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Abstract: Systemic inflammation represents a shared pathophysiological mechanism which
underlies the frequent clinical associations among chronic inflammatory rheumatic diseases
(CIRDs), insulin resistance, type 2 diabetes (T2D), and chronic diabetes complications, including
cardiovascular disease. Therefore, targeted anti-inflammatory therapies are attractive and highly
desirable interventions to concomitantly reduce rheumatic disease activity and to improve glucose
control in patients with CIRDs and comorbid T2D. Therapeutic approaches targeting inflammation
may also play a role in the prevention of prediabetes and diabetes in patients with CIRDs,
particularly in those with traditional risk factors and/or on high-dose corticosteroid therapy.
Recently, several studies have shown that different disease-modifying antirheumatic drugs
(DMARDs) used for the treatment of CIRDs exert antihyperglycemic properties by virtue of their
anti-inflammatory, insulin-sensitizing, and/or insulinotropic effects. In this view, DMARDs are
promising drug candidates that may potentially reduce rheumatic disease activity, ameliorate
glucose control, and at the same time, prevent the development of diabetes-associated
cardiovascular complications and metabolic dysfunctions. In light of their substantial antidiabetic
actions, some DMARD:s (such as hydroxychloroquine and anakinra) could be alternatively termed
“diabetes-modifying antirheumatic drugs”, since they may be repurposed for co-treatment of
rheumatic diseases and comorbid T2D. However, there is a need for future randomized controlled
trials to confirm the beneficial metabolic and cardiovascular effects as well as the safety profile of
distinct DMARD:s in the long term. This narrative review aims to discuss the current knowledge
about the mechanisms behind the antihyperglycemic properties exerted by a variety of DMARDs
(including synthetic and biologic DMARDs) and the potential use of these agents as antidiabetic
medications in clinical settings.
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1. Introduction

Type 2 diabetes (T2D) is one of the most common chronic noncommunicable diseases
and represents a growing public health challenge worldwide. Poor glucose control in
diabetic patients can result in the development of micro- and macrovascular
complications [1], with cardiovascular disease (CVD) being the leading cause of death in
such patients [2]. According to recent estimates from the International Diabetes
Federation, the global diabetes prevalence is rapidly rising, with 463 million people being
affected worldwide [3]. This trend is predicted to grow further in the upcoming years,
with 578 million and 700 million people expected to develop diabetes by 2030 and 2045,
respectively [3]. T2D accounts for approximately 90-95% of all diabetes cases and results
from the gradual loss of adequate beta cell insulin secretion, frequently on the background
of peripheral insulin resistance [4]. Insulin resistance by itself represents an established
cardiovascular risk factor in a variety of population groups, including subjects with and
without diabetes or other cardiovascular risk factors [5].

A growing body of evidence suggests that inflammation plays a pivotal role in the
pathophysiology of T2D and diabetes-related cardiovascular complications [6,7]. Patients
with T2D often exhibit a state of chronic low-grade systemic inflammation characterized
by a marked increase in circulating levels of acute-phase proteins and proinflammatory
chemokines, cytokines, and adipokines—including C-reactive protein (CRP), tumor
necrosis factor (TNF)-a, interleukin (IL)-1, IL-6, visfatin, and resistin—accompanied by a
decrease in anti-inflammatory and insulin-sensitizing adipokines such as adiponectin and
omentin [8-14]. This proinflammatory state even occurs prior to the onset of
hyperglycemia (during the prediabetic stage) and is involved in the subsequent
development of T2D [8]. Therefore, more recently, T2D has increasingly been regarded as
an inflammatory disease, with chronic low-grade systemic inflammation and islet
inflammation being linked to insulin resistance and beta cell dysfunction, respectively
[15-18]. On the one hand, three major sources of proinflammatory cytokines have been
suggested to affect beta cell function, insulin secretion, and/or insulin sensitivity in T2D:
(i) from islet cells; (ii) from increased numbers of islet infiltrating macrophages/immune
cells; (iii) from inflamed white adipose tissue, as a consequence of obesity, physical
inactivity, and adipose tissue dysfunction [8,14,19]. On the other hand, patients with
chronic inflammatory rheumatic diseases (CIRDs) often exhibit greater insulin resistance
and a higher frequency of features of the metabolic syndrome as compared with controls
[20-23], as well as an increased risk of comorbid or incident diabetes [22,24-30] and higher
cardiovascular morbidity and mortality [31-38]. Although CVD represents a leading
cause of morbidity and mortality in CIRD patients [31,38—40], risk factors for CVD in this
population are not yet entirely clear. The coexistence of systemic inflammation and
traditional risk factors (e.g., hypertension, obesity, impaired fasting glucose, T2D,
hypercholesterolemia, physical inactivity, and smoking) partly accounts for the excess
cardiovascular risk and cardiovascular mortality observed in patients with CIRDs
[22,35,41-48]. Thus, systemic inflammation (alone or in combination with traditional risk
factors and/or corticosteroid use) likely represents a major contributor to insulin
resistance, metabolic syndrome, development of T2D, and increased cardiovascular
morbidity and mortality in patients with CIRDs [23,27,34,43,47,49].

In light of these preliminary remarks, targeted anti-inflammatory therapies represent
attractive and highly desirable intervention strategies to prevent or treat T2D and its
complications, and to concurrently control rheumatic disease activity in patients with
CIRDs [50]. This narrative review aims to discuss the current knowledge about the
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antihyperglycemic properties exerted by a variety of disease-modifying antirheumatic
drugs (DMARDs) and the potential use of these agents as antidiabetic medications in
clinical settings.

2. Disease-Modifying Antirheumatic Drugs (DMARDs)

DMARD:s are a class of immunomodulatory and immunosuppressive agents used
for the treatment of CIRDs, such as rheumatoid arthritis (RA), systemic lupus
erythematosus (SLE), and Sjogren’s syndrome (SS) [51]. DMARDs can be classified into
two main categories, namely synthetic DMARDs and biologic DMARD:s.

Synthetic DMARDS are classified as either (i) conventional synthetic DMARDs
(csDMARDs), including methotrexate, hydroxychloroquine, sulfasalazine, and
leflunomide or (ii) targeted synthetic DMARDs (tsDMARDs) [51,52]. Targeted synthetic
DMARDs are small molecules targeting a particular molecular structure and include
phosphodiesterase inhibitors and kinase inhibitors, such as apremilast and Janus kinase
(JAK) inhibitors (i.e., JAKISs: tofacitinib, baricitinib, upadacitinib, and filgotinib) [52].

Biologic DMARDs (bDMARDs) are highly specific agents targeting a specific
pathway of the immune system. These drugs were introduced in the early 1990s and are
generally prescribed in the case of conventional DMARD therapy failure due to ongoing
disease activity, or clinical and/or radiographic disease progression. Biologic DMARDs
include TNF inhibitors (e.g., etanercept, adalimumab, infliximab, golimumab, and
certolizumab pegol) and biologics that target other cytokines and molecules or receptors,
such as anakinra, canakinumab, tocilizumab, sarilumab, and abatacept [51].

3. Conventional Synthetic DMARDs (csDMARDs)
3.1. Methotrexate (MTX)

Methotrexate (MTX) is generally the first choice for the treatment of RA, psoriatic
arthritis (PsA), and other forms of inflammatory arthritis. Moreover, MTX enhances the
effects of several biologic agents in RA [53]. MTX mainly acts as an antimetabolite and
antifolate, since it inhibits the enzyme dihydrofolate reductase (DHFR), which catalyzes a
reduction in folate and 7,8-dihydrofolate to 5,6,7,8-tetrahydrofolate, and is involved in
purine and thymidylate synthesis. As a result, MTX inhibits DNA synthesis and cell
proliferation [54].

Multiple mechanisms underlie the anti-inflammatory and immunosuppressive
actions of MTX, such as the inhibition of purine and pyrimidine synthesis, nitric oxide
production, transmethylation reactions, and translocation of the transcription factor
nuclear factor kappa B (NF-kB) to the nucleus [53]. However, little is known about the
exact role of MTX in insulin resistance and existing studies have yielded conflicting
findings.

A small intervention study conducted in nondiabetic patients with RA and PsA who
received 6-month MTX treatment reported a significant 0.3% reduction in glycated
hemoglobin (HbAlc), although homeostasis model assessment of insulin resistance
(HOMA-IR) remained unaltered [55]. A recent meta-analysis found that RA patients on
MTX treatment had a lower risk of developing T2D as compared with RA patients who
were not exposed to MTX [56]. Mantravadi et al. [57] recently conducted a large
retrospective cohort study in patients with PsA, RA, or ankylosing spondylitis (AS) who
had comorbid diabetes and newly initiated either a TNF inhibitor, MTX, or metformin
(patients who received metformin served as positive controls). The authors found that
initiation of a TNF inhibitor or MTX was associated with a decrease in HbAlc that was
around half as much (~0.4 units) as the decrease observed after metformin initiation
(~0.8 units). In a cohort with a HbAlc value of >7%, TNF inhibitor initiators showed less
of a decline in HbAlc as compared with MTX initiators (after adjustment for sex, age,
baseline HbAlc, and comorbidities) [57]. Baker et al. [29] recently conducted a cohort
study aimed to determine associations between inflammatory disease activity and
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incident diabetes mellitus among 1866 patients with RA from the Veteran’s Affairs Rheu-
matoid Arthritis Registry (without prevalent diabetes mellitus at enrollment). Multivari-
able Cox proportional hazard models revealed that high disease activity score (DAS28)-
CRP, obesity, older age, and male sex were associated with a significantly higher risk for
incident diabetes mellitus, whereas smoking habit and MTX use were protective (associ-
ated with a significantly lower risk of diabetes mellitus). Conversely, the authors did not
identify significant associations with other RA therapies such as hydroxychloroquine,
TNF inhibitors, or abatacept independent of other factors such as disease activity [29].
These findings are surprising, as several cytokines and chemokines evaluated in the study
were independently associated with the incidence of diabetes mellitus, including IL-1, IL-
6, macrophage-derived chemokine (MDC), monocyte chemoattractant protein-1 (MCP-1),
MCP-4, macrophage inflammatory protein (MIP)-13, and MIP-3a. These associations
were independent of the clinical disease activity measured by DAS28-CRP. The authors
hypothesized that the significant association of MTX use with lower risk of diabetes could
be attributed to causal reduction in risk that may be independent of the MTX effects on
measures of disease activity. Nevertheless, the authors also specified that there may be
residual confounding at play since patients with hepatic steatosis could have been both
less likely to use MTX [29] (due to potential MTX hepatotoxicity) [58] and at higher risk
of developing diabetes [29].

The exact mechanisms through which MTX may influence glucose homeostasis re-
main unclear. MTX may offer long-lasting beneficial metabolic effects beyond its anti-in-
flammatory effects [56,59]. It has been hypothesized that MTX improves glucose homeo-
stasis, as intracellular MTX polyglutamate inhibits 5-aminoimidazole-4-carboxamide ri-
bonucleotide formyltransferase. This leads to the accumulation of the substrate aminoim-
idazole carboxamide ribonucleotide (AICAR), with its metabolites inhibiting adenosine
deaminase and adenosine monophosphate (AMP) deaminase [56,60]. In turn, intracellular
concentrations of AICAR monophosphate (ZMP) and AMP increase [56,61]. ZMP then
directly activates the AMP-activated protein kinase (AMPK) [62]. AMPK activation is
known to ameliorate glucose homeostasis by decreasing hepatic glucose production and
increasing peripheral insulin sensitivity [63,64]. In this regard, MTX may exert metformin-
like properties [65,66]. Indeed, Pirkmajer et al. [67] showed that MTX enhanced AICAR-
stimulated AMPK activation and potentiated glucose uptake and lipid oxidation in cul-
tured myotubes and in skeletal muscle isolated from mice, as a likely consequence of re-
duced ZMP clearance. However, if the aforementioned mechanism is also present in hu-
mans is still uncertain. Indeed, a small, 6-month intervention study conducted by Perdan-
Pirkmajer et al. [55] in nondiabetic patients with RA and PsA showed that reductions in
HbA1c values observed after MTX therapy were not associated with increased erythro-
cyte ZMP or urine AICAR concentrations, and concluded that MTX probably did not pro-
duce a chronic increase in erythrocyte ZMP concentration and urinary AICAR excretion
in such patients.

Therefore, future mechanistic studies are warranted to better understand the mech-
anisms of actions underlying the antihyperglycemic properties exerted by MTX. Large
randomized controlled trials are also needed to establish the existence of a true causal
relationship between MTX use and reduced risk of diabetes mellitus in patients with
CIRDs.

3.2. Hydroxychloroquine (HCQ)

Antimalarials such as chloroquine (CQ) and its hydroxyl analogue hydroxychloro-
quine (HCQ) are commonly used as csDMARD:s for the treatment of a variety of CIRDs,
including SLE and RA [68]. CQ and HCQ are weak bases that exert anti-inflammatory
properties by accumulating within cytoplasmic acidic organelles (lysosomes and endo-
somes), where they increase the pH and inhibit the activity of acidic pH-dependent endo-
somal/lysosomal proteases. The inhibition of lysosomal activity in antigen-presenting
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cells results in decreased toll-like receptor (TLR) signaling and reduced antigen pro-
cessing and antigen presentation by major histocompatibility complex (MHC) class Il mol-
ecules [69,70]. Such molecular events ultimately lead to a reduced production of proin-
flammatory cytokines (particularly IL-6 and TNF) by immune cells [71,72].

A growing body of evidence suggests that HCQ regulates glucose homeostasis by
exerting antihyperglycemic properties in subjects with and without diabetes [73,74]. In-
deed, several studies have shown that HCQ use was associated with a significantly re-
duced risk of incident diabetes in nondiabetic subjects with different CIRDs such as RA
[30,75-78], SLE [79], SS [80], and psoriasis/PsA [77,78]. Furthermore, a few small, short-
term randomized controlled trials have demonstrated that the addition of HCQ (at a dose
ranging from 400 to 600 mg/day) to sulfonylureas or insulin therapy in T2D patients led
to significant reductions in HbAlc values without increasing the risk of hypoglycemia
[81-83]. Rekedal et al. [84] retrospectively examined medical records of patients with dia-
betes and concomitant rheumatic disease initiating either HCQ or MTX therapy, with at
least one HbAlc measurement before and within 12 months after treatment initiation. The
authors found that HCQ users had a significant 0.54% greater reduction in HbAlc values
as compared with the HbAlc reduction observed among MTX users [84]. A recent meta-
analysis of randomized controlled trials confirmed that HCQ treatment was associated
with a significant reduction in fasting plasma glucose, 2-hour postprandial glucose, and
HbA1lc values [85].

Short-term, real-world, prospective observational studies and randomized trials con-
ducted in India have shown that the use of HCQ (at a dose of 400 mg/day) as an add-on
treatment in patients with uncontrolled T2D who were on a combination of two or more
oral antihyperglycemic agents (including metformin, pioglitazone, sulfonylureas, dipep-
tidyl peptidase-4 inhibitors, sodium-glucose co-transporter-2 inhibitors, and alpha-gluco-
sidase inhibitors) was well tolerated and resulted in a significant improvement of glucose
control (assessed by fasting and postprandial blood glucose and HbA1c values) from base-
line, without occurrence of severe hypoglycemic episodes [86-88]. Based on these prelim-
inary findings, HCQ (400 mg/day) was approved in 2014 by the Drug Controller General
of India as a third-line (add-on) antihyperglycemic agent for patients with inadequately
controlled T2D despite lifestyle management and combination therapy with sulfonylurea
plus metformin [89].

More recently, Chakravarti and Nag [90] conducted a double-blind, placebo-con-
trolled, parallel group study to assess the safety and efficacy of HCQ as an add-on therapy
in 304 inadequately controlled T2D patients who were on stable combination therapy with
glimepiride and metformin. Participants were randomized to a placebo or HCQ 200 mg,
300 mg, or 400 mg once daily. HCQ therapy was associated with a significant reduction
in HbAlc values from baseline to 12 weeks: —0.78%, —0.91%, and —1.2% for HCQ 200 mg,
300 mg, and 400 mg, respectively, versus -0.13% with the placebo. Significantly greater
reductions in fasting plasma glucose, postprandial plasma glucose, and body weight were
also observed with all HCQ doses as compared with the placebo. Hypoglycemia was re-
ported only in the 300 mg (1.2%) and 400 mg (2.1%) HCQ groups. Overall, the safety and
tolerability profile of HCQ was favorable, except for gastrointestinal disturbances which
were more frequent with the HCQ dose of 400 mg [90]. Notwithstanding, a careful risk-
benefit assessment of HCQ is always needed for a cautious use of this drug as an antihy-
perglycemic agent. In this regard, specific conditions or circumstances under which HCQ
should be contraindicated or used with caution in the context of T2D (due to the increased
risk of HCQ-related toxicity and severe hypoglycemia) include: pre-existing retinopathy
and/or maculopathy; history or risk for macular edema; concomitant use of other ocu-
lotoxic agents; pre-existing cardiomyopathy or heart failure; pre-existing myopathy
and/or neuropathy, glucose-6-phosphate dehydrogenase deficiency; diabetes complicated
by hypoglycemia unawareness; repeated episodes of severe hypoglycemia and/or malnu-
trition [74].
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Even though the exact mechanisms of action behind the glucose-lowering properties
of HCQ are still not completely understood, preclinical and clinical studies have sug-
gested that HCQ may exert multifaceted effects on glucose homeostasis, including: im-
provement of peripheral insulin sensitivity, reduced hepatic insulin clearance and insu-
lin/insulin-receptor complex degradation in hepatocytes, improvement of insulin secre-
tion, increased production of the anti-inflammatory and insulin-sensitizing adipokine ad-
iponectin, reduction in systemic inflammation and inflammation-related insulin re-
sistance in adipocytes and skeletal muscle cells [73,86,91].

Some of the glucose-lowering properties of HCQ were initially inferred from studies
on the parent drug CQ, which has been shown to increase insulin levels in patients with
T2D by promoting insulin secretion and inhibiting insulin degradation [92]. On the one
hand, a recent study conducted by Toledo et al. [93] in nondiabetic insulin-resistant adults
without rheumatic diseases demonstrated that HCQ administration for 13 weeks at a dose
of 400 mg/day, as compared to placebo, significantly improved skeletal muscle insulin
sensitivity (assessed by hyperinsulinemic-euglycemic clamp and stable-isotope tracer
methods) and enhanced systemic glucose clearance. By contrast, HCQ did not affect he-
patic insulin sensitivity and insulin clearance, but led to a significant reduction in circu-
lating IL-6 levels along with a significant increase in adiponectin levels [93]. On the other
hand, the putative effect of HCQ on endogenous insulin secretion may be mediated by a
direct stimulatory effect of HCQ on beta cells (insulinotropic effect) and/or by indirect
effects involving a decrease in pancreatic islet inflammation and/or a reduction in glu-
cotoxicity- and lipotoxicity-induced beta cell dysfunction as a consequence of the im-
provement in metabolic control after HCQ treatment initiation. Thus, future mechanistic
studies are warranted to clearly understand the exact mechanisms underlying the antihy-
perglycemic properties of HCQ in subjects with and without diabetes. Additionally, large
randomized-controlled trials of long duration are needed to establish the long-term safety
and efficacy profile of this drug in patients with CIRDs and comorbid T2D. However, it is
also worth reminding that HCQ use has been associated with a reduced risk of overall
cardiovascular events (including myocardial infarction, stroke, or venous thromboembo-
lism) in patients with SLE or RA [94]. Cardiovascular benefits exerted by HCQ may rely
on its lipid-lowering properties, inhibition of platelet aggregation, reduction in red blood
cell aggregation, and on its anti-atherosclerotic and anti-thrombotic effects [95-97]. Yet, it
is plausible that such benefits are also driven by the HCQ-mediated improvement of glu-
cose homeostasis and insulin resistance [98], the latter being a well-established independ-
ent cardiovascular risk factor in a variety of populations, including the general population
as well as patients with diabetes and CIRDs [5,77,99].

3.3. Sulfasalazine (55Z)

Sulfasalazine (SSZ) is a csDMARD used for the treatment of ulcerative colitis and RA
in children and adults. SSZ is a prodrug which is cleaved in vivo to the 5-aminosalicylic
acid (mesalazine or mesalamine, a salicylate) and sulfapyridine (a sulfonamide antibiotic)
[100]. Although the exact mechanisms of action of SSZ are not entirely clear, the anti-in-
flammatory and immunomodulatory properties of this drug appear to rely primarily on
the SSZ ability to inhibit the activation of the transcription factor NF-kB, thus suppressing
the transcription of NF-kB-responsive proinflammatory genes and cytokines, including
TNF [100,101].

SSZ has previously been reported to lower HbAlc in a patient with SLE and T2D,
who achieved normoglycemia after SSZ initiation [102]. However, other case reports and
case series have attributed the HbAlc-lowering effect of SSZ to hematological changes
rather than to possible glucose-lowering effects exerted by the drug [103,104]. The cause
for the falsely low HbA1lc values was mostly related to the SSZ-induced hemolysis. In line
with a false lowering of HbAlc values, levels of blood glucose and fructosamine (an ad-
ditional marker of medium-term glucose control, which is not affected by anemia, hemol-
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ysis, or variant hemoglobin) were not affected by SSZ therapy [103,104]. It has been sug-
gested that even mild, subclinical hemolysis that does not cause anemia may have a sig-
nificant impact on HbAlc values [103,105]. Hemolysis can lower HbAlc by shortening the
lifespan of red blood cells: in fact, the period of time in which the hemoglobin is exposed
to blood glucose shortens as red blood cell turnover increases, thus reducing the magni-
tude of hemoglobin glycation. Since the false lowering of HbAlc has also been observed
with other sulphonamide drugs such as dapsone [103,104,106], sulphonamide pharmaco-
phore has been proposed to contribute to such an effect. Indeed, a recent observational,
population-based study conducted in T2D patients with an incident prescription of SSZ
(received after the diagnosis of T2D) showed that SSZ initiation was associated with a
significant 6-month reduction in HbAlc (mean reduction of -9 + 16 mmol/mol, which is
equivalent to -0.9 + 1.4%) [107]. However, reduction in HbAlc values correlated with he-
matological changes consistent with hemolysis, namely a significant increase in mean cell
volume and a significant decrease in red blood cell count [107]. These findings highlight
a possible limitation of HbAlc as a reliable marker of glucose control in diabetic patients
on SSZ therapy. Therefore, studies using continuous glucose monitoring or alternative
markers of glucose control other than HbAlc are warranted to clearly establish the true
impact of SSZ on glucose homeostasis in CIRD patients with and without T2D.

3.4. Leflunomide (LEF)

Leflunomide (LEF) is a csDMARD used for the treatment of RA and PsA. This drug
exerts anti-inflammatory and immunomodulatory properties by inhibiting the mitochon-
drial enzyme dihydroorotate dehydrogenase (DHODH), which plays a crucial role in the
de novo synthesis of the pyrimidine ribonucleotide uridine monophosphate (rUMP). As
such, leflunomide prevents rUMP synthesis and reduces the proliferation of activated and
autoreactive lymphocytes [108,109].

The active metabolite of leflunomide (also known as A77 1726) has been shown to
directly inhibit the in vitro activity of p70 S6 kinase, which is a serine/threonine kinase
that phosphorylates the insulin receptor substrate-1 (IRS-1) at serine 1101 and subse-
quently desensitizes insulin receptor signaling [110]. Chen et al. [111] showed that A77
1726 decreased IRS-1 phosphorylation at serine 1001 in 3T3-L1 adipocytes, C2C12 cells (a
murine myoblast cell line), and L6 cells (a rat myoblast cell line). A77 1726 also enhanced
insulin-stimulated glucose uptake in 3T3-L1 adipocytes and L6 myotubes, and amplified
the insulin-stimulated translocation of glucose transporter type 4 (GLUT4) to the plasma
membrane of L6 myotubes. Additionally, leflunomide treatment normalized blood glu-
cose levels and overcame insulin resistance in glucose and insulin tolerance tests per-
formed in ob/ob and high-fat diet (HFD)-fed mice [111]. Although these findings need to
be validated in large human studies, they suggest LEF as a potential insulin-sensitizing
agent for treatment of patients with both CIRDs (particularly RA and PsA) and T2D.

4. Targeted Synthetic DMARDs (tsDMARDs)

The family of targeted synthetic DMARDs (tsDMARDs) comprises phosphodiester-
ase 4 (PDE4) inhibitors and JAKIs, which have been shown to exert potential antihyper-
glycemic properties in some studies.

4.1. Phosphodiesterase 4 (PDE4) Inhibitors

Apremilast is an orally administered small molecule which acts as a selective inhibi-
tor of PDE4 and has been approved by the FDA for treatment of active PsA and moderate-
to-severe plaque psoriasis [112]. The enzyme PDE4 regulates intracellular levels of cyclic
adenosine monophosphate (cCAMP) and, thus, the expression of effector and regulatory
cytokines involved in immune and inflammatory processes [113]. Apremilast exerts an
anti-inflammatory activity through the inhibition of PDE4 and subsequent cAMP degra-
dation, which results in decreased production of several proinflammatory cytokines and
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chemokines—including interferon (IFN)-y, TNF, IL-12, IL-23, C-X-C motif chemokine lig-
and 9 (CXCL9), and CXCL10—accompanied by an increased production of anti-inflam-
matory cytokines such as IL-10 [113-115]. Short-term studies and case reports have docu-
mented significant reductions in fasting plasma glucose, HbAlc values, and body weight
after apremilast treatment in diabetic patients with psoriasis and PsA [116-119].

A proof of concept for the potential role of pharmacological PDE4 inhibition on glu-
cose homeostasis comes from a 12-week, randomized, double-blind, placebo-controlled
multicenter study on roflumilast, a PDE4 inhibitor used for treatment of severe chronic
obstructive pulmonary disease (COPD). In this study, authors found a significantly
greater reduction in HbAlc (least square mean of -0.45%) and fasting plasma glucose lev-
els, accompanied by a significant increase in C-peptide levels in patients with newly di-
agnosed T2D without COPD [120]. These findings suggest that PDE4 inhibition may im-
prove beta cell function. Accordingly, PDE4C and PDE4D are expressed in pancreatic beta
cells and are thought to control insulin secretion [121,122]. Moreover, selective inhibition
of PDE4 has been shown to prevent diabetes in non-obese diabetic (NOD) mice [122]. In
addition, roflumilast has been shown to improve peripheral insulin sensitivity in adults
with prediabetes and overweight/obesity [123], suggesting that PDE4 may participate in
the pathophysiology of peripheral insulin resistance through direct and/or indirect effects.
A similar concept has been proposed for other PDE types such as PDE5 [124]. Therefore,
large prospective studies are needed to assess whether PDE4 inhibitors exert antihyper-
glycemic properties in the long-term period.

4.2. Janus Kinase (JAK) Inhibitors (JAKIs)

JAK inhibitors (JAKISs) are the most studied kinase inhibitors in CIRDs. This category
of tsDMARDs includes tofacitinib and baricitinib, which are FDA-approved drugs for the
treatment of patients with moderately to severely active RA who had an inadequate re-
sponse to other antirheumatic therapies [125,126]. The JAK/signal transducer and activa-
tor of transcription (STAT) pathway is crucial for transducing signals from a series of met-
abolically relevant hormones and cytokines such as growth hormone, leptin, IL-4, IL-6,
and IFN-y. A growing body of evidence suggests that this pathway is dysregulated in
metabolic diseases, including obesity and T2D [127]. A study conducted in streptozotocin-
induced diabetic rats showed that JAK-STAT inhibition with tofacitinib significantly re-
duced TNF, IL-6, and serum amyloid A (SAA) levels as compared to diabetic untreated
rats [128]. These changes were accompanied by a significant improvement in insulin se-
cretion and insulin sensitivity when tofacitinib was administered in combination with as-
pirin (a well-known inhibitor of the NF-kB pathway), suggesting that simultaneous inhi-
bition of JAK-STAT and NF-kB signaling pathways may mitigate insulin resistance and
hyperglycemia in T2D [128]. Collotta et al. [129] investigated the effects of the JAK1/JAK2
inhibitor baricitinib in a murine high-fat-high-sugar diet model. The authors found that
baricitinib treatment restored insulin signaling in the liver and skeletal muscle, and led to
improvements in diet-induced myosteatosis, mesangial expansion, and proteinuria. The
skeletal muscle and renal protection were due to the local inhibition of JAK2-STAT2 path-
way mediated by baricitinib. Furthermore, baricitinib administration was associated with
a significant reduction in the circulating levels of proinflammatory cytokines that signaled
through the JAK-STAT pathway, such as TNF, IL-13, and IFN-y. Based on these findings,
the authors suggested that the JAK2-STAT2 pathway may represent a valid candidate for
the treatment of metabolic diseases, with JAKIs having the potential to be repurposed for
treatment of T2D and its complications [129]. In this regard, it is worth noting that the
JAK-STAT pathway represents one of the major pathways that transduce inflammatory
signals and it also contributes to diabetic nephropathy [130]. A phase 2, randomized, pla-
cebo-controlled, double-blind, dose-ranging study conducted in patients with T2D at high
risk for progressive diabetic kidney disease showed that baricitinib (administered orally
at a dose of 4 mg/day), as compared with a placebo, led to a significant 41% reduction in
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albuminuria (morning urine albumin/creatinine ratio) [131]. Moreover, different inflam-
matory biomarkers (urinary CXCL10 and C-C motif ligand 2, plasma soluble TNF recep-
tors 1 and 2, SAA, intercellular adhesion molecule 1, and vascular cell adhesion molecule
1) showed dose-dependent decreases from baseline with baricitinib treatment [131]. Fu-
ture prospective studies are warranted to clarify whether different types and doses of
JAKIs exert a beneficial role in terms of management of glucose control and chronic dia-
betes complications among patients with CIRDs and T2D.

5. Biologic DMARDs (bDMARDs)
5.1. TNF Inhibitors

TNF-a is a proinflammatory cytokine produced by immune cells such as monocytes
and macrophages in response to inflammatory processes [132]. In addition, TNF-a plays
a central role in the pathogenesis of insulin resistance [133], T2D [134], and various CIRDs
such as RA, PsA, and AS [135-137]. TNF inhibitors are FDA-approved drugs used for
treatment of different CIRDs such as RA, AS, PsA, juvenile idiopathic arthritis, plaque
psoriasis, and polyarticular juvenile idiopathic arthritis [138]. For example, TNF inhibitors
are widely used for treatment of patients with RA to counterbalance the excessive TNF
levels, which account for joint inflammation and destruction of joint cartilage and bone
[139]. The currently available TNF inhibitors include etanercept, adalimumab, infliximab,
golimumab, and certolizumab pegol [138].

Several studies have investigated the interaction between TNF-a and the insulin sig-
naling pathway. TNF-a promotes insulin resistance by reducing insulin-mediated tyro-
sine phosphorylation of the insulin receptor (IR) and by inhibiting the tyrosine kinase ac-
tivity of IR via serine phosphorylation of IRS-1 [133,140]; it also inhibits the activity of
phosphatidylinositol 3-kinase (PI-3 kinase) [141], the autophosphorylation of IR, and the
subsequent translocation of GLUT4 to the plasma membrane [142]. These molecular
events may partly explain the frequent associations among CIRDs (e.g., RA and PsA) and
T2D [22,27]. Hence, it has been postulated that modulation of the TNF signaling pathway
may improve insulin sensitivity in patients with CIRDs with or without T2D. In this re-
gard, several studies have shown that anti-TNF therapy (based on the administration of
infliximab, etanercept, or adalimumab) was able to reduce insulin resistance —measured
by the HOMA-IR —in nondiabetic patients with RA [21,143-145]. Infliximab (a chimeric
monoclonal, high affinity antibody which binds to and neutralizes the soluble and trans-
membrane forms of TNF-a) has been shown to ameliorate TNF-induced insulin resistance
in 3T3-L1 adipocytes in vitro by restoring the insulin signaling pathway via mitigation of
protein tyrosine phosphatase 1B (PTP1B) activation [146]. Another study suggested that
infliximab may have beneficial effects on insulin sensitivity in RA and AS patients with a
high degree of insulin resistance at baseline [147]. However, this study did not compare
anti-TNF therapy with other DMARDs [147].

In a large retrospective cohort study conducted in patients with a diagnosis of either
RA or psoriasis, the use of a TNF inhibitor (infliximab, etanercept, or adalimumab) was
associated with a reduced risk of developing diabetes as compared with initiation of other
nonbiologic DMARD:s [77]. Another retrospective study conducted in patients with RA or
Crohn’s disease and T2D who received anti-TNF agents (infliximab or etanercept) in
larger therapeutic doses for up to 10 years found that initiation of anti-TNF treatment was
associated with a significant improvement in fasting blood glucose, HbAlc (on average
-1.0%), and triglyceride values [148]. In a 6-month randomized, placebo-controlled trial
conducted in obese subjects with abnormal glucose homeostasis and marked subclinical
inflammation, etanercept (a fully human recombinant dimeric fusion protein consisting
of two extracellular ligand-binding domains of the TNF p75 receptor linked to the Fc por-
tion of human immunoglobulin G1) led to a significant improvement in fasting blood glu-
cose [149]. The improvement in fasting blood glucose was also accompanied by an in-
crease in the ratio of high-molecular weight adiponectin (HMWA, the most biologically
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active form of adiponectin) to total adiponectin, and by a reduction in soluble intercellular
adhesion molecule 1 (SICAM-1) levels [149]. However, other short-term studies have
shown a lack of effect of etanercept on markers of insulin secretion and insulin sensitivity
in patients with CIRDs and T2D or metabolic syndrome [150-152]. Long-term prospective
studies are required to clarify the existence of clinical benefits (in terms of glucose control)
deriving from TNF antagonism in patients with CIRDs and T2D.

5.2. IL-1 Blocking Therapies

The IL-1 family includes both proinflammatory and anti-inflammatory cytokines.
The balance between proinflammatory and anti-inflammatory members of the IL-1 family
affects the degree of inflammation and the severity of many CIRDs. Among the proin-
flammatory family members, IL-1c is primarily associated with skin diseases, whereas IL-
1P has emerged as a pivotal contributor to inflammation in autoinflammatory diseases
and its expression is increased within the articular environment during arthritis [153]. IL-
1 blocking agents are used for the treatment of different rheumatic diseases (including RA
and gout) and autoinflammatory disorders such as cryopyrin-associated periodic syn-
drome, adult-onset Still’s disease, systemic-onset juvenile idiopathic arthritis, and familial
Mediterranean fever [154,155].

The availability of IL-1-targeting agents unveiled the pathophysiological role of IL-
1-mediated inflammation in a wide range of disorders beyond the spectrum of CIRDs,
including T2D and CVD which are frequent comorbidities in rheumatic patients [154]. In
T2D, chronic hyperglycemia exerts toxic effect on beta cells (glucotoxicity) and leads to
beta cell dysfunction, impaired insulin secretion, and beta cell apoptosis partly by induc-
ing inflammatory processes. Although IL-1(3 is not expressed in normal human pancreatic
islets [156], Maedler et al. [157] showed that the IL-13/NF-kB pathway mediated, at least
in part, the deleterious effects of hyperglycemia on human beta cells. The authors found
that in vitro exposure of pancreatic islets from nondiabetic organ donors to high glucose
levels led to an increased production and release of IL-1f3, accompanied by NF-kB activa-
tion, Fas upregulation, DNA fragmentation, and beta cell dysfunction and apoptosis. Of
note, IL-1 receptor antagonism protected against such deleterious effects exerted by hy-
perglycemia on pancreatic beta cells. Importantly, beta cells were also identified as the
cellular source of glucose-induced IL-13 within the pancreatic islets. In fact, double im-
munostaining of pancreatic sections for IL-1f3 and insulin revealed beta cell expression of
IL-1p in sections of pancreas from poorly controlled T2D patients but not in nondiabetic
control subjects [157]. IL-18 was also induced in most beta cells of severely hyperglycemic
diabetes-prone gerbils Psammomys obesus fed a high-energy diet which barely expressed
insulin. Treatment of these animals with phlorizin (a natural glucoside that prevents renal
glucose reabsorption via inhibition of sodium-glucose co-transporters 1 and 2, thus induc-
ing renal glycosuria) normalized plasma glucose, restored insulin stores, and prevented
IL-1p expression within the pancreatic beta cells [157]. Overall, these findings suggest an
involvement of inflammation in the pathogenesis of glucotoxicity and highlight the role
of the IL-13/NF-kB pathway as a promising target to preserve or restore beta cell mass
and function in patients with T2D.

An increase in intra-islet IL-13 concentrations following hyperglycemia may depend
on the activation of the NLRP3 inflammasome in pancreatic beta cells and islet-infiltrating
immune cells (especially macrophages), resulting in the processing of pro-IL-1f3 to the bi-
ologically active IL-1[3 [7,158]. In turn, IL-1{ released from beta cells promotes the recruit-
ment and activation of macrophages, which release additional amounts of IL-1p within
the pancreatic islet microenvironment, thereby triggering beta cell apoptosis, inhibiting
insulin secretion, and causing further increases in blood glucose levels through a vicious
cycle. IL-1 receptor blockade inhibits IL-1{3 signaling in beta cells and macrophages, thus
breaking this vicious cycle and restoring the beta cell insulin secretory capacity. In this
view, T2D can be considered to be a “waxing and waning” islet inflammatory disease
characterized by flares induced by hyperglycemia, as it has been suggested by Donath
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and colleagues [7]. Therefore, short-term IL-1 receptor blockade may represent an effec-
tive remission-induction therapy following metabolic relapses in diabetic patients with
CIRD:s [7].

Apart from hyperglycemia, other stimuli may promote intra-islet IL-1{3 expression
and accumulation. Islet amyloid polypeptide (IAPP, also known as amylin) is co-secreted
with insulin from beta cells; in T2D, IAPP tends to aggregate and to form amyloid fibrils
that are toxic to beta cells and contribute to beta cell loss via inducing apoptosis [159,160].
It has been shown that IAPP oligomers could trigger the NLRP3 inflammasome, thus gen-
erating mature IL-1f in murine bone marrow-derived macrophages [161]. Accordingly,
mice transgenic for human IAPP exhibited marked regions within the pancreatic islet that
did not stain for insulin, whereas they displayed evidence of IL-1p staining that co-local-
ized with amyloid and macrophages [161]. In a study conducted by Park et al. [162], hu-
man [APP aggregates were found to increase IL-1[3 levels in cultured human islets, which
correlated with beta cell Fas upregulation, caspase-8 activation, and apoptosis. All these
events were reduced by treatment with anakinra, a recombinant human IL-1 receptor an-
tagonist which prevents the activity of IL-la and IL-1f3 by binding to the IL-1 receptor.
Anakinra also improved culture-induced beta cell dysfunction and restored impaired pro-
IAPP processing, resulting in lower amyloid formation [162]. IL-13 treatment enhanced
the impaired prolAPP processing and increased amyloid formation in cultured human
and human IAPP-expressing mouse islets, whereas IL-1 receptor antagonism prevented
such events [162]. These results suggest the existence of another vicious cycle accounting
for IL-13-mediated beta cell loss, which involves IL-1{3 as well as the generation of IAPP
aggregates.

Free fatty acids (FFAs) can also induce IL-1{3 and other proinflammatory cytokines
(such as IL-6 and IL-8) in human islets [163]. In turn, elevated glucose concentrations fur-
ther enhance FFA-induced expression of proinflammatory factors in human islets [163].
In this regard, FFA-induced lipotoxicity in pancreatic beta cells may be mediated, at least
partly, by local increases in IL-13 concentrations. Hence, targeting lipotoxicity may repre-
sent an adjuvant therapeutic approach to prevent or reverse IL-1p3-mediated beta cell dys-
function in patients with CIRDs and comorbid T2D.

Larsen et al. [164] first conducted a double-blind, parallel-group trial involving 70
patients with T2D who were randomly assigned to receive a placebo or 100 mg of anakinra
subcutaneously once daily for 13 weeks. At 13 weeks, the anakinra group, as compared
with the placebo group, showed a significantly lower HbAlc value (-0.46%), an enhanced
insulin secretion (as assessed by stimulated C-peptide levels in response to a 2-h oral glu-
cose tolerance test), and a significant reduction in proinsulin-to-insulin ratio [164], the lat-
ter being a marker of beta cell dysfunction and reduced insulin secretory capacity
[165,166]. These changes were accompanied by a significant reduction in CRP and IL-6,
suggesting that IL-1 receptor blockade with anakinra may improve glucose control and
beta cell secretory function even by decreasing the production of additional markers of
systemic inflammation [164].

A randomized, double-blind, crossover study conducted on nondiabetic, obese sub-
jects with metabolic syndrome showed that anakinra (administered at a dose of 150 mg
subcutaneously once daily), as compared with a placebo, led to a significantly lower de-
gree of inflammation (as evidenced by a reduction in circulating CRP levels and leukocyte
numbers) accompanied by a significant increase in the disposition index, which reflected
an improvement in beta cell function [167]. Nevertheless, anakinra did not significantly
improve insulin sensitivity (as measured by euglycemic hyperinsulinemic clamp) as com-
pared with a placebo [167]. In line with these findings, a double-blind, randomized, pla-
cebo-controlled crossover study conducted on subjects with impaired glucose tolerance
demonstrated that anakinra (administered at a dose of 150 mg/day for 4 weeks) was able
to significantly improve the first-phase insulin secretion as compared with a placebo [168].
These results provide further evidence for the involvement of IL-1p in the progressive
decline in insulin secretion associated with T2D.
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Interestingly, some studies have demonstrated antihyperglycemic properties exerted
by other IL-1 blocking therapies. For instance, a 4-month randomized, double-blind, pla-
cebo-controlled study conducted on 551 metformin-treated patients with T2D was de-
signed to assess the effects on HbAlc and the safety profile of different monthly doses of
canakinumab, a human monoclonal antibody targeting IL-13 [169]. Canakinumab treat-
ment was safe and well tolerated, and led to a numerical HbA1lc reduction (between 0.19%
and 0.31%) [169]. Similarly, Cavelti-Weder et al. [170] evaluated the safety and biological
activity of the human monoclonal anti-IL-18 antibody gevokizumab in a placebo-con-
trolled, dose-escalation study involving a total of 98 patients with T2D. Gevokizumab
treatment was safe and led to a significant reduction in HbAlc values (-0.85%) after 3
months, which was accompanied by augmented C-peptide secretion, increased insulin
sensitivity, and decreased CRP levels [170]. Finally, a meta-analysis of 2921 individuals
from eight phase I-IV studies demonstrated a significant overall HbAlc-lowering effect of
IL-1 antagonism [171].

5.2.1. IL-1 Receptor Blockade in RA and T2D

RA is a chronic inflammatory, autoimmune disease characterized by the presence of
synovial inflammation (synovitis) that eventually leads to the destruction of joint cartilage
and bone, with resulting joint swelling, pain, and disability. T2D is a common comorbidity
in patients with RA [22,28], and a growing body of evidence suggests that IL-1f3 is a shared
proinflammatory mediator in RA and T2D [172]. In RA, excessive amounts of IL-1f3 pro-
duced by tissue macrophages contribute to cartilage destruction, inhibition of new matrix
synthesis, bone loss, and joint destruction via the modulation of synovial leukocyte infil-
tration and pannus organization [173,174]. As we previously mentioned, IL-1(3 contributes
to beta cell dysfunction and apoptosis induced by hyperglycemia and other metabolic
stressors in T2D [172]. The IL-1f3 pathway has also been suggested to drive systemic and
tissue inflammation in T2D, thus contributing to peripheral insulin resistance and T2D-
related cardiovascular complications [175].

IL-1 blocking agents (particularly anakinra) are used for the treatment of RA, and
some studies have shown the efficacy of IL-1 receptor antagonism in patients with RA and
comorbid T2D [172]. Of note, a multicenter, randomized, open-label, prospective, con-
trolled, parallel-group study, called TRACK (The Treatment of Rheumatoid Arthritis and
Comorbidities with Kineret), investigated whether IL-1 inhibition with anakinra, as com-
pared with TNF inhibitors (e.g., etanercept, adalimumab, infliximab, certolizumab pegol,
or golimumab), could lead to improvements in both metabolic and inflammatory param-
eters in patients with RA and T2D [176]. In total, 41 participants with RA and T2D were
randomized, and 39 eligible participants were treated. In a linear mixed model adjusted
for relevant RA and T2D clinical confounders (age, male sex, anti-cyclic citrullinated pep-
tide antibody positivity, use of corticosteroids, RA duration, T2D duration, use of oral
antidiabetic medications, and body mass index), anakinra treatment was associated with
a significant reduction in HbAlc values (expressed as percentage) after 3 months (3 -1.04,
p <0.001, and 95% CI -1.52 to -0.55) and after 6 months ( —1.24, p < 0.001, and 95% CI
-1.75 to —0.72), whereas participants in the TNF inhibitor group showed a slight (non-
significant) decrease in HbAlc values (3 —0.17 at 3 months; 3 -0.06 at 6 months). With
regard to RA, both anakinra and TNF inhibitor groups showed a significant decrease in
disease activity. Interestingly, the authors found a significant correlation between decreas-
ing levels of HbAlc and a reduction in disease activity (assessed by the disease activity
score in 28 joints), suggesting that the inflammatory pathogenic mechanisms of T2D may
be more pronounced in the context of RA. No severe adverse events (including hypogly-
cemic episodes) were observed during the entire duration of the study [176].

Although the TRACK study was prematurely stopped due to early benefit, the au-
thors continued to monitor the study participants [177]. After a mean follow-up of 18
months, RA clinical response was maintained in both anakinra and TNF inhibitor groups.
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The glucocorticoid dose was reduced in both groups, but a significantly greater propor-
tion of anakinra-treated participants discontinued such drugs as compared with TNF in-
hibitor-treated subjects (53.3% vs. 28.6%, p = 0.004). Although no significant difference was
observed between the anakinra and TNF inhibitor groups in terms of HbAlc values, a
significantly greater proportion of anakinra-treated participants required antidiabetic
drug regimen adjustments (consisting of drug dose reduction, switch from combination
therapy to monotherapy, or drug discontinuation) as compared with participants treated
with TNF inhibitors (53.3% vs. 7.1%, p = 0.008) [177].

In a 6-month longitudinal cohort study that consecutively recruited patients with RA
and comorbid T2D receiving anakinra (100 mg/day) or TNF inhibitors, anakinra-treated
patients exhibited a significant improvement in both beta cell function and insulin re-
sistance (as assessed by HOMA2-% and HOMAZ2-IR, respectively), as well as a signifi-
cant reduction in plasma glucagon levels [178]. Conversely, patients treated with TNF in-
hibitors did not show any significant difference in these metabolic parameters [178]. These
findings suggest that pharmacological blockade of IL-1 receptor may exert additional an-
tihyperglycemic properties beyond its main mechanism of action on beta cells, such as
improvement of inflammation-driven insulin resistance and inhibition of excessive gluca-
gon secretion from pancreatic alpha cells. Indeed, hyperglucagonemia represents an im-
portant contributor to the pathophysiology of T2D [179].

Therefore, IL-1 receptor antagonism with anakinra may represent a tailored therapy
for patients with RA and comorbid T2D. Anakinra could offer various advantages in this
subset of patients, including: (i) improvement in joint involvement and RA disease activ-
ity or induction of disease remission by reducing tissue and systemic inflammation; (ii)
discontinuation of corticosteroid therapy or reduction in the daily corticosteroid dose
(“steroid-sparing effect”) and glucocorticoid-mediated diabetogenic effects, resulting in
prevention or mitigation of steroid-induced diabetes; (iii) improvement in beta cell func-
tion and glucose control, which is primarily mediated by the protective effects of anakinra
against IL-1B-induced beta cell dysfunction and apoptosis. Given that the antidiabetic ac-
tion of anakinra mainly relies on the preservation of beta cell mass and function, this drug
may be a good therapeutic option to counteract IL-13-driven beta cell dysfunction and to
halt or slow down the progressive decline in insulin secretion occurring over time in RA
patients with comorbid T2D and insulin resistance. However, larger studies are needed
to establish the safety and efficacy profile of IL-1 blocking therapies in patients with RA
and T2D in the long term. Furthermore, studies involving RA patients without diabetes
could elucidate whether IL-1 antagonism may have an impact on the prevention of predi-
abetes and T2D in selected at-risk groups (e.g., patients with RA and obesity and/or met-
abolic syndrome, or patients with RA on high-dose corticosteroid therapy).

5.2.2. IL-1p Pathway and CVD

IL-18 may contribute to cardiovascular morbidity and mortality in patients with and
without T2D [175,180]. A large randomized, double-blind, placebo-controlled trial called
the Canakinumab Anti-Inflammatory Thrombosis Outcome Study (CANTOS) involving
10,061 patients with previous myocardial infarction assessed whether canakinumab could
prevent recurrent cardiovascular events in subjects with a persistent proinflammatory re-
sponse, defined as a high-sensitivity CRP level 22 mg/L. The primary efficacy end point
was nonfatal stroke, nonfatal myocardial infarction, or cardiovascular death. The authors
showed that canakinumab administered subcutaneously at a dose of 150 mg every 3
months resulted in a significant reduction in CRP level accompanied by a significantly
lower rate of recurrent cardiovascular events as compared with a placebo (median follow-
up 3.7 years) [181]. Canakinumab did not reduce lipid levels from baseline, suggesting
that the reduction in major cardiovascular events was mediated by the anti-inflammatory
therapy targeting the IL-1p innate immunity pathway [181]. A prespecified exploratory
analysis of the CANTOS study found that canakinumab was also related to a dose-de-
pendent reduction in hospitalization for heart failure (HHF) and in the composite of HHF
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or heart failure-related mortality as compared with a placebo [182]. This finding has im-
portant clinical implications for patients with T2D, since they are at increased risk for heart
failure-related morbidity and mortality partly as a consequence of systemic inflammation
[183]. Nevertheless, in the CANTOS study, canakinumab treatment was also associated
with a significantly higher incidence of fatal infection as compared with a placebo, and
patients who died from infection tended to be older and more likely to have diabetes than
those who did not die from infection [181]. Moreover, IL-1f inhibition with canakinumab
did not reduce incident diabetes among CANTOS participants over a median period of
3.7 years [184]. However, subjects with prediabetes and diabetes randomized to cana-
kinumab demonstrated modest - but statistically significant - reductions in HbAlc values
(between -0.1% and -0.3%) during the first 6 to 9 months, an effect that attenuated over
time, probably due to the study design that allowed lifestyle interventions and alterations
in other antidiabetic medications [184].

The results from the CANTOS study served as a proof of concept for the ability of
canakinumab to reduce cardiovascular mortality by virtue of its marked anti-inflamma-
tory properties, making IL-1p antagonism an attractive therapeutic approach to reduce
cardiovascular risk and potentially improve glucose homeostasis in patients with and
without T2D. Yet, the potential risk for fatal infection related to canakinumab may un-
doubtedly represent a strong limitation to future clinical applications that needs to be
more extensively investigated for a thorough risk-benefit analysis of this drug, particu-
larly in the context of T2D.

5.3. IL-6 Inhibitors

Excessive chronic IL-6 production promotes the development of insulin resistance
and T2D by impairing the phosphorylation of IR and IRS-1 via the upregulation of SOCS-
3 (suppressor of cytokine signaling 3) [185], a potential inhibitor of insulin signaling [186].
Little evidence for a possible antihyperglycemic role of IL-6-targeted therapy comes from
tocilizumab (TCZ), a recombinant humanized anti-IL-6 receptor monoclonal antibody ap-
proved for treatment of patients with moderate-to-severe RA. Ogata et al. [187] first re-
ported that TCZ initiation led to a significant reduction in HbAlc values after 1 and 6
months of TCZ treatment (-0.8% and —1.2%, respectively) in diabetic patients with RA.
The daily prednisolone dosage was tapered in all patients 6 months after the initiation of
TCZ treatment [187].

A retrospective study conducted in RA patients with and without diabetes revealed
that TNF inhibitors and TCZ led to significantly lower HbAlc values at 1 month and 3
months after treatment initiation, with significant changes in HbAlc values persisting in
each group regardless of the presence of diabetes [188]. However, the 3-month treatment
HbA1lc values were significantly lower (TNF inhibitors 6.1% and TCZ 5.8%, p = 0.010) and
the changes in HbAlc (AHbA1c) were significantly greater in the TCZ group (TNF inhib-
itors 0.1% and TCZ 0.4%, p < 0.001), suggesting that TCZ decreases HbAlc levels in RA
patients to a greater extent than TNF inhibitors [188].

It is also worth noting that the antihyperglycemic properties of IL-1 blocking thera-
pies may partly be mediated by the ability of these agents to concomitantly reduce IL-6
levels. IL-1p is a potent inducer of IL-6 in several cell types such as fibroblasts, smooth
muscle cells, endothelial cells, and monocytes [189-192]. In turn, IL-6 elicits the acute
phase response by stimulating hepatocytes to synthesize acute-phase proteins, including
CRP [193,194]. In line with this hypothesis, 13-week anakinra treatment has been shown
to significantly reduce HbAlc values as well as IL-6 and CRP levels in patients with T2D
[164]. Similar remarks can apply to HCQ, which has been shown to improve skeletal mus-
cle insulin sensitivity, enhance systemic glucose clearance, and concomitantly reduce cir-
culating IL-6 levels in insulin-resistant adults [93]. Therefore, further studies are war-
ranted to better elucidate the role of IL-6 and IL-6 inhibitors on glucose homeostasis in
CIRD patients with and without T2D.
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5.4. Abatacept

Abatacept (CTLA4-Ig) is a bDMARD approved for use in patients with highly active
and progressive RA who were not previously treated with MTX, or for treatment of mod-
erate-to-severe active RA in patients with an inadequate response to previous therapy
with at least one cDMARD [195]. Abatacept is designed to interfere with T-cell co-stimu-
lation mediated by the CD28-CD80/86 pathway: it is a fusion protein including the extra-
cellular domain of the cytotoxic T lymphocyte-associated antigen-4 (CTLA-4) combined
with the Fc domain of human immunoglobulin G1 (IgG1). The abatacept fragment com-
prising the extracellular domain of CTLA4 binds to CD80/CD86 receptors on the surface
of antigen-presenting cells, preventing or displacing the binding of CD80/CD86 to CD28
receptor expressed on the surface of T cells, thereby inhibiting T-cell activation/prolifera-
tion and B-cell immunological response [196].

Ursini et al. [197] first reported the case of a 47-year-old nondiabetic obese woman
with RA who showed a remarkable improvement in insulin resistance (determined by
HOMA-IR) 4 weeks after abatacept initiation. Thereafter, a study published by the same
group showed that nondiabetic patients with RA exhibited a significant increase in the
insulin sensitivity index (calculated through the equation proposed by Matsuda, which
provides a reliable estimation of the whole-body insulin sensitivity), along with a signifi-
cant, although modest, reduction in HbAlc values (—0.2%) and glucose and insulin area
under the curves during the oral glucose tolerance test at 6 months after abatacept initia-
tion [198]. Nevertheless, no significant differences were observed in markers of beta cell
function (insulinogenic index and oral disposition index) [198]. These findings suggest
that treatment with abatacept may improve whole-body insulin sensitivity in RA patients
without affecting beta cell function. Ozen et al. [30] studied patients with RA and >1 year
participation in a U.S.-wide longitudinal observational cohort (the National Data Bank for
Rheumatic Diseases) without baseline diabetes from 2000 through 2014. Remarkably, au-
thors found that abatacept was associated with a significantly reduced risk of incident
diabetes in this cohort [30].

Although the exact mechanisms behind the effects of abatacept on insulin sensitivity
and glucose homeostasis are still unclear, preclinical evidence supports the hypothesis of
a relevant role played by both macrophages and T cells in the initiation of adipose tissue
inflammation and subsequent insulin resistance [199]. It has been shown that T-cell infil-
tration may even precede the macrophage accumulation within murine and human vis-
ceral adipose tissue derived from mouse models of obesity-mediated insulin resistance
and from patients with T2D, respectively [200,201]. Therefore, T-cell targeted immuno-
therapies may represent a valid therapeutic tool to indirectly improve insulin resistance
by reducing the activation of adipose tissue-infiltrating T cells. However, mechanistic
studies are required to confirm this hypothesis.

6. Discussion

Systemic inflammation represents a shared pathophysiological mechanism which
underlies the frequent clinical associations among CIRDs and insulin resistance, T2D, and
chronic diabetes complications. Targeted anti-inflammatory therapies have long been
suggested for both prevention and treatment of T2D [202]. Therefore, therapeutic ap-
proaches targeting inflammation represent highly desirable interventions to improve both
rheumatic disease activity and glucose control in patients with CIRDs and comorbid T2D.
Targeted anti-inflammatory therapies may also represent a valid tool to prevent the de-
velopment of prediabetes and diabetes in rheumatic patients, particularly in those with
traditional risk factors and on long-term high-dose corticosteroid therapy. Controlling in-
flammation in CIRDs may provide additional clinical benefits, including prevention of
chronic diabetes complications, reduction in cardiovascular morbidity and mortality, im-
provement of quality of life and medication adherence, as well as reduction in healthcare
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costs related to disease relapses and hospitalizations. The use of DMARDs in CIRD pa-
tients can also be advantageous in reducing the daily corticosteroid dose (steroid-sparing
effect) [203], thereby mitigating the risk of incident diabetes (including steroid-induced
diabetes, which is highly prevalent in these patients) [204,205] or preventing poor glucose
control in diabetic subjects. Indeed, prolonged corticosteroid exposure deriving from
long-term corticosteroid therapy leads to diabetogenic effects by enhancing hepatic en-
dogenous glucose production and inducing insulin resistance in all insulin-sensitive tis-
sues [206]. Furthermore, long-term corticosteroid therapy can independently contribute
to increased cardiovascular risk, osteoporosis, and fragility fractures [207]. In view of the
above, it is clear that minimizing corticosteroid exposure represents a key strategy to im-
prove long-term outcomes in patients with CIRDs [207]. In this regard, the 2019 European
League Against Rheumatism (EULAR) recommendations for the management of RA out-
line the importance of using glucocorticoids as a bridging therapy until csDMARDs show
their efficacy, although specifying that glucocorticoids should be tapered as rapidly as
clinically feasible (aiming at discontinuation within about 3 months) [208].

Additionally, the use of a DMARD to concomitantly target rheumatic disease activity
and T2D could be advantageous in reducing polypharmacy in patients with CIRDs and
comorbid diabetes.

Over the last few years, a growing body of evidence has shown that different
DMARD:s used for treatment of CIRDs display antihyperglycemic properties by virtue of
their anti-inflammatory, insulin-sensitizing, and/or insulinotropic effects. Figure 1, Figure
2 and Figure 3 illustrate the potential mechanisms underlying the antihyperglycemic
properties exerted by c¢sDMARDs, tsDMARDs, and bDMARDs, respectively. The evi-
dence for substantial antidiabetic actions of DMARDs primarily comes from studies in-
vestigating the use of HCQ and IL-1 blocking therapies in diabetic and nondiabetic sub-
jects with CIRDs. Of note, on the one hand, HCQ appears to exert antihyperglycemic
properties mainly through insulin-sensitizing actions, with less evidence for insulino-
tropic effects. On the other hand, IL-1 blocking therapies (particularly anakinra) seem to
act as antidiabetic drugs by improving beta cell dysfunction induced by a vicious cycle
involving the release of excessive amounts of IL-1{3 from pancreatic beta cells in response
to hyperglycemia and additional stimuli such as the generation of IAPP aggregates and
increased circulating FFA levels. In this regard, IL-1 receptor blockade may also be pro-
posed as a short-term pharmacological approach to restoring glucose homeostasis follow-
ing metabolic relapses in diabetic patients with CIRDs.

TNF inhibitors appear to mainly act as insulin-sensitizing agents by attenuating TNF-
a-induced insulin resistance, particularly in patients with a high degree of insulin re-
sistance. This may result in reduced risk of developing diabetes in nondiabetic subjects
and in improved glucose control in diabetic subjects, although larger prospective studies
are needed to confirm such effects.

There is only little evidence for a possible antihyperglycemic role of IL-6 inhibitors,
which may act as antihyperglycemic agents by reducing IL-6-driven insulin resistance.
Other DMARD:s such as abatacept may improve whole body insulin sensitivity by coun-
teracting the recruitment or activation of adipose tissue-infiltrating immune cells. Finally,
the antidiabetic actions of other DMARDSs, such as leflunomide and JAKIs, have mainly
been investigated in animal studies.

In light of these remarks, some DMARD:s (e.g., HCQ and anakinra) could be alterna-
tively termed “diabetes-modifying antirheumatic drugs”, since they may be repurposed
for co-treatment of rheumatic diseases and comorbid diabetes. It is also worth specifying
that different subtypes of T2D have recently been identified based on the main pathophys-
iological processes underlying the derangement of glucose metabolism. Among the sub-
types of non-autoimmune diabetes mellitus, there are severe insulin-deficient diabetes,
severe insulin-resistant diabetes, and combined insulin-resistant and insulin-deficient di-
abetes [209,210]. In this view, DMARDs may be classified based on their predominant
mechanism of action on glucose homeostasis as follows: (i) insulin-sensitizing DMARDs
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such as TNF inhibitors, (ii) insulinotropic DMARDs such as IL-1 blocking therapies, and
(iii) dual insulin-sensitizing and insulinotropic agents such as HCQ. This pharmacody-
namics-driven classification may allow clinicians to use DMARD:s in a tailored manner.
This means that the rationale for the choice of the most appropriate DMARD in patients
with CIRDs and comorbid diabetes relies not only on the specific rheumatic disease, but
also on the main pathophysiological mechanism responsible for the derangement of glu-
cose homeostasis.

Despite the aforementioned promising effects of some DMARDs on glucose homeo-
stasis in patients with CIRDs (with or without diabetes), the observed changes in HbAlc
values were rather modest in most studies. However, such studies were mainly observa-
tional or short-term intervention studies. In addition, it is worth reminding that HbAlc
reflects the mean glycemia over the previous 8-12 weeks and remains to be the gold stand-
ard for assessing glucose control in patients with diabetes in the context of a normal he-
matological profile and in the nonpregnant population. Indeed, many conditions limit the
accuracy of HbAlc as a reliable marker of average glucose, including untreated iron defi-
ciency (with and without anemia), hemoglobin variants, altered life span or turnover of
red blood cells, hemolysis, splenomegaly, red blood cell transfusions, and use of certain
drugs (e.g., erythropoietin, dapsone, and iron) [211]. Moreover, HbAlc fails to address
hypoglycemia and does not reflect daily glucose fluctuations and glucose variability over
the previous 3 months [212]. These limitations can be overcome by subcutaneous contin-
uous glucose monitoring (CGM) devices, which offer an advanced method to assess daily
patterns of hyperglycemia and hypoglycemia, glucose excursions, as well as glucose var-
iability [212]. Thus, CGM may represent a valid tool for assessing the true glucose-lower-
ing effects of various DMARDs, particularly when these drugs can cause falsely low
HbA1lc values due to drug-induced hematological changes (e.g., SSZ) [103,104].

Interestingly, several DMARDs have also been studied as investigational therapies
for the treatment of the coronavirus disease 2019 (COVID-19) caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) [213,214]. In the most severe cases of
COVID-19, a dysregulated immune response called “cytokine storm” and characterized
by an exuberant increase in circulating levels of proinflammatory cytokines (e.g., IL-1, IL-
2, IL-6, TNF, and IFN-v) leads to acute respiratory distress syndrome, disseminated intra-
vascular coagulation, multiorgan failure, and ultimately death [215,216]. Some of these
drugs (such as anakinra, tocilizumab, and baricitinib) showed protective effects against
COVID-19-related hyperinflammatory state and mortality [217-220], whereas other
agents (such as HCQ and CQ) have been proven ineffective and even associated with po-
tential serious adverse events [221,222]. Since the beginning of the COVID-19 pandemic
in March 2020, type 2 diabetes has emerged as an independent risk factor for adverse clin-
ical outcomes and mortality in patients with COVID-19 [223-226]. Initially, there was also
a concern among rheumatologists that patients with rheumatic diseases may be at in-
creased risk for COVID-19-related morbidity and mortality; however, data have shown
that the main drivers for worse clinical outcomes in patients with rheumatic diseases are
male sex, age, and comorbidities such as diabetes and CVD [227,228]. With this regard,
some DMARDs may provide additional clinical benefits to patients with CIRDs and
comorbid diabetes affected by COVID-19, resulting in a substantial reduction in morbid-
ity and mortality related to SARS-CoV-2 infection.
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[Methotrexate] [ Hydroxychloroquine ]

t AMPK activation through " Skeletal muscle insulin sensitivity

reduced ZMP clearance
H Adipose tissue insulin sensitivity

TGIucose uptake and lipid oxidation 1 IL-6 and TNF-a
in skeletal muscle t Adiponectin 1 Insulin secretion
[ Sulfasalazine ] [ Leflunomide* ]
} TNF-a I Insulin-stimulated glucose uptake

Possible false HbALc-lowering in adipocytes and skeletal muscle cells

(due to SSZ-induced hemolysis) 1 Translocation of GLUT4 to the plasma membrane
(skeletal muscle)

Figure 1. Potential mechanisms underlying the antihyperglycemic actions exerted by conventional
synthetic DMARDs (csDMARDs). * Studies conducted in mice only. Abbreviations: AMPK, adeno-
sine monophosphate-activated protein kinase; DMARDs, disease-modifying antirheumatic drugs;
GLUT4, glucose transporter type 4, HbAlc, glycated hemoglobin; IL, interleukin; SSZ, sulfasalazine;
TNEF-a, tumor necrosis factor a; ZMP, aminoimidazole carboxamide ribonucleotide (AICAR) mono-
phosphate.

Antihyperglycemic actions of tsDMARDs

Phosphodiesterase 4 inhibitors JAK inhibitors*
(e.g., roflumilast, apremilast) (e.g., baricitinib, tofacitinib)
I Insulin secretion t Insulin signaling in liver and skeletal muscle
} IFN-y, TNF-q, IL-12 | Diet-induced myosteatosis
) 123, excrs, excrio 10 | TNF-0, IL-6, SAA

Figure 2. Potential mechanisms underlying the antihyperglycemic actions exerted by targeted syn-
thetic DMARDs (tsDMARDs). * Studies conducted in mice (baricitinib) and rats (tofacitinib). Abbre-
viations: CXCL9, C-X-C motif chemokine ligand 9; CXCL10, C-X-C motif chemokine ligand 10;
DMARDs, disease-modifying antirheumatic drugs; IFN-v, interferon-v; IL, interleukin; SAA, serum
amyloid A; TNF-a, tumor necrosis factor a.
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Antihyperglycemic actions of bDMARDSs
TNF inhibitors IL-6 inhibitors
(e.g., etanercept, infliximab,adalimumab) (e.g., tocilizumab)
| (TNF-o-induced) Insulin resistance | 1L-6-driven insulin resistance (?)
| sicam1 t HMwWA lcrp
IL-1 blocking therapies Abatacept
(e.g., anakinra, gevokizumab, canakinumab) (CTLA4-Ig}
| IL-1B-driven beta-cell dysfunction and apoptosis 1 Whole-body insulin sensitivity
{ Beta-cell function and insulin secretion } 1L-6 and CRP | Activation of adipose tissue-infiltrating T cells (?)
| Pancreatic islet amyloid deposits 1 Visceral adipose tissue inflammation and insulin resistance (?)

1 Excessive glucagon secretion from pancreatic alpha cells

1 Insulin resistance

Figure 3. Potential mechanisms underlying the antihyperglycemic actions exerted by biologic
DMARDs (bDMARDs). Abbreviations: CRP, C-reactive protein; DMARDs, disease-modifying an-
tirheumatic drugs; HMWA, high-molecular weight adiponectin; IL, interleukin; sSICAM-1, soluble
intercellular adhesion molecule-1; TNF-a, tumor necrosis factor a.

7. Conclusions

The evidence suggests that targeting inflammation may be a valid therapeutic ap-
proach in the management of CIRDs associated with comorbid T2D. In this view,
DMARD:s are promising drug candidates that may potentially reduce rheumatic disease
activity and severity, ameliorate glucose control, and prevent the development of diabe-
tes-associated cardiovascular complications and metabolic dysfunctions at the same time.
Mechanistic studies are needed to better understand the exact mechanism of action un-
derlying the antihyperglycemic properties of different DMARDs. Moreover, there is need
for future randomized controlled trials conducted on patients with CIRDs and comorbid
T2D to confirm the beneficial metabolic and cardiovascular effects as well as the safety
profile of distinct DMARD:s in the long term. Prospective studies are also warranted to
clarify whether these drugs are able to reduce the risk for developing prediabetes and
diabetes in nondiabetic patients with CIRDs.
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