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The depression incidence is much higher in patients with diabetes mellitus (DM), and the majority of these cases remain under-
diagnosed. Type 1 diabetes mellitus (T1D) is now widely thought to be an organ-specific autoimmune disease. As a chronic
autoimmune condition, T1D is characterized by T cell-mediated selective loss of insulin-producing β-cells. The age of onset of
T1D is earlier than T2D, and T1D patients have an increased vulnerability to depression due to its diagnosis and treatment
burden occurring in a period when the individuals are young. The literature has suggested that inflammatory cytokines play a
wide role in both diseases. In this review, the mechanisms behind the initiation and propagation of the autoimmune response in
T1D and depression are analyzed, and the contribution of cytokines to both conditions is discussed. This review outlines the
immunological mechanism of T1D and depression, with a particular emphasis on the role of tumor necrosis factor-α (TNF-α),
IL-1β, and interferon-γ (IFN-γ) cytokines and their signaling pathways. The purpose of this review is to highlight the possible
pathways of the cytokines shared by these two diseases via deciphering their cytokine cascades. They may provide a basic
groundwork for future study of the possible mechanism that links these two diseases and to develop new compounds that target
the same pathway but can conquer two diseases.

1. Depression and Diabetes Mellitus

Studies have implicated an increased prevalence of depres-
sive disorders comorbid with anxiety in patients with diabe-
tes mellitus [1]. Depression has an adverse effect in DM
and not only significantly increases the risk for other compli-
cations but also a predictor for an earlier incidence of compli-
cations [2].

Although the cooccurrence of depression in DM could be
attributed to a variety of factors, such as the psychological
impact of the disease, a potential common genetic suscepti-
bility and cerebrovascular insufficiency that results from neu-
roimmunological and neuroendocrinical pathways may be

present, as well as microvascular brain lesions due to DM
[3]. However, the underlying mechanisms concerning the
high cooccurrence between these two diseases are not fully
profiled yet. Inflammatory cytokines have been found to con-
tribute to the development of depression in both medically
healthy and medically ill individuals, including DM [4, 5].
Therefore, we outlined the involved cytokines in both dis-
eases and their possible regulation pathways individually in
this review and provided a general idea as to whether circu-
lating cytokines bridge the pathogenesis of these two diseases.
Through this summary, we may map out a pathway for the
future studies of these two diseases using some common
pathways shared by them for disease initiation and
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progression. We also evaluated the evidence that associates
rheumatoid arthritis with depression, assessing the immune
and molecular responses to inflammation.

2. Depression, Inflammation, and Cytokines

2.1. Systemic Inflammation and CNS Depression. Depression
is one of the leading causes of disability worldwide, and its
incidence is expected to increase. According to the WHO,
depression will be the leading cause of disability globally
around the year 2030. Although extensive research has been
invested into the mechanisms of this disease, the rate of
depression is still rising, especially in industrialized countries.
The cooccurrence of immune-mediated inflammatory dis-
eases with depression has been well acknowledged in the lit-
erature [6]. Persistent low-grade inflammation in peripheral
tissues is one of the known predisposing factors in major
depression. The overlap timeframes of peripheral and CNS
inflammatory responses under immunological conditions
raise the possibility of shared pathophysiological mecha-
nisms [6]. Chronic inflammation exacerbates the sickness
and depression-like behaviors in patients, which indicates
the possible negative effects of inflammatory cytokines on
monoaminergic neurotransmission, neurotrophic factors,
and measures of synaptic plasticity [7]. Meanwhile, emerging
evidence has suggested a strong association between depres-
sion and inflammatory processes, and clinical studies have
implicated antidepressant treatment effects being boosted
with anti-inflammatory agents, both as add-on treatment
and as monotherapy [8]. All of the evidence so far has sug-
gested that depression may facilitate inflammatory reactions
and cytokine alterations and that inflammation could pro-
mote the development of depression. The possible intertwin-
ing interactions between themmay form a bidirectional loop.
Changes in cytokines could be one of the key factors that pre-
dispose one to behavioral changes by affecting neurotrans-
mitters, ion channels, and receptors. Therefore, peripheral
inflammation may be a key component that closely collabo-
rates with neurotransmitter dysregulation in CNS and
adversely affects brain function, leading to psychiatric disor-
ders, including depression.

2.2. Cytokines and CNS Depression. The previous well-
established abnormality theory of depression in monoamine
systems has been challenged so far, and some studies of func-
tional neuroimaging revealed evidence supporting the rela-
tionship between structural/functional anomalies in the
brain and a parallel increase of circulating inflammation
markers [9]. A handful of previous studies have shown that
increases in circulating inflammatory cytokines, including
IL-1, TNF-α, and IFN-γ, have been validated in depression
[4]. Subjects with depression also demonstrated exacerbated
inflammatory responses to stressful impact via upregulation
of cytokine levels in the CSF [10], which suggests that circu-
lating cytokines and depression affect each other in a bidirec-
tional way. The changes of those above cytokines in T1Dmay
be the potential culprits that are responsible for the develop-
ment of depression in DM patients.

2.3. TNF-α. As one of key players of innate immunity, TNF-α
is also a physiological regulator of homeostatic cell prolifera-
tion, differentiation, and programmed cell death in the CNS
[11]. There is emerging evidence implying that TNF-α-pro-
ducing macrophages play a key role not only in the neurode-
velopment but also in the pathophysiology of various
neuropsychiatric conditions, including depression [12]. In a
recent clinical study, the role of TNF-α in the development
of depression and anxiety in a systemic inflammatory disease,
systemic lupus erythematosus (SLE), was explored. The
results demonstrated that sera TNF-α levels are increased in
SLE patients with mood and anxiety disorders. In SLE,
TNF-α levels in the sera of SLE patients were independently
associated with mood disorders that developed in the
patients [13]. These findings suggest the presence of TNF-α
and other cytokines may be the immunological basis for
depression in SLE. Preclinical study has shown that the dele-
tion of TNF-α is associated with antidepressant-like effects in
behavioral tests in mice in comparison with wild-type mice
[14], which further implicates TNF-α as having an important
role in the development of depression.

2.4. IFN-γ.As a crucial player in innate and adaptive immune
responses for many autoimmune diseases, including TID,
IFN-γ has recently been recognized to play an important role
in stressor-related psychological pathology [15]. Along with
other cytokines, IFN-γ levels in the serum of depressed
patients were found to be significantly increased compared
to their counterparts in a control group in a previous clinical
study [16]. In line with the above study, an elevated plasma
IFN-γ level was observed in another clinical study with ado-
lescent subjects with depression [17]. More importantly, in
the latter study, the researchers further demonstrated the
IFN-γ level could be regulated to a normal level after patients
underwent effective antidepressant treatment and their
symptoms were under control [18]. These results suggest that
changes of IFN-γ level are closely associated with depression,
and regulation of cytokine expression in patients should be
one of the therapeutic targets of treatment. Some preclinical
studies also had consistent findings that supported the
hypothesis that IFN-γ is a crucial mediator in the pathogen-
esis of depression [19]. Mice infected with an IFN-γ adeno-
vector demonstrated anhedonic-like symptoms [20].
Meanwhile, several studies showed that some commonly
used antidepressants that attenuate depressive symptoms
antagonize IFN-γ signaling [21, 22].

2.5. IL-1β. Recent reports have verified that there are
increases in proinflammatory cytokine IL-1β in both youn-
ger and elderly adults with major depression [23]. Moreover,
these studies also provided evidence that the serum IL-1β
level of patients is strongly correlated with the severity of
their depression and the duration of the current depressive
episode. In a preclinical study, increases of IL-1β in serum
were associated with acute stress [23]. In addition, the IL-
1β level in the CSF of acutely depressed and unmedicated
patients was found to be higher than in the control group
[24]. Meanwhile, some studies indicated that antidepressant
treatment significantly decreased the expression of IL-1β
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levels in depression patients. In animal models, IL-1β treat-
ment could effectively cause depressive-like behaviors but
treatment with IL-1RA resulted in antidepressant-like
effects [25]. In neurodegenerative diseases, such as Alzhei-
mer’s disease (AD), IL-1β is also actively responsible for
the development of depressive symptoms [26]. IL-1β
plasma levels are also significantly associated with cooccur-
ring depressive symptoms in temporal lobe epilepsy [27].
These findings imply that the IL-1β signaling pathway
may be one of the common pathways shared by depression
and other systemic diseases.

3. Autoimmune Type 1 Diabetes Mellitus
and Cytokines

Diabetes mellitus (DM) is a chronic progressive metabolic
disorder characterized by hyperglycemia with disturbances
of carbohydrate, fat, and protein metabolism, mainly due to
defects in insulin secretion, insulin action, or both [28].
DM is one of the oldest recognized diseases, first reported
3000 years ago by the ancient Egyptians [29]. Diabetes is a
global public health problem and is now emerging as a
pandemic [30]. Diabetes-related complications include car-
diovascular disease, nephropathy, neuropathy, retinopathy,
and lower-extremity amputation [31, 32]. It results in a sig-
nificant increase in morbidity and mortality, placing heavy
economic burdens on families and health care systems. Both
the number of cases and the prevalence of diabetes have been
steadily increasing over the past few decades. The World
Health Organization (WHO) has estimated that in 2013,
approximately 346 million adults were living with diabetes
worldwide, compared to 108 million in 1980, and this num-
ber is predicted to have almost doubled by 2030 [33].

There are two major forms of diabetes mellitus: type 1
and type 2 diabetes (T1D and T2D). T1D, also known as
juvenile or insulin-dependent diabetes mellitus (IDDM),
is typically caused by an absolute deficiency of insulin
secretion. T2D, previously known as adult or noninsulin-
dependent diabetes mellitus (NIDDM), is the result of a pro-
gressive deficiency of insulin secretion on the background of
resistance to the action of insulin in both peripheral tissues
(e.g., muscle and adipose tissues) and β-cells [34].

T1D accounts for 5–10% of the total cases of diabetes
worldwide [34]. The disease can occur at any age but is often
observed in adolescence and early adulthood. T1D is a
chronic autoimmune condition that is characterized by T
cell-mediated selective loss of insulin-producing β-cells in
the islets of Langerhans of the pancreas. Both genetic and
environmental factors contribute to precipitating the disease,
and the outcomes of the pathological process depend onmul-
tiple interrelated factors. The majority of cases (70–90%) are
type 1A diabetes, which is attributable to an autoimmune-
mediated destruction of beta cells, while type 1B diabetes
(idiopathic) represents a small minority of cases whose spe-
cific pathogenesis remains unclear [35]. Although T2D has
become increasingly prevalent in children and adolescents,
T1D continues to be the most common type of diabetes in
this population group, [36]. The understanding of the disease
has evolved over the past decade or so, and the age at

symptomatic onset is no longer the limiting factor [35].
Children and adolescents with T1D typically present with a
hallmark triad of symptoms (i.e., polydipsia, polyphagia,
and polyuria), along with overt hyperglycemia, but to a
lesser degree in adults [37]. Patients with T1D require life-
long insulin treatment and are prone to ketoacidosis. Tech-
nological innovations in insulin pumps and continuous
glucose monitors have positively impacted the quality of life
of T1D patients since they require lifelong insulin adminis-
tration. However, effective prevention or cures for T1D
remain elusive. Globally, the quality of diabetes management
remains uneven. Therefore, it is particularly important to
understand the potential pathogenetic mechanisms, to find
biomarkers that could be used to predict the progression of
T1D and monitor disease activity, and to improve the effec-
tiveness of therapies.

Along with most other autoimmune disorders, multiple
genetic susceptibility loci contribute to T1D susceptibility
[38]. In addition, nongenetic or environmental factors may
contribute to the risk of T1D, given that the concordance rate
for Type 1 diabetes in identical twins is not 100% [39]. T1D,
therefore, has been suggested to result from a complex inter-
play between varying degrees of genetic susceptibility and
environmental factors [40].

T1D is characterized by progressive lymphocytic infiltra-
tion of the pancreatic islets by cells of the immune system—-
with central roles of CD4+ and CD8+ T cells as well as
macrophages [41]. This lymphocyte infiltration can result
in inflammatory infiltrates within islets (insulitis) and
destruction of insulin production. In some individuals, this
infiltration may be held in check through regulation without
overt clinical manifestations. In other cases, it can progress to
a destructive immune response where β-cells are selectively
killed. In most T1D patients, their β-cell mass is reduced by
70–80% at the time of diagnosis [41].

A variety of mechanisms have been proposed to contrib-
ute to β-cell death. β-Cell death is probably caused by direct
contact with activated macrophages and T cells and/or expo-
sure to soluble mediators secreted by these cells, including
cytokines, nitric oxide (NO), and reactive oxygen species
(ROS) [41]. Recent experimental and clinical evidence sug-
gest that inflammatory mediators, such as cytokines, might
play an important role in the pathogenesis of T1D in addition
to metabolic and hemodynamic changes [42–44]. Cytokines
are small-secreted proteins that facilitate the interactions
and communication between cells, stimulate the proliferation
of antigen-specific effector cells, and mediate the local and
systemic inflammation via autocrine, paracrine, or endocrine
mechanisms [45]. In this review, we discuss recent research
progress in the understanding of the roles of inflammatory
mediators (especially the cytokines) in the pathogenesis of
T1D, which will provide insights into the molecular basis
for the early defects and to further develop targeted therapies
to better treat T1D.

4. Pathogenesis of T1D

T1D pathogenesis has been extensively studied using experi-
mental animal models, which have greatly enhanced our
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understanding of the possible pathogenic features of the dis-
ease. The most commonly used models are the nonobese dia-
betic (NOD) mouse and the diabetes-prone BioBreeding
(DP-BB) rats [46]. Although the precise mechanisms respon-
sible for the initiation and progression of β-cell destruction
have not been fully elucidated, it is generally believed that
β-cell autoantigens, macrophages, dendritic cells (DC), B
lymphocytes, and T lymphocytes are involved in triggering
β-cell-specific autoimmunity [47]. The autoimmune reaction
towards the β-cell appears to begin in the pancreatic lymph
nodes (PLN), the site of islet cell-specific self-antigen presen-
tation [48]. In PLN, T cells that have escaped negative selec-
tion in the thymus first meet β-cell antigens presented by
dendritic cells. T cells migrate to the islets via the circulation
and establish insulitis initially around the islets. Regulatory T
cells of different cell surface phenotypes and cytokine secre-
tion profiles may also be involved in modulating this unstable
equilibrium [49]. Eventually, the chronic process ends in
favor of the β-cell-reactive T cells, which eventually causes
sufficient reduction of the β-cell mass to render the patient
insulin-dependent [50].

Other than the T-cell-mediated β-cell destruction, there
are other ways in which β-cell death might occur. It has been
reported that there is increased β-cell sensitivity to cytokine-
mediated killing since β-cells are particularly sensitive to the
cytokine interleukin-1β (IL-1β) [51]. Endoplasmic reticulum
(ER) stress is also a factor that increases the sensitivity of islet
β-cells to self-directed cellular destruction [52].

5. Cytokines in T1D

The mechanisms involved in β-cell death in T1D may differ.
However, many cells that have been shown to produce cyto-
kines have been proven to participate in β-cell destruction in
this autoimmune disease. Insulitis is an inflammatory reac-
tion that leads to the loss of most β-cells after long periods
of disease [53]. Several cytokines have been shown to play
important roles in developing T1D at the level of both
immune responses and targeting β-cells. TNF-α, IL-1β, and
IFN-γ are the most likely cytokines acting in synergy during
inflammation of pancreatic β-cells, leading to the activation
of a final common pathway, such as nuclear factor-κB (NF-
κB) and, ultimately, to β-cell destruction. NF-κB can be acti-
vated by a variety of stimuli, including TNF-α, IL-1, receptor
for advanced glycation end products (RAGE), and Toll-like
receptors (TLRs).

6. Inflammatory Cytokines in T1D

6.1. TNF-α. TNF-α is a potent pleiotropic proinflammatory
cytokine secreted by innate immune cells such as macro-
phages and monocytes and by differentiated T cells [54].
The evidence suggests that TNF-α exerts its proinflammatory
effects by increasing the production of IL-1β and IL-6,
expression of adhesion molecules, proliferation of fibroblasts
and procoagulant factors, as well as initiation of cytotoxic,
apoptotic, acute-phase responses, and inhibition of apoptosis
[55]. TNF-α plays multiple roles in the development and
function of the immune system and manipulation of TNF-

α and its receptors and has revealed numerous aspects of
their functions in autoimmune disease, such as T1D.

Early studies reported that, in vitro, a combination of
TNF-α with IFN-γ resulted in the death of β-cells via the
regulation of intraislet IL-1, NO production, and caspase
activation [56, 57]. Targeted overexpression of TNF-α in
the pancreatic islets of transgenic NOD mice accelerated
the progression of diabetes [58]. Studies conducted in adop-
tive transfer models have suggested that TNF-α plays a crit-
ical role in Th1 and Th2 cells in diabetes induction [59, 60].
In accordance with these findings, anti-TNF-α mAb admin-
istration to newly onset T1D NOD mice prevented disease
progression by restoring euglycemia, self-tolerance, and
normal insulin signaling [44, 61]. However, it has been indi-
cated that TNF-α might play a dual role in T1D. Adminis-
tration of anti-TNF-α treatment at 4 weeks of age or later
contributed to the accelerated progression of T1D, while
the systemic administration of TNF-α protected against
diabetes [62]. Therefore, in T1D experimental models,
TNF-α can serve as a double-edged sword by either pro-
moting or inhibiting inflammatory responses. The involved
complex factors may include the stage of disease, the
length and timing of TNF expression, and the background
genetic susceptibility.

6.2. IFN-γ. IFN-γ is a proinflammatory cytokine that is pro-
duced in T cells and natural killer cells [63]. It has been
reported that IFN-γ plays a key role in driving the autoim-
mune pathogenesis of T1D. IFN-γ signal transduction
requires activation of the tyrosine kinases JAK1 and JAK2
that lead to the phosphorylation of STAT1, which then
dimerizes and translocates to the nucleus, binding the γ-acti-
vated sites of diverse genes [64]. However, the precise mech-
anisms by which it contributes to β-cell autoimmunity and
T1D progression are not clear yet.

Experimental studies, which were conducted in NOD
mice, have reported that the blockade of IFN-γ function via
either specific Abs or IFN-γ receptors prevented T1D pro-
gression and reduced its incidence [65, 66]. A recent study
reported that the T1D candidate gene protein tyrosine phos-
phatase, type 2 (PTPN2), modulated IFN-γ signal transduc-
tion at the β-cell level and might therefore contribute to the
pathogenesis of T1D [67]. Although IFN-γ has been gener-
ally believed to be important in autoimmune T1D pathogen-
esis, there are still questions regarding the role of IFN-γ in
T1D, since the development of spontaneous β-cell autoim-
munity does not change in NOD mice lacking IFN-γ or
IFN-γ receptor expression. By employing an adoptive trans-
fer model, it was shown that IFN-γ played an important role
in CD4+ T cell-mediated destruction of β-cells instead of
CD8+ T cells [68].

Despite a substantial body of evidence, there are still con-
flicting results in the literature about the possible role of IFN-
γ in T1D. It has been suggested that IFN-γ signaling is dis-
pensable for the development of T1D in NOD mice, and in
addition, IFN-γ gene disruption may delay but not prevent
the onset of T1D [69]. Therefore, such findings need to be
repeated and confirmed by other research groups before
reaching a consensus.
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6.3. IL-1β. IL-1, a prototypical proinflammatory cytokine,
has long been believed to cause β-cell dysfunction and death.
There is IL-1 expression early in the insulitis infiltrate, and it
may be considered as a circulating biomarker of T1D risk.
The principal components of the IL-1 family are IL-1α and
IL-1β [70]. IL-1α is located within the plasma membrane,
whereas IL-1β is exported out of the cell [70]. IL-1β is an
inflammatory cytokine that is produced mainly by blood
monocytes and also by macrophages, dendritic cells, and a
variety of other cells in the body [71].

Studies have indicated that IL-1β plays a major role in
mediating both impaired function and destruction of pancre-
atic β-cells during the development of autoimmune T1D
[72]. Secretion of insulin was inhibited by the treatment of
rodent islets with IL-1β, followed by β-cell destruction [73].
In human islets, the results showed that exposure of β-cells
to IL-1β or IL-1β plus IFN-γ led to β-cell functional changes
similar to those that were observed in prediabetic patients
[74]. IL-1β has a preferential inhibitory effect on the first
phase of glucose-induced insulin release via reducing the
docking and fusion of insulin granules to the β-cell mem-
brane [75]. Based on pharmacological studies, p38 MAPK
and c-Jun N-terminal kinase (JNK), which are members of
the mitogen-activated protein kinases (MAPKs), are specifi-
cally activated in IL-1β–mediated β-cell dysfunction [76].
However, there was moderate or no protection from anti-
IL-1 strategies or genetic ablation of IL-1 or IL-1RTI in ani-
mal models of T1D [77]. In contrast to this disappointing
result, in a recent clinical study, it was reported that IL-1β
pathway blockade in T1D causes a reduction in monocyte
trafficking [78]. There are a few factors that may cause nega-
tive outcomes beyond the obvious possibilities, including the
intervention time, the administration dosage, the C-peptide
decline, and the efficacy of IL-1 antagonism [79].

7. Intracellular Signaling Pathways Activated by
Proinflammatory Cytokines in T1D

Pancreatic β-cells are the targets of an autoimmune assault in
T1D, with invasion of the islets by mononuclear cells in insu-
litis, causing loss of most β-cells after prolonged periods of
disease [80]. During the course of insulitis, β-cell death
results from direct contact with activated macrophages and
T-cells or their secreted soluble mediators. As the main cause
of β-cell death at the onset of T1D, apoptosis is a process that
is highly regulated, activated, and/or modified by extracellu-
lar signals, intracellular ATP levels, phosphorylation cas-
cades, and expression of pro- and antiapoptotic genes.
There are transcriptional factors and signaling pathways
involved in the progression of β-cell death. Proinflammatory
cytokines play a key role in the cytokine-promoted β-cell
“decision” to undergo apoptosis [41]. It has been identified
in microarray experiments that approximately 700 genes
and expressed sequence tags are up- or downregulated in
purified rat β-cells or insulin-producing cells after exposure
to IL-1β and/or IFN-γ [81, 82]. The transcriptional factors
NF-κB and STAT-1 are the main regulators of the pathways
triggered by IL-1β, IFN-γ, and TNF-α.

7.1. IL-1β Signaling. The transcription factor nuclear factor
kappa B (NF-κB) is known to be the main mediator of IL-
1β signaling [83]. Similar to the identified pathway by which
IL-1β activates NF-κB in various cell types and experimental
models, the signaling pathway in β-cells involves TRNF6,
JNK, and IKKs. After being produced and released by macro-
phages and T cells, IL-1β can bind to its receptor 1 (IL-1R1)
on the cell surface of target cells. And then IL-1R1 can recruit
IL-1 receptor accessory protein (IL-1RAcP) [84], which
allows for combination of the adaptor protein myeloid differ-
entiation factor 88 (MyD88) and the recruitment of IL-1R1-
activated kinase 1 (IRAK1) and/or IRAK2 [85]. IRAK pro-
teins are found in a complex with a protein named Tollip
prior to recruitment to the receptor. Tollip transiently associ-
ates with IL-1RacP during recruitment of the Tollip–IRAK
complexes to the activated receptor complex [86]. Then, the
recruitment of TNF-receptor-associated factor-6 (TRAF6)
to IRAK1 and IRAK2 exerts an activation of inhibitors of
NF-κB (IκB) kinase (IKK) via NF-κB-inducing kinase
(NIK) [87]. IKK then phosphorylates IκB and triggers the
degradation and release of NF-κB from the inhibitory
interaction. Additionally, in response to IL-1, there is an
activation of phosphatidyl inositol-3 kinase (PI3K) [88].
PI3K activity is required (but not sufficient) for NF-κB
activation [88].

There are several target genes that can be regulated by
NF-κB, including cytokines, chemokines, cell adhesion mol-
ecules, apoptosis regulators, and other transcriptional fac-
tors. NF-κB signaling is highly cell type-specific. In β-cells,
NF-κB activation exerts a proapoptotic effect, while NF-κB
activation promotes cell survival in most cells [89]. Studies
suggest that inhibition of NF-κB exerts a protective effect
on β-cells against damage in vivo and in vitro [89]. In pri-
mary rat β-cells treated with cytokines, there are a large num-
ber of NF-κB-targeted genes that have been identified via
DNA microarray technology [82]. This study also reported
various genes that are regulated by cytokines after induced
NF-κB activation. There is upregulation of genes that are
involved in immune responses (e.g., MHC-II-associated
invariant chain γ and MHC-I) and stress responses (includ-
ing CHOP, C/EBPβ and δ, Hsp27, and MnSOD), while there
is downregulation of genes that are involved in β-cell func-
tion (glucose transporter-2 (Glut-2)), insulin production
(Isl-1), insulin processing (PC-1), insulin release (PLD-1,
CCKA-receptor), and Ca2+ homeostasis (SERCA2, IP 3-
kinase) [82]. It is known that iNOS is strongly induced by
NF-κB in both rat β-cells and human pancreatic islets [81,
90], which may induce the production of ROS and oxidative
stress damage. In addition to NF-κB, IL-1β signaling is also
able to activate mitogen-activated protein kinase (MAPK)
extracellular signal-regulated kinase (ERK) 1/2 and suppress
cytokine signaling-3 (SOCS-3) [91]. MAPKs and SOCS-3-
induced signaling pathways are interlinked with NF-κB-reg-
ulated pathways. MAPK has been shown to potentiate IL-1β-
dependent NF-κB activation and iNOS production, while
ERK 1/2 activation contributes to cytokine-induced apopto-
sis in rat pancreatic β-cells [92]. However, SOCS is believed
to provide a negative feedback to affect NF-κB signaling
and β-cell death. SOCS-3 demonstrates an inhibition of IL-
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1β signaling upstream and thus downregulates all effects of
IL-1β. There are a variety of IL-1β-induced proapoptotic
genes suppressed by SOCS-3, most of which are NF-κB-
dependent [91]. SOCS was also shown to protect rat β-cells
against IL-1β- and TNFα-induced cell death [92]. Although
there have been advances in identifying NF-κB-regulated
genes in β-cells, to which extent the expression is regulated
by IL-1β alone has not been well studied. The determination
of individual targets of the cytokines will be helpful in better
understanding of the role of cytokines in T1D in the future.

7.2. TNF-α Signaling. It has been demonstrated that TNF-α
contributes to the activation of NF-κB in pancreatic β-cells
[93]. TNF-α binds to and activates the TNF receptor
(TNFR1), which is present on the surface of β-cells [94].
Binding of the ligand TNF-α to TNFR1 leads to the activation
of TNFR1, which induces the recruitment of TNF receptor-
associated death domain (TRADD), TRAF2, and the death
domain kinase receptor interacting protein (RIP) [95].
TRAF2 then recruits IKK to TNF-R1 while RIP mediates
IKK kinase activation [96]. The activation of NF-κB requires
phosphorylation of IκB. The activation of NF-κB by TNF-α
exerts a proapoptotic effect on rat pancreatic β-cells [89].
TNF-α signaling leads to MAPKs activation (c-Jun N-
terminal kinase JNK, p38, and ERK) in a cell type-specific
manner. It has been shown that in rat pancreatic β-cells,
JNK and p38, which are induced by the TNF-α, exert inhib-
itory effects on glucose-stimulated insulin secretion and
cause impaired β-cell function [97].

7.3. IFN-γ Signaling. Full biologic function of IFN-γ, the
homodimeric cytokine, is mediated by the receptor complex,
which consists two species-matched chains, IFN-γR1 and
IFN-γR2 [98]. IFN-γR1 is the major ligand-binding subunit,
while IFN-γR2 increases the IFN-γR1 affinity for its ligand
and plays a minor role in direct ligand binding [99]. Ligand
binding leads to receptor oligomerization, with two IFN-
γR1 chains bound to one IFN-γ homodimer, and the subse-
quent recruitment of two IFN-γR2 chains to the complex
[100]. It has been known that the ligand binding results in
the activation and transphosphorylation of Janus tyrosine
kinase 1 and 2 (JAK1 and JAK2), which are linked with
IFNγR1 and IFNγR2, respectively [101]. IFN-γ signaling is
initiated by JAK2 autophosphorylation, which is followed
by JAK1 phosphorylation. Then, the activated JAK1 phos-
phorylates IFN-γR1, providing a docking site for STAT1.
After binding to its receptor site, STAT1 is activated by the
phosphorylation and activation of JAK2. Furthermore,
STAT-1 has been shown to homodimerize and translocate
to the nucleus where it stimulates target gene expression
[102]. In a STAT-1-/- NOD mouse model, islets treated with
IFN-γ and TNF-α or IFN-γ and IL-1β were shown to be
resistant to apoptosis [103]. Consistent with the results
above, STAT1 blockade prevented diabetes progression in
the mouse model induced by injection of multiple low doses
of streptozotocin [104]. In a recent gene expression analysis,
STAT-1 was found to regulate 2000 genes in response to
cytokine (IL-1β and IFN-γ) exposure in β-cells [105].
STAT-1 is a regulator of IL-1β/IFN-γ-mediated induction

of chemokines (e.g., CXCL9, CXCL10, CXCL11, and
CCL20) [105]. It has been shown that in vitro and in vivo
there is a reduced production of CXCL10 in response to cyto-
kine exposure [106]. Additionally, STAT-1 is able to down-
regulate several genes that are specific to the functions of β-
cells, such as glucokinase, insulin, Glut2, and prohormone
convertases, as well as transcriptional factors involved in
the differentiation and maintenance of the β-cell phenotype
(e.g., Pdx1, MafA, and Nkx2.2) [107]. Finally, STAT-1 plays
a key role in the regulation of genes that mediate intracellular
stress and apoptotic pathways. The apoptosis-related genes
that are regulated by STAT-1 include Puma, CHOP, Bid,
caspase-3, -4, -7, DP5/Hrk, and endoplasmic reticulum
stress-transducing genes (XBP1, ATF4) [108]. IFN-γ also
plays an important role in inducing IL-1β-mediated iNOS
and causing oxidative stress damage. It has been indicated
that treatment of a rat insulinoma cell line (RIN-r) with a
combination of IL-1β and IFN-γ could induce the mitochon-
drial apoptotic pathway via an iNOS-dependent manner
[109]. In T1D, IFN-γ exerts inflammatory effects via negative
feedback regulation of interferon-regulated factor-1 (IRF-1)
as well as SOCS-1 and SOCS-3 [109, 110]. Via the STAT-1
regulatory role, IRF-1 exerts an inhibitory effect on chemo-
kine expression in β-cells and leads to T cell infiltration of
Langerhans islets [111]. Transgenic expression of SOCS-1
in β-cells was shown to protect β-cells against infiltrating
autoreactive T cells and to be able to prevent diabetes
development in NOD mice [112, 113]. Taken together, in
β-cells, IFN-γ activates the STAT-1 signaling pathway
and regulates the key processes, which are essential steps
in the loss of β-cell function, stress, and finally death. In
addition, IFN-γ leads to an increased sensitivity of β-cells
to apoptotic stimuli and intracellular stress via the regula-
tion of a number of genes.

8. Conclusion

During the last decade, a great deal has been learned about
the role of cytokines in the autoimmune disease of T1D
and depression. In this review, we have summarized the latest
evidence regarding the role of cytokines and the signaling
pathways involved in T1D (Figure 1) and depression. We
outlined the most relevant cytokines in these two diseases
to generate an idea that cytokines may be the common path-
way shared by these two disorders. In addition, several sig-
naling pathways also regulate these diseases’ development
through mechanisms that have not been fully investigated
yet. Currently, there is uncertainty around this topic, as
there have been paradoxical results regarding these cyto-
kines while using similar or even the same models. This
suggests that there is a lot more to be learned. The discov-
ery of new cytokines and the regulatory mechanisms
underlying these two diseases will help to improve our
understanding in this field. Successful translation of find-
ings from animal models to clinical trials, while adopting
a mechanistic perspective, may yield new approaches for
the management of T1D and depression, reducing their
incidence and prevalence, limit pharmacological toxicity,
and avoid global immunosuppression.

6 Mediators of Inflammation



Conflicts of Interest

All authors declare there are no competing interests in this
study.

Authors’ Contributions

Dr.KexinWangdrafted themanuscript.Drs. Fangna Li, Yixin
Cui, Chunhui Cui, Zhenzhen Cao, Kai Xu, ShuhongHan, and
Ping Zhu extensively edited the manuscript. Dr. Yu Sun pro-
posed the idea, designed the outline of the manuscript, and
took the responsibility for the integrity of the publication.

Acknowledgments

This study was financially supported by the National Natural
Science Foundation of China (Grant No. 81873650 and No.
81471020), the Fundamental Research Funds of Shandong

University (Grant No. 2018JC15), Shandong Medical and
Health Technology Development Project (Grant No.
2014WS0148), and Shandong University Basic Scientific
Research Funding (Qilu Hospital Clinical Research Project)
(Grant No. 2014QLKY21).

References

[1] M. R. Muscatello, G. M. Troili, G. Pandolfo et al., “Depres-
sion, anxiety and anger in patients with type 1 diabetes
mellitus,” Recenti Progressi in Medicina, vol. 108, no. 2,
pp. 77–82, 2017.

[2] E. Andreoulakis, T. Hyphantis, D. Kandylis, and A. Iacovides,
“Depression in diabetes mellitus: a comprehensive review,”
Hippokratia, vol. 16, no. 3, pp. 205–214, 2012.

[3] S. V. Bădescu, C. Tătaru, L. Kobylinska et al., “The association
between diabetes mellitus and depression,” Journal of Medi-
cine and Life, vol. 9, no. 2, pp. 120–125, 2016.

β-Cell

Macrophage

T cell

(a)

JAK 1/2

STAT-1 NF
�휅B

JAK 1/2

JA
K 1/

2

(b)

TNF-α

IL-1

NO

Caspase

β-Cell

T cell

(c)

Figure 1

7Mediators of Inflammation



[4] J. C. Felger and F. E. Lotrich, “Inflammatory cytokines
in depression: neurobiological mechanisms and therapeu-
tic implications,” Neuroscience, vol. 246, pp. 199–229,
2013.

[5] M. Peyrot, R. R. Rubin, T. Lauritzen et al., “Resistance to
insulin therapy among patients and providers: results of the
cross-national Diabetes Attitudes, Wishes, and Needs
(DAWN) study,” Diabetes Care, vol. 28, no. 11, pp. 2673–
2679, 2005.

[6] A. Inserra, C. A. Mastronardi, G. Rogers, J. Licinio, and
M. L. Wong, “Neuroimmunomodulation in Major depres-
sive disorder: focus on caspase 1, inducible nitric oxide
synthase, and interferon-gamma,” Molecular Neurobiology,
2018.

[7] L. Nerurkar, S. Siebert, I. B. McInnes, and J. Cavanagh,
“Rheumatoid arthritis and depression: an inflammatory per-
spective,” The Lancet Psychiatry, vol. 6, no. 2, pp. 164–173,
2019.

[8] O. Kohler, J. Krogh, O. Mors, and M. Eriksen Benros,
“Inflammation in depression and the potential for anti-
inflammatory treatment,” Current Neuropharmacology,
vol. 14, no. 7, pp. 732–742, 2016.

[9] B. Bortolato, A. F. Carvalho, J. K. Soczynska, G. I. Perini, and
R. S. McIntyre, “The involvement of TNF-α in cognitive dys-
function associated with major depressive disorder: an
opportunity for domain specific treatments,” Current Neuro-
pharmacology, vol. 13, no. 5, pp. 558–576, 2015.

[10] T. W. W. Pace, T. C. Mletzko, O. Alagbe et al., “Increased
stress-induced inflammatory responses in male patients
with major depression and increased early life stress,”
The American Journal of Psychiatry, vol. 163, no. 9,
pp. 1630–1633, 2006.

[11] L. Bernardino, F. Agasse, B. Silva, R. Ferreira, S. Grade, and
J. O. Malva, “Tumor necrosis factor-α modulates survival,
proliferation, and neuronal differentiation in neonatal sub-
ventricular zone cell cultures,” Stem Cells, vol. 26, no. 9,
pp. 2361–2371, 2008.

[12] M. Berthold-Losleben and H. Himmerich, “The TNF-α sys-
tem: functional aspects in depression, narcolepsy and psycho-
pharmacology,” Current Neuropharmacology, vol. 6, no. 3,
pp. 193–202, 2008.

[13] M. Postal, A. T. Lapa, N. A. Sinicato et al., “Depressive symp-
toms are associated with tumor necrosis factor alpha in sys-
temic lupus erythematosus,” Journal of Neuroinflammation,
vol. 13, no. 1, p. 5, 2016.

[14] B. B. Simen, C. H. Duman, A. A. Simen, and R. S. Duman,
“TNFα signaling in depression and anxiety: behavioral conse-
quences of individual receptor targeting,” Biological Psychia-
try, vol. 59, no. 9, pp. 775–785, 2006.

[15] D. Litteljohn, E. Nelson, and S. Hayley, “IFN-γ differentially
modulates memory-related processes under basal and
chronic stressor conditions,” Frontiers in Cellular Neurosci-
ence, vol. 8, p. 391, 2014.

[16] N. M. Simon, K. McNamara, C. W. Chow et al., “A detailed
examination of cytokine abnormalities in major depressive
disorder,” European Neuropsychopharmacology, vol. 18,
no. 3, pp. 230–233, 2008.

[17] V. Gabbay, R. G. Klein, C. M. Alonso et al., “Immune sys-
tem dysregulation in adolescent major depressive disor-
der,” Journal of Affective Disorders, vol. 115, no. 1-2,
pp. 177–182, 2009.

[18] J. Dahl, H. Ormstad, H. C. D. Aass et al., “The plasma levels of
various cytokines are increased during ongoing depression
and are reduced to normal levels after recovery,” Psychoneur-
oendocrinology, vol. 45, pp. 77–86, 2014.

[19] J. C. O'Connor, M. A. Lawson, C. André et al., “Lipopolysac-
charide-induced depressive-like behavior is mediated by
indoleamine 2,3-dioxygenase activation in mice,” Molecular
Psychiatry, vol. 14, no. 5, pp. 511–522, 2009.

[20] A. Kwant and B. Sakic, “Behavioral effects of infection
with interferon-gamma adenovector,” Behavioural Brain
Research, vol. 151, no. 1-2, pp. 73–82, 2004.

[21] D. Brustolim, R. Ribeiro-dos-Santos, R. E. Kast, E. L.
Altschuler, and M. B. P. Soares, “A new chapter opens in
anti-inflammatory treatments: the antidepressant bupro-
pion lowers production of tumor necrosis factor-alpha
and interferon-gamma in mice,” International Immuno-
pharmacology, vol. 6, no. 6, pp. 903–907, 2006.

[22] M. Kubera, A. H. Lin, G. Kenis, E. Bosmans, D. van
Bockstaele, and M. Maes, “Anti-inflammatory effects of
antidepressants through suppression of the interferon-
γ/interleukin-10 production ratio,” Journal of Clinical Psy-
chopharmacology, vol. 21, no. 2, pp. 199–206, 2001.

[23] K. T. Nguyen, T. Deak, S. M. Owens et al., “Exposure to acute
stress induces brain interleukin-1β protein in the rat,” The
Journal of Neuroscience, vol. 18, no. 6, pp. 2239–2246, 1998.

[24] J. Levine, Y. Barak, K. N. R. Chengappa, A. Rapoport,
M. Rebey, and V. Barak, “Cerebrospinal cytokine levels
in patients with acute depression,” Neuropsychobiology,
vol. 40, no. 4, pp. 171–176, 1999.

[25] M. Maes, C. Song, and R. Yirmiya, “Targeting IL-1 in depres-
sion,” Expert Opinion on Therapeutic Targets, vol. 16, no. 11,
pp. 1097–1112, 2012.

[26] A. Ng, W. W. Tam, M. W. Zhang et al., “IL-1β, IL-6, TNF- α
and CRP in elderly patients with depression or Alzheimer’s
disease: systematic review and meta-analysis,” Scientific
Reports, vol. 8, no. 1, article 12050, 2018.

[27] É. L. M. Vieira, G. N. M. de Oliveira, J. M. K. Lessa et al.,
“Interleukin-1β plasma levels are associated with depression
in temporal lobe epilepsy,” Epilepsy & Behavior, vol. 53,
pp. 131–134, 2015.

[28] World Health Organization,Definition, Diagnosis and Classi-
fication of Diabete Mellitus and Its Complications, World
Health Organization, 1999.

[29] A. M. Ahmed, “History of diabetes mellitus,” Saudi Medical
Journal, vol. 23, no. 4, pp. 373–378, 2002.

[30] K. M. Venkat Narayan, E. W. Gregg, A. Fagot-Campagna,
M. M. Engelgau, and F. Vinicor, “Diabetes — a common,
growing, serious, costly, and potentially preventable public
health problem,” Diabetes Research and Clinical Practice,
vol. 50, pp. S77–S84, 2000.

[31] S. M. Grundy, I. J. Benjamin, G. L. Burke et al., “Diabetes and
cardiovascular disease: a statement for healthcare profes-
sionals from the American Heart Association,” Circulation,
vol. 100, no. 10, pp. 1134–1146, 1999.

[32] W. T. Cade, “Diabetes-related microvascular and macrovas-
cular diseases in the physical therapy setting,” Physical Ther-
apy, vol. 88, no. 11, pp. 1322–1335, 2008.

[33] S. Wild, G. Roglic, A. Green, R. Sicree, and H. King, “Global
prevalence of diabetes: estimates for the year 2000 and pro-
jections for 2030,” Diabetes Care, vol. 27, no. 5, pp. 1047–
1053, 2004.

8 Mediators of Inflammation



[34] American Diabetes Association, “2. Classification and diag-
nosis of diabetes,” Diabetes Care, vol. 39, Supplement 1,
pp. S13–S22, 2015.

[35] M. A. Atkinson, G. S. Eisenbarth, and A. W. Michels, “Type 1
diabetes,” The Lancet, vol. 383, no. 9911, pp. 69–82, 2014.

[36] D. M. Maahs, N. A. West, J. M. Lawrence, and E. J. Mayer-
Davis, “Epidemiology of type 1 diabetes,” Endocrinology
and Metabolism Clinics of North America, vol. 39, no. 3,
pp. 481–497, 2010.

[37] American Diabetes Association, “Diagnosis and classification
of diabetes mellitus,” Diabetes Care, vol. 33, Supplement 1,
pp. S62–S69, 2009.

[38] D. V. Serreze and E. H. Leiter, “Genes and cellular require-
ments for autoimmune diabetes susceptibility in nonobese
diabetic mice,” Current Directions in Autoimmunity, vol. 4,
pp. 31–67, 2001.

[39] J. Kaprio, J. Tuomilehto, M. Koskenvuo et al., “Concordance
for type 1 (insulin-dependent) and type 2 (non-insulin-
dependent) diabetes mellitus in a population-based cohort
of twins in Finland,” Diabetologia, vol. 35, no. 11, pp. 1060–
1067, 1992.

[40] O. Vaarala, M. A. Atkinson, and J. Neu, “The “perfect storm”
for type 1 diabetes: the complex interplay between intestinal
microbiota, gut permeability, and mucosal immunity,” Dia-
betes, vol. 57, no. 10, pp. 2555–2562, 2008.

[41] M. Cnop, N. Welsh, J. C. Jonas, A. Jorns, S. Lenzen, and D. L.
Eizirik, “Mechanisms of pancreatic β-cell death in type 1 and
type 2 diabetes: many differences, few similarities,” Diabetes,
vol. 54, Supplement 2, pp. S97–S107, 2005.

[42] J. A. Emamaullee, J. Davis, S. Merani et al., “Inhibition of
Th17 cells regulates autoimmune diabetes in NOD mice,”
Diabetes, vol. 58, no. 6, pp. 1302–1311, 2009.

[43] H. E. Thomas, R. Darwiche, J. A. Corbett, and T. W. H. Kay,
“Interleukin-1 plus γ-interferon-induced pancreatic β-cell
dysfunction is mediated by β-cell nitric oxide production,”
Diabetes, vol. 51, no. 2, pp. 311–316, 2002.

[44] L. F. Lee, B. Xu, S. A. Michie et al., “The role of TNF-α in the
pathogenesis of type 1 diabetes in the nonobese diabetic
mouse: analysis of dendritic cell maturation,” Proceedings of
the National Academy of Sciences of the United States of
America, vol. 102, no. 44, pp. 15995–16000, 2005.

[45] J. M. Zhang and J. An, “Cytokines, inflammation, and pain,”
International Anesthesiology Clinics, vol. 45, no. 2, pp. 27–37,
2007.

[46] A. J. F. King, “The use of animal models in diabetes research,”
British Journal of Pharmacology, vol. 166, no. 3, pp. 877–894,
2012.

[47] J. W. Yoon and H. S. Jun, “Autoimmune destruction of pan-
creatic β cells,” American Journal of Therapeutics, vol. 12,
no. 6, pp. 580–591, 2005.

[48] P. Höglund, J. Mintern, C. Waltzinger, W. Heath, C. Benoist,
and D. Mathis, “Initiation of autoimmune diabetes by devel-
opmentally regulated presentation of islet cell antigens in the
pancreatic lymph nodes,” Journal of Experimental Medicine,
vol. 189, no. 2, pp. 331–339, 1999.

[49] R. Bottino, P. Lemarchand, M. Trucco, and N. Giannoukakis,
“Gene- and cell-based therapeutics for type I diabetes melli-
tus,” Gene Therapy, vol. 10, no. 10, pp. 875–889, 2003.

[50] M. Thunander, H. Thorgeirsson, C. Törn, C. Petersson, and
M. Landin-Olsson, “β-Cell function and metabolic control
in latent autoimmune diabetes in adults with early insulin

versus conventional treatment: a 3-year follow-up,” European
Journal of Endocrinology, vol. 164, no. 2, pp. 239–245, 2011.

[51] P. Pirot, A. K. Cardozo, and D. L. Eizirik, “Mediators and
mechanisms of pancreatic beta-cell death in type 1 diabetes,”
Arquivos Brasileiros de Endocrinologia & Metabologia,
vol. 52, no. 2, pp. 156–165, 2008.

[52] S. A. Tersey, Y. Nishiki, A. T. Templin et al., “Islet β-cell
endoplasmic reticulum stress precedes the onset of type 1 dia-
betes in the nonobese diabetic mouse model,” Diabetes,
vol. 61, no. 4, pp. 818–827, 2012.

[53] G. Klöppel, M. Löhr, K. Habich, M. Oberholzer, and P. U.
Heitz, “Islet pathology and the pathogenesis of type 1 and
type 2 diabetes mellitus revisited,” Survey and Synthesis of
Pathology Research, vol. 4, no. 2, pp. 110–125, 1985.

[54] J. R. Bradley, “TNF-mediated inflammatory disease,” The
Journal of Pathology, vol. 214, no. 2, pp. 149–160, 2008.

[55] T. Horiuchi, H. Mitoma, S. I. Harashima, H. Tsukamoto, and
T. Shimoda, “Transmembrane TNF-α: structure, function
and interaction with anti-TNF agents,” Rheumatology,
vol. 49, no. 7, pp. 1215–1228, 2010.

[56] M. D. McKenzie, E. M. Carrington, T. Kaufmann et al.,
“Proapoptotic BH3-only protein Bid is essential for death
receptor–induced apoptosis of pancreatic β-cells,” Diabetes,
vol. 57, no. 5, pp. 1284–1292, 2008.

[57] M. Arnush, A. L. Scarim, M. R. Heitmeier, C. B. Kelly, and
J. A. Corbett, “Potential role of resident islet macrophage acti-
vation in the initiation of autoimmune diabetes,” The Journal
of Immunology, vol. 160, no. 6, pp. 2684–2691, 1998.

[58] E. A. Green and R. A. Flavell, “The temporal importance of
TNFα expression in the development of diabetes,” Immunity,
vol. 12, no. 5, pp. 459–469, 2000.

[59] J. Cantor and K. Haskins, “Effector function of diabetogenic
CD4 Th1 T cell clones: a central role for TNF-α,” The Journal
of Immunology, vol. 175, no. 11, pp. 7738–7745, 2005.

[60] J. He and K. Haskins, “Pathogenicity of T helper 2 T-cell
clones from T-cell receptor transgenic non-obese diabetic
mice is determined by tumour necrosis factor-α,” Immunol-
ogy, vol. 123, no. 1, pp. 108–117, 2008.

[61] M. Koulmanda, M. Bhasin, Z. Awdeh et al., “The role of TNF-
α in mice with type 1- and 2- diabetes,” PLoS One, vol. 7,
no. 5, article e33254, 2004.

[62] X. D. Yang, R. Tisch, S. M. Singer et al., “Effect of tumor
necrosis factor alpha on insulin-dependent diabetes mellitus
in NOD mice. I. The early development of autoimmunity
and the diabetogenic process,” Journal of Experimental Med-
icine, vol. 180, no. 3, pp. 995–1004, 1994.

[63] C. Sano, K. Sato, T. Shimizu, H. Kajitani, H. Kawauchi, and
H. Tomioka, “The modulating effects of proinflammatory
cytokines interferon-gamma (IFN-γ) and tumour necrosis
factor-alpha (TNF-α), and immunoregulating cytokines IL-
10 and transforming growth factor-beta (TGF-β), on anti-
microbial activity of murine peritoneal macrophages against
Mycobacterium avium-intracellulare complex,” Clinical &
Experimental Immunology, vol. 115, no. 3, pp. 435–442, 1999.

[64] D. L. Eizirik, F. Moore, D. Flamez, and F. Ortis, “Use of a sys-
tems biology approach to understand pancreatic β-cell death
in type 1 diabetes,” Biochem Soc Trans, vol. 36, no. 3, pp. 321–
327, 2008.

[65] I. L. Campbell, T. W. Kay, L. Oxbrow, and L. C. Harrison,
“Essential role for interferon-gamma and interleukin-6 in
autoimmune insulin-dependent diabetes in NOD/Wehi

9Mediators of Inflammation



mice,” Journal of Clinical Investigation, vol. 87, no. 2,
pp. 739–742, 1991.

[66] F. Nicoletti, P. Zaccone, R. di Marco et al., “The effects of a
nonimmunogenic form of murine soluble interferon-
gamma receptor on the development of autoimmune diabetes
in the NOD mouse,” Endocrinology, vol. 137, no. 12,
pp. 5567–5575, 1996.

[67] F. Moore, M. L. Colli, M. Cnop et al., “PTPN2, a candidate
gene for type 1 diabetes, modulates interferon-γ–induced
pancreatic β-cell apoptosis,” Diabetes, vol. 58, no. 6,
pp. 1283–1291, 2009.

[68] Z. Yi, L. Li, A. Garland et al., “IFN-γ receptor deficiency pre-
vents diabetes induction by diabetogenic CD4+, but not
CD8+, T cells,” European Journal of Immunology, vol. 42,
no. 8, pp. 2010–2018, 2012.

[69] D. V. Serreze, C. M. Post, H. D. Chapman, E. A. Johnson,
B. Lu, and P. B. Rothman, “Interferon-gamma receptor sig-
naling is dispensable in the development of autoimmune type
1 diabetes in NOD mice,” Diabetes, vol. 49, no. 12, pp. 2007–
2011, 2000.

[70] C. A. Dinarello, “The interleukin-1 family: 10 years of discov-
ery,” The FASEB Journal, vol. 8, no. 15, pp. 1314–1325, 1994.

[71] K. Wang, F. Song, A. Fernandez-Escobar, G. Luo, J. H. Wang,
and Y. Sun, “The properties of cytokines in multiple sclerosis:
pros and cons,” The American Journal of theMedical Sciences,
vol. 356, no. 6, pp. 552–560, 2018.

[72] T. Mandrup-Poulsen, “The role of interleukin-1 in the path-
ogenesis of IDDM,” Diabetologia, vol. 39, no. 9, pp. 1005–
1029, 1996.

[73] K. Yamada, N. Takane-Gyotoku, X. Yuan, F. Ichikawa,
C. Inada, and K. Nonaka, “Mouse islet cell lysis mediated by
interleukin-1-induced Fas,” Diabetologia, vol. 39, no. 11,
pp. 1306–1312, 1996.

[74] K. Hostens, D. Pavlovic, Y. Zambre et al., “Exposure of
human islets to cytokines can result in disproportionately ele-
vated proinsulin release,” Journal of Clinical Investigation,
vol. 104, no. 1, pp. 67–72, 1999.

[75] M. Ohara-Imaizumi, A. K. Cardozo, T. Kikuta, D. L. Eizirik,
and S. Nagamatsu, “The cytokine interleukin-1β reduces
the docking and fusion of insulin granules in pancreatic β-
cells, preferentially decreasing the first phase of exocytosis,”
Journal of Biological Chemistry, vol. 279, no. 40, pp. 41271–
41274, 2004.

[76] C. D. Major and B. A. Wolf, “Interleukin-1β stimulation of c-
Jun NH2-terminal kinase activity in insulin-secreting cells:
evidence for cytoplasmic restriction,” Diabetes, vol. 50,
no. 12, pp. 2721–2728, 2001.

[77] D. L. Eizirik and T. Mandrup-Poulsen, “A choice of death –
the signal-transduction of immune-mediated beta-cell apo-
ptosis,” Diabetologia, vol. 44, no. 12, pp. 2115–2133, 2001.

[78] S. Sanda, J. Bollyky, N. Standifer, G. Nepom, J. A. Hamerman,
and C. Greenbaum, “Short-term IL-1β blockade reduces
monocyte CD11b integrin expression in an IL-8 dependent
fashion in patients with type 1 diabetes,” Clinical Immunol-
ogy, vol. 136, no. 2, pp. 170–173, 2010.

[79] T. Mandrup-Poulsen, “Interleukin-1 antagonists and other
cytokine blockade strategies for type 1 diabetes,” The Review
of Diabetic Studies, vol. 9, no. 4, pp. 338–347, 2012.

[80] H. U. Kataoka and H. Noguchi, “ER stress and β-cell patho-
genesis of type 1 and type 2 diabetes and islet transplanta-
tion,” Cell Medicine, vol. 5, no. 2-3, pp. 53–57, 2013.

[81] B. Kutlu, A. K. Cardozo, M. I. Darville et al., “Discovery of
gene networks regulating cytokine-induced dysfunction and
apoptosis in insulin-producing INS-1 cells,” Diabetes,
vol. 52, no. 11, pp. 2701–2719, 2003.

[82] A. K. Cardozo, H. Heimberg, Y. Heremans et al., “A compre-
hensive analysis of cytokine-induced and nuclear factor-κB-
dependent genes in primary rat pancreatic β-cells,” Journal
of Biological Chemistry, vol. 276, no. 52, pp. 48879–48886,
2001.

[83] G. Kwon, J. A. Corbett, C. P. Rodi, P. Sullivan, and M. L.
McDaniel, “Interleukin-1 beta-induced nitric oxide synthase
expression by rat pancreatic beta-cells: evidence for the
involvement of nuclear factor kappa B in the signaling mech-
anism,” Endocrinology, vol. 136, no. 11, pp. 4790–4795, 1995.

[84] C. A. Dinarello, “Interleukin-1,” Cytokine & Growth Factor
Reviews, vol. 8, no. 4, pp. 253–265, 1997.

[85] K. Burns, F. Martinon, C. Esslinger et al., “MyD88, an adapter
protein involved in interleukin-1 signaling,” Journal of Bio-
logical Chemistry, vol. 273, no. 20, pp. 12203–12209, 1998.

[86] K. Burns, J. Clatworthy, L. Martin et al., “Tollip, a new com-
ponent of the IL-1RI pathway, links IRAK to the IL-1 recep-
tor,” Nature Cell Biology, vol. 2, no. 6, pp. 346–351, 2000.

[87] T. T. Yamin and D. K. Miller, “The interleukin-1 receptor-
associated kinase is degraded by proteasomes following its
phosphorylation,” Journal of Biological Chemistry, vol. 272,
no. 34, pp. 21540–21547, 1997.

[88] S. A. G. Reddy, J. H. Huang, and W. S. L. Liao, “Phos-
phatidylinositol 3-kinase in interleukin 1 signaling. Physical
interaction with the interleukin 1 receptor and requirement
in NFκB and AP-1 activation,” Journal of Biological Chemis-
try, vol. 272, no. 46, pp. 29167–29173, 1997.

[89] F. Ortis, P. Pirot, N. Naamane et al., “Induction of nuclear
factor-κB and its downstream genes by TNF-α and IL-1β
has a pro-apoptotic role in pancreatic beta cells,” Diabetolo-
gia, vol. 51, no. 7, pp. 1213–1225, 2008.

[90] M. Flodströma, N. Welsh, and D. L. Eizirik, “Cytokines acti-
vate the nuclear factor κB (NF-κB) and induce nitric oxide
production in human pancreatic islets,” FEBS Letters,
vol. 385, no. 1-2, pp. 4–6, 1996.

[91] B. Emanuelli, M. Glondu, C. Filloux, P. Peraldi, and E. van
Obberghen, “The potential role of SOCS-3 in the interleu-
kin-1β-induced desensitization of insulin signaling in pan-
creatic beta-cells,” Diabetes, vol. 53, Supplement 3, pp. S97–
S103, 2004.

[92] C. Bruun, P. E. Heding, S. G. Rønn et al., “Suppressor of cyto-
kine signalling-3 inhibits tumor necrosis factor-alpha
induced apoptosis and signalling in beta cells,” Molecular
and Cellular Endocrinology, vol. 311, no. 1-2, pp. 32–38, 2009.

[93] F. Ortis, A. K. Cardozo, D. Crispim, J. Störling, T. Mandrup-
Poulsen, and D. L. Eizirik, “Cytokine-induced proapoptotic
gene expression in insulin-producing cells is related to rapid,
sustained, and nonoscillatory nuclear factor-κB activation,”
Molecular Endocrinology, vol. 20, no. 8, pp. 1867–1879, 2006.

[94] D. Kägi, A. Ho, B. Odermatt, A. Zakarian, P. S. Ohashi, and
T. W. Mak, “TNF receptor 1-dependent β cell toxicity as an
effector pathway in autoimmune diabetes,” The Journal of
Immunology, vol. 162, no. 8, pp. 4598–4605, 1999.

[95] H. Hsu, J. Huang, H. B. Shu, V. Baichwal, and D. V. Goeddel,
“TNF-dependent recruitment of the protein kinase RIP to the
TNF receptor-1 signaling complex,” Immunity, vol. 4, no. 4,
pp. 387–396, 1996.

10 Mediators of Inflammation



[96] A. Devin, A. Cook, Y. Lin, Y. Rodriguez, M. Kelliher, and
Z. G. Liu, “The distinct roles of TRAF2 and RIP in IKK acti-
vation by TNF-R1: TRAF2 recruits IKK to TNF-R1 while RIP
mediates IKK activation,” Immunity, vol. 12, no. 4, pp. 419–
429, 2000.

[97] H. E. Kim, S. E. Choi, S. J. Lee et al., “Tumour necrosis factor-
α-induced glucose-stimulated insulin secretion inhibition in
INS-1 cells is ascribed to a reduction of the glucose-
stimulated Ca2+ influx,” Journal of Endocrinology, vol. 198,
no. 3, pp. 549–560, 2008.

[98] M. A. Farrar and R. D. Schreiber, “The molecular cell biology
of interferon-γ and its receptor,” Annual Review of Immunol-
ogy, vol. 11, no. 1, pp. 571–611, 1993.

[99] W. T. Windsor, L. J. Walter, R. Syto et al., “Purification and
crystallization of a complex between human interferon γ
receptor (extracellular domain) and human interferon γ,”
Proteins: Structure, Function, and Genetics, vol. 26, no. 1,
pp. 108–114, 1996.

[100] G. Tau and P. Rothman, “Biologic functions of the IFN-γ
receptors,” Allergy, vol. 54, no. 12, pp. 1233–1251, 1999.

[101] J. Briscoe, D. Guschin, N. C. Rogers et al., “JAKs, STATs and
signal transduction in response to the interferons and other
cytokines,” Philosophical Transactions of the Royal Society of
London, Series B: Biological Sciences, vol. 351, no. 1336,
pp. 167–171, 1996.

[102] K. Takeda and S. Akira, “STAT family of transcription factors
in cytokine-mediated biological responses,” Cytokine &
Growth Factor Reviews, vol. 11, no. 3, pp. 199–207, 2000.

[103] H. S. Kim, M. S. Han, K. W. Chung et al., “Toll-like receptor 2
senses β-cell death and contributes to the initiation of auto-
immune diabetes,” Immunity, vol. 27, no. 2, pp. 321–333,
2007.

[104] H. I. Callewaert, C. A. Gysemans, L. Ladrière et al., “Deletion
of STAT-1 pancreatic islets protects against streptozotocin-
induced diabetes and early graft failure but not against late
rejection,” Diabetes, vol. 56, no. 8, pp. 2169–2173, 2007.

[105] F. Moore, N. Naamane, M. L. Colli et al., “STAT1 is a master
regulator of pancreatic β-cell apoptosis and islet inflamma-
tion,” Journal of Biological Chemistry, vol. 286, no. 2,
pp. 929–941, 2011.

[106] C. A. Gysemans, L. Ladriere, H. Callewaert et al., “Disruption
of the γ-interferon signaling pathway at the level of signal
transducer and activator of transcription-1 prevents immune
destruction of β-cells,” Diabetes, vol. 54, no. 8, pp. 2396–
2403, 2005.

[107] G. Pérez-Arana, M. Blandino-Rosano, A. Prada-Oliveira,
M. Aguilar-Diosdado, and C. Segundo, “Decrease in β-cell
proliferation precedes apoptosis during diabetes develop-
ment in Bio-Breeding/Worcester rat: beneficial role of Exen-
din-4,” Endocrinology, vol. 151, no. 6, pp. 2538–2546, 2010.

[108] D. L. Eizirik and M. I. Darville, “beta-cell apoptosis and
defense mechanisms: lessons from type 1 diabetes,” Diabetes,
vol. 50, Supplement 1, pp. S64–S69, 2001.

[109] C. Holohan, E. Szegezdi, T. Ritter, T. O'Brien, and A. Samali,
“Cytokine‐induced β‐cell apoptosis is NO‐dependent,
mitochondria‐mediated and inhibited by BCL‐XL,” Journal
of Cellular and Molecular Medicine, vol. 12, no. 2, pp. 591–
606, 2008.

[110] W. S. Alexander, “Suppressors of cytokine signalling (SOCS)
in the immune system,” Nature Reviews Immunology, vol. 2,
no. 6, pp. 410–416, 2002.

[111] C. Gysemans, H. Callewaert, L. Overbergh, and C. Mathieu,
“Cytokine signalling in the β-cell: a dual role for IFNγ,” Bio-
chemical Society Transactions, vol. 36, no. 3, pp. 328–333,
2008.

[112] M. Flodstrom-Tullberg, D. Yadav, R. Hagerkvist et al., “Tar-
get cell expression of suppressor of cytokine signaling-1 pre-
vents diabetes in the NOD mouse,” Diabetes, vol. 52, no. 11,
pp. 2696–2700, 2003.

[113] M. M. W. Chong, Y. Chen, R. Darwiche et al., “Suppressor of
cytokine signaling-1 overexpression protects pancreatic β
cells from CD8+ T cell-mediated autoimmune destruction,”
The Journal of Immunology, vol. 172, no. 9, pp. 5714–5721,
2004.

11Mediators of Inflammation



Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

MEDIATORS
INFLAMMATION

of

Endocrinology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Disease Markers

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Oncology
Journal of

Hindawi
www.hindawi.com Volume 2013

Hindawi
www.hindawi.com Volume 2018

Oxidative Medicine and 
Cellular Longevity

Hindawi
www.hindawi.com Volume 2018

PPAR Research

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Immunology Research
Hindawi
www.hindawi.com Volume 2018

Journal of

Obesity
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

 Computational and  
Mathematical Methods 
in Medicine

Hindawi
www.hindawi.com Volume 2018

Behavioural 
Neurology

Ophthalmology
Journal of

Hindawi
www.hindawi.com Volume 2018

Diabetes Research
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Research and Treatment
AIDS

Hindawi
www.hindawi.com Volume 2018

Gastroenterology 
Research and Practice

Hindawi
www.hindawi.com Volume 2018

Parkinson’s 
Disease

Evidence-Based 
Complementary and
Alternative Medicine

Volume 2018
Hindawi
www.hindawi.com

Submit your manuscripts at
www.hindawi.com

https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/mi/
https://www.hindawi.com/journals/ije/
https://www.hindawi.com/journals/dm/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/jo/
https://www.hindawi.com/journals/omcl/
https://www.hindawi.com/journals/ppar/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/jir/
https://www.hindawi.com/journals/jobe/
https://www.hindawi.com/journals/cmmm/
https://www.hindawi.com/journals/bn/
https://www.hindawi.com/journals/joph/
https://www.hindawi.com/journals/jdr/
https://www.hindawi.com/journals/art/
https://www.hindawi.com/journals/grp/
https://www.hindawi.com/journals/pd/
https://www.hindawi.com/journals/ecam/
https://www.hindawi.com/
https://www.hindawi.com/

