the early 
stages of atherosclerosis and hypertension.151

Prothrombotic Effects

Various prothrombotic changes have been 
associated with RA and CV risk. Several 
thrombotic markers identified as CV risk 
factors, such as fibrinogen, von Willebrand 
factor, fibrin D-dimer, and tissue plasminogen 
activator antigen, are elevated in patients 
with RA.149 A prothrombotic state is often 
seen in patients with RA, characterized 
by hypercoagulability and altered platelet 
reactivity.97,149,154 A hypercoagulable state may 
increase the risk of deep vein thrombosis and 

pulmonary embolism.155 Thrombocytosis (an 
excessive number of platelets in the blood) is 
also associated with hypercoagulability and is 
often seen in patients with RA.149,156

Proinflammatory cytokines, including IL-6, 
TNF-α, and IL-1, are thought to promote a 
procoagulant, clot-promoting state.149 IL-6 
increases levels of fibrinogen, an acute-phase 
reactant associated with thrombosis, in 
patients with RA.97,149 In addition, by promoting 
the differentiation of megakaryocytes 
into platelets, IL-6 also mediates 
thrombocytosis.157,158 

Figure 5. Overview of the systemic manifestations and comorbidities associated with IL-6. Increased levels of circulating IL-6 are 
believed to contribute to systemic manifestations and comorbidities of RA throughout the body, including those affecting the metabolic, 
neuroendocrine, neurophysiological, cardiovascular, and skeletal systems.2,3,20,33,60,97,108,117,149
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