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The research in the past decades has revealed a critical link
between metabolic disorders and inflammation, which leads
to a concept called “metaflammation.” Metaflammation is
a form of low-grade systemic and chronic inflammation
related to excess nutrients and energy [1, 2]. There has been
increasing evidence showing diabetes is an inflammatory dis-
ease. Type 1 diabetes (T1DM), characterized by autoimmune-
mediated destruction of pancreatic 𝛽 cells and insufficient
secretion of insulin, has long been considered as an inflam-
matory disease. Not until the early 1990s, however, was type
2 diabetes (T2DM) linked to inflammatory response [3].
T2DM is manifested by peripheral insulin resistance and
aberrant production of insulin, accompanied by chronic low
grade inflammation in peripheral tissues such as adipose
tissue, liver, and muscle. In the last decades, there has been
growing evidence linking obesity and insulin resistance to
inflammation [2–4]. Given the significant roles inflammation
plays in its pathogenesis, T2DM is now being redefined as
an immune disorder [5–7]. In addition to diabetes, many
other metabolic disorders have also been associated with
inflammation [2]. This special issue showcases a number
original research articles and review papers on the topic of
inflammatory regulation in metabolic dysfunction.

Animal models are useful tools to study pathogenic
mechanisms including inflammation in diabetes. In this
special issue, Y. Takeda et al. introduced a number of rat
models of diabetes and discussed the immune features in
those diabetic rat models. A better understanding of the

immune responses in different diabetes models may help the
researchers choose an appropriate model in their studies.

Innate immune response has long been recognized to
play an essential role in the development of diabetes and
metabolic regulation [2]. Y. I. Sánchez-Zamora et al. reported
a novel role formacrophagemigration inhibitory factor (Mif)
in regulating macrophage/dendritic cell response and T1DM.
Using a STZ-induced diabetesmodel andMif knockoutmice,
their study suggested that Mif upregulates the expressions of
MHC-II, costimulatory molecules CD80, CD86, and CD40,
Toll-like receptor- (TLR-) 2, and TLR-4 and thus promotes
the activation of macrophage/dendritic cell response andTh1
response in T1DM. J. Juwono and R. D. Martinus reviewed
the role of heat shock protein 60 (Hsp60), a mitochondrial
stress protein, in the pathogenesis of T1DM and T2DM. Y.
Wang et al. summarized the role of HMGB1, an endogenous
danger signal molecule in the development of T2DM. In
recent years, the role of adaptive immunity in T2DM has
also been emphasized [4, 8–10]. In this issue, C. Xia et al.
reviewed the recent progress in understanding the role of
T lymphocyte-mediated adaptive immune response in the
inflammatory regulation of T2DM.

Cytokines are important regulators of inflammation in
a number of disease conditions. Z. Wang et al. examined
the inflammatory markers in prediabetes by analyzing 215
patients with prediabetes, 126 cases of newly diagnosed
T2DM, and 219 controls with normal glucose tolerance.
Plasma Hs-CRP, IgE, IL-4, IL-10, and tryptase levels were
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identified to increase in prediabetes and early T2DM. C. S.
Nunemaker addressed the differences in the inflammatory
cytokines from the perspective of the pancreatic islet in type
1 versus type 2 diabetes and proposed to consider alternative
models of cytokine exposure to reflect the pancreatic environ-
ment in T2DM more accurately. H. Jin et al. demonstrated
in an original research article that increased IL-6 level in
collagen-induced arthritis was associated with elevated fast-
ing blood glucose and reduced fasting insulin level. This may
be caused by IL-6-induced activation of caspase-3 and loss
of pancreatic islet cell. L. Duan et al. reported an association
between serum IL-33 and lipid metabolism dysfunction, a
common reason for kidney injury in gout. In addition, IL-33
was higher in gout patients without kidney injury compared
to patients with kidney injury, suggesting a potential role of
IL-33 in lipid metabolism and kidney injury in gout patients.

Collectively, all research papers and review articles in
this special issue highlight the current status of research in
the area of inflammatory regulation in metabolic disorders.
Despite the rapid growth in this area, we still have a long way
to go to fully understand the inflammatory mechanisms of
metabolic disorders.
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A better understanding of pathogenic mechanisms is required in order to treat diseases. However, the mechanisms of diabetes
mellitus and diabetic complications are extremely complex. Immune reactions are involved in the pathogenesis of diabetes and its
complications, while diabetes influences immune reactions. Furthermore, both diabetes and immune reactions are influenced by
genetic and environmental factors. To address these issues, animalmodels are useful tools. So far, various animalmodels of diabetes
have been developed in rats, which have advantages overmicemodels in terms of the larger volume of tissue samples and the variety
of type 2 diabetes models. In this review, we introduce rat models of diabetes and summarize the immune reactions in diabetic
rat models. Finally, we speculate on the relationship between immune reactions and diabetic episodes. For example, diabetes-
prone Biobreeding rats, type 1 diabetes model rats, exhibit increased autoreactive cellular and inflammatory immune reactions,
while Goto-Kakizaki rats, type 2 diabetes model rats, exhibit increased Th2 reactions and attenuation of phagocytic activity.
Investigation of immunological abnormalities in various diabetic rat models is useful for elucidating complicated mechanisms
in the pathophysiology of diabetes. Studying immunological alterations, such as predominance of Th1/17 or Th2 cells, humoral
immunity, and innate immune reactions, may improve understanding the structure of amplification circuits for diabetes in future
studies.

1. Introduction

The prevalence of diabetes mellitus (DM) is increasing
in developed countries, including Japan. Obesity, which is
caused by abnormalities in lifestyles, such as diet, nutrition,
and physical activity, is themost important risk factor for type
2 diabetes mellitus. Obesity, a determinant in the pathogen-
esis of diabetes and diabetic complications, is also associated
with various immune reactions in patients with diabetes. An
accumulation of information on immune reactions associ-
ated with diabetic episodes is required in order to achieve a
better understanding of its pathogenic mechanisms. Animal
models of DM are useful for investigating the relationship
between immune reactions and diabetic episodes.

In recent years, various type 2 DM models have been
developed in rats. Rat models have the advantage over mice
models that a higher volume of blood and tissue samples

can be obtained from rats. For example, peripheral blood
from rats can be collected in more than 10-fold volume
as compared to blood from mice. For clinical examination,
blood specimens from humans usually consist of peripheral
blood, and therefore, the diabetic rat is a valuable experimen-
tal model for application to laboratory test. In this review,
we summarize the diverse diabetic rat models and discuss
the relationship between diabetic episodes and immune
reactions.

2. Drug-Induced DM

Streptozotocin (STZ) and alloxan are often used for the
induction of type 1 DM in animal models. These reagents
cause the production of reactive oxygen species in the 𝛽 cells
of the pancreas, resulting in 𝛽 cell death [1, 2]. Although these
models of type 1 diabetes are useful for investigating the effect
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of high glucose conditions on immune responses without
obesity, they are not suitable for investigation of autoimmune
reactivity to 𝛽 cells, which is known to be amajormechanism
in the causation of type 1 diabetes in humans. Furthermore,
Muller et al. clearly demonstrated that STZ both directly and
indirectly induces suppressive effect on lymphocytes in mice
[3].The evaluation of immune responses in the drug-induced
DMmodels must be carefully considered.

Alloxan also has a suppressive effect on lymphocytes [4].
However, Gaulton et al. reported that the effect of alloxan on
lymphocytes is transient and concluded that alloxan-induced
diabetes, but not STZ-induced diabetes, provides a useful
model for evaluating immunological changes associated with
hyperglycemia and diabetes [4]. Therefore, we focus on the
alloxan-induced diabetes model in relation to immunity in
this review.

The reason why only alloxan shows transient effect on
lymphocyte remains unclear. The most likely reason is that
the source of generated reactive oxygen species is different
in the pharmacological action of alloxan and STZ. Alloxan
is more unstable than STZ and is rapidly taken up into
insulin-producing cells (𝛽 cells) and liver. The highly reac-
tive hydroxyl radicals are formed by the Fenton reaction.
However, the liver and other tissues are more resistant to
reactive oxygen species in comparison to pancreatic 𝛽 cells
[1]. On the other hand, STZ enters into the cells via glucose
transporter and then causes alkylation of DNA.DNAdamage
induces activation of poly-ADP-ribosylation, which leads
to depletion of cellular NAD+ and ATP. Enhanced ATP
dephosphorylation supplies a substrate for xanthine oxidase,
resulting in the formation of superoxide radicals [1]. It is
well known that T lymphocytes (T cells) also express the
glucose transporter during proliferation [5] and that the cells
are always accompanied with poly-ADP-ribosylation dur-
ing proliferation [6, 7]. Therefore, inappropriate poly-ADP-
ribosylation induced by STZ may be involved in irreversible
impairment of T cell function.

In alloxan-induced diabetic rats, both cellular immunity
and humoral immunity are impaired by hyperglycemia [4, 8].
Phagocytosis by alveolar macrophages from alloxan-DM rats
is also impaired [9].These findings are summarized in Table 1.

Impairment of both cellular and humoral immunity in
DMwas induced by dysfunction of lymphocyte proliferation,
which is suppressed under high glucose conditions [8].
Impairment of phagocytosis is also induced by deficient
coupling of the leukotriene receptor with the Fc𝛾 receptor
signaling cascade [9]. Stimulation with insulin to augment
cell membrane kinetics plays a key role in this coupling
[9]. These previous reports make it possible to propose that
acquired immunity is regulated by glucose concentration and
innate immunity is maintained by the secretion of insulin.

Recently, accumulating evidences have demonstrated that
glucose is a key metabolic substrate for T cells as below [5]:
näıve T cells mature and exit from the thymus primarily
relying on oxidize glucose-derived pyruvate in their mito-
chondria via oxidative phosphorylation (OXPHOS) for their
metabolic needs to generate cellular ATP. In the secondary
lymphoid organs, memory T cells are a quiescent population
of the cells that primarily use OXPHOS, but both OXPHOS

and glycolysis increase rapidly after antigen rechallenge and
facilitate their recall responses. On the other hand, chronic
hyperglycemic conditions result in reduction of cellular ATP
levels by O-GlcNAcylation of protein subunits of mito-
chondrial respiratory complexes I, III, and IV, intimately
associated with normative cellular bioenergetics and ATP
production [10]. Therefore, hyperglycemic conditions induce
the dysfunction of mitochondrial respiration. These reports
allow us to speculate that hyperglycemic condition with
mitochondrial dysfunction may inhibit the primary T cell
expansion and thememory T cellmaintenance in the diabetic
model rats.

STZ doses of 65∼70mg/kg are often used for inducing
type 1 DM in rats. In some studies, lower doses of STZ,
30∼35mg/kg, were employed to create a type 2 DM model
[11, 12]. Obese and hyperglycemic rats, such as high-fat diet-
fed Sprague-Dawley (SD) rats and Zucker fatty rats, were
treated with low doses of STZ in order to reduce insulin
secretion.The exhaustion of 𝛽 cells was artificially induced in
these type 2 diabetes models. To our knowledge, there have
been no reports on immunological observations using these
low dose-STZ-induced diabetes models.

3. Type 1 DM Models

Type 1 DM, with a prevalence that is <5% of the prevalence
of total DM cases, is considered an autoimmune disease.
However, type 1 DM is known to occur through various
pathological processes. For example, fulminant type 1 DM,
which represents 20% of acute-onset type 1 DM, is not related
to autoreactive immune responses [13]. Other pathological
processes, such as slowly progressive insulin-dependent (type
1) diabetes mellitus (SPIDDM), or latent autoimmune dia-
betes in adults (LADA), which result fromgradual distraction
of islets of Langerhans in pancreas through an autoimmune
response, are difficult to distinguish from type 2 DM [14, 15].
Thus, the pathological processes of type 1 DM are variable in
humans.

Diabetes-prone Biobreeding (DP-BB) rats are a known
type 1 DM-rat model. Th1 and Th17 responses are domi-
nant, and moreover, the T cell receptor (TCR) repertoire
is decreased in DP-BB rats due to T-lymphocytopenia [16].
These abnormalities trigger the onset of DM, as summarized
in Table 1.

RT 1u haplotype and a mutation in the Gimap5 gene
are known to be the genetic factors involved in the onset of
diabetes in DP-BB rats [17, 18]. Gimap5 plays a key role in
antiapoptosis and calcium signaling in T cells. Dysfunction of
Gimap5 induces lymphopenia and inhibits the accumulation
of a normal T cell pool, including regulatory subsets [19,
20]. Lymphopenia is considered a cause of an autoimmune
reaction in DP-BB rats. On the other hand, diabetes resistant-
BB (DR-BB) rats have a normal Gimap5 gene. When T cells
are modulated by irradiation, or whenTh1 immune reactions
are activated by virus infection, DR-BB rats also develop type
1 DM [21–23].

Recently, the inhibition of costimulatory signaling for
T cell activation or transplantation of regulatory T cells
has been shown to prevent the onset of DM using DP-BB
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Table 1: Summary of immunological abnormalities in rat models of diabetes mellitus.

Cell type (subset) Abnormality Effect
Alloxan-induced diabetic rats (type 1 diabetes mellitus)

T cells Reduced T cell proliferation
Downregulation of cellular
immunity and humoral

immunity
Monocyte/macrophage Impaired phagocytosis (Susceptibility to infection?)
DP-BB rat

CD4 helper T cells T cell lymphopenia
(Reduction of TCR repertoire) Increase of autoreactivity

Th1 Increase of ratio Augmentation of cellular
immunity

Th17 Increase of ratio Augmentation of inflammation

CD8 cytotoxic T cells Decrease in cell number
(Reduction in TCR repertoire) Increase of autoreactivity

Zucker fatty (ZF) rats

T cells Decrease in cell number
(CD4+ and CD8+)

Unknown
(Impaired response?)

B cells Augmentation of immunoglobulin (IgM,
IgA, and IgG) production

Unknown
(Autoreactive?)

Macrophages, (monocytes, dendritic cells)
Increase in cell number

Augmentation of nitric oxide production
Augmentation of inflammatory cytokine

production

Augmentation of inflammatory
responses

G-K rats

T cells Increase in cell ratio
Th2 dominant Unknown

B cells Decrease in cell ratio
Augmentation of natural IgM production

Unknown
(Autoreactive?)

Monocytes Attenuation of phagocytic activity Unknown
(Susceptibility to infection)

rats [24–26]. In the future, repertoire or autoreactive antigen
analysis of autoreactive T cells and regulatory T cells in
DP-BB or DR-BB rats will be useful for the investigation
of various pathological mechanisms in type 1 DM, such as
fulminant type 1 DM, acute-onset type 1 DM, SPIDDM, and
LADA type 1 DM.

4. Type 2 DM Model

4.1. Type 2 DM Model with Obesity. Obesity is a major risk
factor for type 2 DM. The establishment and breeding of
obese rats have been performed for a long time. Currently,
the two main strains of obese model rats available are
leptin receptor-deficient rats (Zucker fatty, ZF) and rats with
a spontaneous lack of cholecystokinin 1 receptor (Otsuka
Long-Evans Tokushima Fatty, OLETF) [27, 28].

Immunological investigations of type 2 diabetic rats have
been performed extensively using Zucker rat strains. ZF
rats exhibit susceptibility to infection, although phagocytosis
by neutrophils and macrophages is not impaired [29, 30].
Furthermore, T-lymphocytopenia (CD4+ and CD8+ T cells)
is observed in ZF rats [31, 32]. On the other hand, the
production of immunoglobulins (IgA, IgG, and IgM), nitric
oxide, and proinflammatory cytokines (such as TNF-𝛼 and

IL-1𝛽) is augmented in ZF rats [31, 32]. These findings are
summarized in Table 1. Overall, in ZF rats, the cellular
component of acquired immunity is impaired, while innate
immunity is augmented.

A characteristic of OLETF rats is an age-dependent
onset of diabetes [33]. OLETF rats also show augmented
production of proinflammatory cytokines [34]. However, to
the best of our knowledge, there have been no reports on
acquired immune responses in OLETF rats.

Zucker strain rats were used for establishing Zucker lean
(ZL) rats and Zucker diabetic fatty (ZDF) rats [35]. Insulin
secretion is impaired in ZDF rats. Furthermore, ZDF rats
were used for breeding with Wister rats and WBN/Kob
rats, which were established to be Wistar fatty rats and
WBN/Kob-Lepr (fa) rats, respectively [36–39]. These newly
established rat strains are used in the investigation of diabetes
complications.

4.2. Type 2 DM without Obesity. Several type 2 DM model
rats exhibit glucose tolerance without obesity. These model
rats exhibit mild hyposecretion (impaired secretion) of
insulin from birth. Thus, energy metabolic efficiency is poor,
and body weight is rather less than that of normal rats [40].
These models are termed nonobese type 2 DMmodel rats.
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The Goto-Kakizaki (G-K) rat is a typical model rat of
nonobese type 2 DM. G-K rats were established by selection
of bred individuals exhibiting reduced glucose tolerance in
Wistar rats [41, 42]. G-K rats already exhibit mild hyper-
glycemia and impaired insulin secretion in response to a
glucose load at 4 weeks of age. In G-K rats, reduction and
dysplasia of 𝛽 cells in the islets of Langerhans are already
observed at embryonic stages [43], and inflammation and
fibrosis of the pancreas progress with age [44].

Presently, Rosengren et al. have demonstrated that over-
expression of alpha2A adrenergic receptor (𝛼(2A)AR) is
the cause of hyposecretion of insulin in G-K rats [45].
Overexpression of 𝛼(2A)AR on the cell membrane has been
shown to prevent membrane fusion during exocytosis in
insulin secretion. In humans, a polymorphism of 𝛼(2A)AR
gene (ADRA2A) was reportedly associated with an increased
risk for type 2 DM [46].

G-K rats exhibit mild diabetic complications, such as
retinopathy, nephropathy, and peripheral neuropathy [47].
Spontaneously Diabetic Torii (SDT) rats have severe diabetic
complications without obesity [48–51]. Recently, mating of
ZF rats with SDT rats has also been carried out: the mated
rats exhibited an increased risk of hypertension caused by
DM with obesity [52, 53]. To our knowledge, there have
been no reports on immunological abnormality in SDT
rats. The comparison between G-K rats and SDT rats is of
interest for revealing the differences between them in terms
of susceptibility to diabetic complications.

We investigated the immunological abnormalities of G-K
rats, which are described in the following section.

4.3. Immunological Abnormalities of G-K Rats. We investi-
gated immunological disorders in G-K rats, in comparison
with Wistar rats [54–56]. The results are summarized in
Table 1.There was no difference in the white blood cell counts
between the G-K rats and Wistar rats. However, the T cell
ratios in the white blood cells were increased, and B cell ratios
were decreased in G-K rats, as compared with Wistar rats.
The distinguishing feature of immunological abnormality in
G-K rats is the impairment of the phagocytic activity of
monocytes. Furthermore, natural (or innate) IgMproduction
and Th2 immune reactivity were augmented in G-K rats, as
compared with Wistar rats. These increases are diametrically
opposed to the changes observed in DP-BB rats.

To clarify the abnormality of G-K rats, immunological
parameters of peripheral blood fromG-K rats were compared
to the parameters of the blood from not only the Wister rat
strain but also the Zucker rat strains, such as Zucker lean
rats (ZL), Zucker fatty rats (ZF), and Zucker diabetic fatty
rats (ZDF) (Table 2). Although the body weight of G-K rats
gradually increased depending on their ages (∼400 g), the
insulin levels of G-K rats (1∼3 ng/mL) at the nonfasting status
were slightly higher than the levels of Wister rats.The insulin
level of ZDF peaked at 8 weeks old (15∼25 ng/mL) and then
became lower after 16 weeks old (1∼4 ng/mL), although the
body weight of ZDF was saturated during 15 to 24 weeks
old (350∼450 g). After 16 weeks old, ZDF exhibited the most
severe hyperglycemia (>600mg/dL) among the Zucker rat
strains.Theblood glucose levels ofG-K rats (200∼300mg/dL)

were lower than those of ZF rats (300∼400mg/dL), and the
body weights of ZDF rats were lower than those of ZL rats
and Wister rats. Thus, both G-K rats and ZDF rats showed
hyposecretion of insulin in response to blood glucose at 16
weeks old; however, there are great differences in the age-
dependent changes of body weight, insulin level, and blood
glucose level between G-K rats and ZDF rats.

The T cell ratios (% of CD3+) in ZDF rats were not
significantly different from those of ZL or ZF rats. The T
cell ratios of G-K rats were highest of the rat strains tested.
Interestingly, the reaction to the pathogen (increased ERK
activity upon lipopolysaccharide stimulation) of ZDF rats
was the highest among the rat strains tested [57].

We analyzed the relationships between CD11b/c and
phagocytic activity and between CD3 and body weight,
in Zucker strains and G-K/Wistar strains of diabetic rat
models (Figure 1). Phagocytic activity is associated with the
expression level of CD11b/c (Figure 1(a)). The T cell ratio
(% CD3+) in lymphocytes is inversely correlated with body
weight (Figure 1(b)). Therefore, the measurements of CD3
on lymphocytes and CD11b/c on monocytes are useful for
examining the relationship between immunity and diabetic
episodes. For example, a case with CD3 upregulation and
CD11b/c downregulation may be consistent with the patho-
logic status of G-K rats, and conversely, a case with CD3
downregulation and CD11b/c upregulationmay be analogous
to that of ZF rats. Further, a casewith upregulation of CD11b/c
and increased ERK activation corresponds to the pathologic
status of ZDF rats.

5. Measurement of Monocyte
Response and Amplification Circuits

Monocytes are important in the initiation of various immune
responses [58, 59]. Monocytes migrate into tissues from the
peripheral blood and are differentiated into inflammatory
or regulatory macrophages depending on the environmental
conditions [60–62]. Resident macrophages in various tissues
migrate during the fetal period and proliferate in each
tissue. However, up to half of the resident macrophages are
derived from peripheral blood monocytes after birth [60].
Furthermore, infections or tissue injury augment monocyte
migration into the tissue. Particularly, the intestine is known
as “monocyte fall” [63].The inflammatory response to enteric
bacteria is regulated by monocyte migration into the intes-
tine, but regulatory (anti-inflammatory) monocytes must
also maintain intestinal homeostasis [63].

It is well known that proinflammatory responses are
involved in the acceleration of arteriosclerosis and toler-
ance to insulin [64, 65]. In DM, high glucose blood is
considered to indicate a mild inflammatory status [66, 67].
Indeed, the differentiation toM1macrophages (inflammatory
type macrophages) is augmented in adipose tissue or DM
model mice [68, 69]. In contrast, chronic inflammation, such
as tumor progression, induces immunosuppressive myeloid
cells [70]. Thus, the physiological or pathological inflamma-
tory status is important for predicting disease progression.

Monocyte status is regulated not only in the tissues,
but also in the peripheral blood [71]. The interaction of
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Table 2: Comparison of various parameters between the Zucker strains and G-K/Wistar strains.

Subject ZL ZF ZDF Wistar G-K
Weight (g) 461.8 ± 31.2 620.8 ± 30.6§ 387.6 ± 6.1 411.0 ± 7.9 340.2 ± 10.4∗

Glucose (mg/dL) 163.0 ± 27.8 399.0 ± 63.6§ 636.6 ± 63.5§ 111.2 ± 15.2 227.2 ± 31.8∗

CD3 (%) 57.5 ± 3.8 40.6 ± 5.2§ 52.1 ± 1.8 50.1 ± 1.8 67.0 ± 1.4∗

CD45RA (%) 28.7 ± 3.1 33.9 ± 6.1 22.4 ± 1.7 32.7 ± 1.7 17.3 ± 1.5∗

CD11b/c (%) 90.9 ± 3.8 92.4 ± 1.6 86.4 ± 2.7 67.1 ± 4.3 51.6 ± 4.7∗

CD11b (%) 85.5 ± 3.8 70.8 ± 10.4 59.6 ± 10.3 67.8 ± 4.5 58.5 ± 4.3

Phagocytosis (MFI) 49.4 ± 20.6 68.1 ± 19.0 51.5 ± 8.8 25.7 ± 14.1 9.4 ± 0.5∗

pERK (ratio) 4.0 ± 0.9 3.7 ± 0.4 7.1 ± 0.7§ 3.8 ± 0.4 2.9 ± 0.2

All data were obtained from 16-week-old, male rats.
ZL, Zucker lean rats; ZF, Zucker fatty rats; ZDF, Zucker diabetic fatty rats.
§𝑝 < 0.05 (versus ZL rats, by one-way ANOVA, n = 4∼5)
∗𝑝 < 0.05 (versus Wistar rats, by Mann–Whitney test, n = 8∼11)
CD3 (%) and CD45RA (%) indicate the corresponding ratios in lymphocytes.
Phagocytosis (MFI) indicates the phagocytic activity of monocytes using FITC-labeled BioParticle. MFI, mean of fluorescence intensity.
pERK (ratio) shows the ratio of phosphorylated ERK to total ERK in monocytes after stimulation with lipopolysaccharide for 10min, as described in the text.
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Figure 1: Relationships between phagocytosis and CD11b/c and between body weight and CD3 in the G-K/Wistar strains and Zucker strains.
(a) Relationship between phagocytic ability and CD11b/c expression levels in G-K/Wistar and Zucker strain rats. (b) Relationship between
body weight and CD3 ratio in lymphocytes in G-K/Wistar and Zucker strain rats. Bubble size indicates standard error, and bubble color shows
each rat strain as follows: deep blue, ZL; light blue, ZF; green, ZDF; yellow, Wistar; red, G-K. The bubble charts were drawn using Graph-R
software, version 2.19.

monocytes with activated platelets induces proinflammatory
responses [72], while the interaction of monocytes with
“silent-platelets” accelerates anti-inflammatory responses
[71]. Therefore, monocytes in the peripheral blood monitor
systemic immunological conditions and regulate immune
responses in various tissues. Thus, inflammatory monocytes
or anti-inflammatory monocytes may become problematic.

The measurement of cytokine levels in the serum or
cytokine mRNA in peripheral blood leukocytes is use-
ful method for detection of immunological responses, but
cytokine modulation in DM is much lower than in other

immunological disorders. Thus, we measured signal trans-
ducers in peripheral blood monocytes. The assay to detect
phosphorylated signal transducers in monocytes was con-
ducted using heparinized blood and cell purification and
long-term culture were not required. Additionally, the sam-
ples were stored at −20∘C in methanol until the flow cytom-
etry measurements were obtained. These advances simplify
the procedure [55, 57, 73].

Immune systems are under the control of the NF-𝜅B
and extracellular signal-regulated kinase families [65, 74].
Previously, we measured phosphorylated NF-𝜅B-p65 and
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Figure 2: Pathogenesis of diabetes mellitus in rat models. Dash lines and gray squares indicate the pathogenesis of diabetes in each rat model.
DM, diabetes mellitus; Ig, immunoglobulin; TCR, T cell receptor.

extracellular signal-regulated kinase 1/2 (ERK) in peripheral
monocytes from Zucker rats (Figure 3). Interestingly, the
basal levels of phosphorylatedNF-𝜅B-p65 inmonocytes from
ZF and ZDF were lower than that in monocytes from ZL
(Figure 3(a)). Furthermore, the early induction of phospho-
rylated ERK by lipopolysaccharide at 10min was significantly
augmented in monocytes from ZDF compared to those from
ZL and ZF (Figure 3(b)). According to the introduction
of the Zucker strains from Charles River Laboratories, the
insulin levels of ZL, ZF, and ZDF at 15∼16 weeks old were
2.4 ± 0.7, 65.4 ± 37.1, and 6.3 ± 5.0 (ng/mL), respectively.
On the other hand, the summated blood glucose levels in
the glucose tolerance test (GTT) of ZL, ZF, and ZDF at 16
weeks old were 329 ± 15, 524 ± 64, and 2916 ± 594 (mg/dL),
respectively. Thus, the insulin response is strongly attenuated
in ZDF. These results suggest that deficiency of the leptin
signal reduces basal NF-𝜅B activation and that insulin signal
reduction augments ERK activation.

Collation of the signals to the amplification circuit indi-
cated that the reduced basal level of NF-𝜅B was correlated
with the reduction in the TCR repertoire and that augmen-
tation of the ERK response was involved in the production
of proinflammatory cytokines. These abnormalities of signal
transduction in monocytes will be useful for clinical testing
to evaluate the progression of DM related to immunological
disorders.

6. Conclusion

Obesity is characterized by chronic and low-grade inflam-
mation [75]. In recent years, free fatty acid-bound fetuin-
A has been shown to be an endogenous ligand for toll-like

receptor 4 (TLR4) [76], and hyperglycemia has been shown
to enhance IL-1𝛽 secretion [77]. Furthermore, increasing
knowledge of IL-1 family members leads to the clarification
of the association between adipose tissue inflammation and
insulin resistance [75]. IL-1𝛽 also directly contributes to
dysfunction of 𝛽 cells in islets [75]. These findings reveal
the pathogenetic cascade, from obesity to DM, mediated by
inflammation.

Reduction and dysplasia of 𝛽 cells in the islets are already
observed at embryonic stages [43], based on data from G-
K rats, suggesting that there is an amplification circuit in
DM, as summarized in Figure 2. The background of each
DM-rat model, shown as the circuit schema in Figure 2, is
associated with immune responses. Autoimmune responses
and lymphopenia are detected in DP-BB rats, lymphopenia
and augmentation of humoral immunity are found in ZF
rats, enhancement of the inflammatory response is detected
in ZDF, and increased humoral immunity and reduction of
phagocytic activity are observed inG-K rats.These ratmodels
clearly illustrate that immunological phenomena are linked
with the amplification circuit in DM.

In the future, the structure of DM-circuit consisting of
diabetic episode and immune response will be clarified more
in detail using DM-rat models.

Competing Interests

The authors declare that there are no competing interests.

Authors’ Contributions

All authors read and approved the paper for submission.



Journal of Diabetes Research 7

ZL ZF ZDF Wistar G-K
0

1

2

3

4

5

∗∗∗

∗∗∗

∗∗∗

∗∗∗
Ph

os
ph

o:
 to

ta
l-p

6
5

N
F-
𝜅

B 
M

FI
 (a

t0
m

in
)

(a)
ZL ZF ZDF Wistar G-K

0

2

4

6

8

10

∗∗∗∗

∗∗ ∗∗

Ph
os

ph
o:

 to
ta

l-E
RK

 M
FI

 (a
t1

0
m

in
)

(b)

Figure 3: Difference in phosphorylation of signal transducers (NF-𝜅B and ERK) in monocytes dependent on diabetes status. The
phosphorylation levels of NF-𝜅B and ERK in peripheral blood monocytes were measured by flow cytometry. Peripheral blood was collected
from Zucker lean (ZL), Zucker fatty (ZF), Zucker diabetic fatty (ZDF), Wister, or G-K and stimulated with lipopolysaccharide (1 𝜇g/mL).
After stimulation for 0 or 10min, the blood was immediately fixed in Lyse/Fix Buffer (BD Biosciences) and treated with methanol at −20∘C
for membrane-permeabilization. Next, whole leukocytes in blood were stained with specific antibodies (anti-NF-𝜅B-p60 Abs and anti-ERK
Abs fromCell Signaling Technologies).The cells weremeasured by flow cytometry, and the levels of total or phosphorylated signal transducers
in monocytes were analyzed by monocyte-gating. The ratio of phosphorylation to the total was calculated based on the mean of fluorescence
intensity. Changes in the phosphorylation levels of NF-𝜅B or ERK are shown in (a) or (b), respectively. Data are the mean ± SE (𝑛 = 3).
∗𝑝 < 0.05; ∗∗𝑝 < 0.01; ∗∗∗𝑝 < 0.001 (one-way ANOVA with post hoc test using Bonferroni).
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Although a critical role of adaptive immune system has been confirmed in driving local and systemic inflammation in type 2
diabetes and promoting insulin resistance, the underlying mechanism is not completely understood. Inflammatory regulation has
been focused on innate immunity especially macrophage for a long time, while increasing evidence suggests T cells are crucial
for the development of metabolic inflammation and insulin resistance since 2009. There was growing evidence supporting the
critical implication of T cells in the pathogenesis of type 2 diabetes. We will discuss the available effect of T cells subsets in adaptive
immune system associatedwith the procession of T2DM,whichmay unveil several potential strategies that could provide successful
therapies in the future.

1. Introduction

Type 2 diabetesmellitus (T2DM) is characterized by impaired
insulin secretion, glucose intolerance, and hyperglycemia.
T2DM iswidely viewed as a chronic, low-grade inflammatory
disease caused by long-term immune system imbalance,
metabolic syndrome, or nutrient excess associated with obe-
sity [1, 2]. In addition, T2DM associated complications in the
kidneys, arteries, and eyes are also manifested by inflamma-
tory process [3]. Therefore, inflammation is considered as a
major driving force in T2DM and associated complications.

Inflammation was first linked to insulin resistance and
diabetes in the early 1990s. Hotamisligil et al. reported an
increase of TNF-𝛼 in adipose tissue from different animal
models of obesity and diabetes. Neutralization of TNF-𝛼 in
obese rats improved peripheral glucose uptake [4]. Studies
have indicated that other inflammatory cytokines such as IL-
1𝛽 and IFN-𝛾which are increased in obesity and diabetes also
modulate insulin signaling [5, 6]. On the other hand, a num-
ber of anti-inflammatory cytokines, such as IL-4 and IL-10,
have been associated with the protection of insulin sensitivity
[7]. Macrophages are the major inflammatory cell type in the
glucose-utilizing tissues such as adipose tissue and liver. For
example, macrophage in the adipose tissue increased from

∼5% in lean subjects to a level of up to 50% of all adipose
tissue cells in obese individuals [8, 9].Therefore, early studies
on inflammatory regulation of diabetes have been focused
on innate immune function. Recent studies, however, suggest
adaptive immune system, especially T lymphocyte, also plays
a pivotal role in the pathogenesis of T2DM. There has been
a rapid growth in our understanding of the role of T cell
in the pathogenesis of T2DM in recent years, necessitating
a timely review on this topic. In the review, we will discuss
the functional involvement of T cells in the pathogenesis of
T2DM, especially the regulatory effects of T cells on chronic
inflammation.

2. Th1 and Th2 Cells

Increasing evidence suggests a pathological role for CD4+
T cells in obesity and insulin resistance. Obesity is a
major critical risk factor for T2DM. A recent study by
Shirakawa et al. demonstrated that activated CD4+ T cells
(CD4+CD44hiCD62Llo) increased in the visceral adipose
tissue of obese mice. These cells also expressed PD-1 and
CD153 and displayed characteristics of cellular senescence
[10]. It has also been shown that obesity induces MHC class
II expression on adipocytes and thus activates CD4+ T cells
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to initiate adipose tissue inflammation [11]. These studies
suggest CD4+ T cells may play an important role in obesity
and obesity-induced insulin resistance.

CD4+ effector T cells can be further divided into
proinflammatory Th1, Th17, and anti-inflammatory Th2 and
Foxp3+ regulatory T cell (Treg) subtypes based on their func-
tionality and cytokine production [12]. Once activated, Th1
and Th2 cells show many of the significant signs of inflam-
mation, such as releasing large amount of cytokines.Th1 cells
could produce interferon- (IFN-) gamma, interleukin-2 (IL-
2), and tumor necrosis factor- (TNF-) beta, triggering cell-
mediated immunity and phagocyte-dependent inflammation
[12]. Th2 cells, in contrast, produce IL-4, IL-5, IL-6, IL-9, IL-
10, and IL-13 to regulate antibody responses [13]. Studies have
shown that Th1 and Th2 cells had a key functional role in
regulating inflammatory process, although they are activated
later than macrophages in inflammation [14–16].

It is widely accepted that macrophage activation is
affected by T cells. T cells play a dominant role in promoting
or sustaining inflammatory processes and insulin resistance
through inducing proinflammatory cytokines in metabolic
organs, such as the adipose tissue, liver, muscle, and pancreas.
Macrophages are the major inflammatory cells in the adipose
tissue in obesity, increasing from 5–10% in lean subjects
to up to 50% in obese individuals [8, 9]. Based on their
cytokine production and activation conditions, adipose tissue
macrophages are categorized into two populations, proin-
flammatory M1 (classically activated macrophage) and anti-
inflammatory M2 (alternatively activated macrophage). M1
macrophages release proinflammatory cytokines including
TNF-𝛼, IL-6, and IL-1𝛽, which contribute to the local and
systemic inflammation [16]. In contrast, M2 macrophages
secrete IL-10, which could inhibit the activity of most proin-
flammatory cell types including M1 macrophages [16, 17]. IL-
10 has been shown to suppress TNF-𝛼 by interacting with the
p38/MAPK pathway [17, 18]. Th1 cells could secret IFN-𝛾 to
promote M1 polarization and enhance its proinflammatory
functions by inducing the release of IL-1, IL-6, and TNF-
𝛼. In contrast, Th2 cells could produce anti-inflammatory
IL-4 and IL-13 to skew the differentiation of macrophage
towards M2 [19, 20]. In diet-induced obesity, CD4+T cells
were increased in the adipose tissue and induced the recruit-
ment and differentiation of TNF-𝛼-secreting M1, while the
number of IL-10-secreting M2 reduced in the adipose tissue
[21]. These findings suggested the macrophage polarization
of proinflammatory M1 versus anti-inflammatory M2 was
viewed as a key factor in the development of obesity and
T2DM [17]. Therefore, Th1 and Th2 responses, which are
closely related toM1/M2 polarization, may also have a critical
role in obesity and T2DM.

Several clinical studies have confirmed that Th1 was
upregulated in the adipose tissue and peripheral blood from
the individuals with prediabetes or T2DM [22]. Zeng and
coworkers reported an imbalance of CD4+ T helper cell
subsets including Treg, Th1, and Th17 in the patients with
T2DM [23]. In contrast, naive CD4+ T cells were reported to
decline in the patients with T2DM, which may be associated
with adaptive immune activation and chronic inflammation
during the pathogenesis of T2DM [24]. Similar findings were

observed in lymphocyte-deficient mice, which displayed a
less severe phenotype of insulin resistance on short-term
high-fat diet [25]. Th1 and CD8+ lymphocytes in the adipose
tissue were significantly increased in response to a high-
fat diet, while anti-inflammatory Th2 and Treg cells were
decreased [26].

CD4+ helper T cells also play a critical role in a
series of complications associated with T2DM. Activated T
lymphocytes and the inflammatory cytokines increased in
the kidneys in patients with T2DM [27, 28]. Experimental
evidence indicates that the activation of Th2 cell-mediated
immunity is delayed and impaired in diabetes [29]. It has
been shown that Th1-associated cytokines induce hyperin-
flammatory response and subsequently lead to progressive
innate immune response [30]. It is reported that the circu-
lating levels ofTh1-associated cytokines increased in diabetic
patients [30]. The levels of T cell-related cytokines such as
IL-10 and IL-17 were significantly higher in patients with
T2DM, suggesting an involvement of T cells in diabetes
[31]. In consistency, oral anti-CD3 plus glucosylceramide (an
NKT cell target antigen) treatment was shown to induce the
production of IL-10 and TGF-𝛽, which was associated with
improved fasting glucose, visceral adipose tissue inflamma-
tion, liver enzymes, and hepatic steatosis in ob/ob mice [32].
These findings suggest bothTh1 andTh2are closely associated
with insulin resistance and chronic inflammation in T2DM.

3. Th17 Cells

Th17, an important proinflammatory CD4+ T cell subtype
secreting IL-17, has also been associated with T2DM [33, 34].
A recent study examined the differentiation of differentCD4+
T cell subsets in T2DM by analyzing the cytokine production
by PBMCs [35]. The results demonstrated that Th17 cells
increased in T2DM patients and might be associated with
dysregulated lipid metabolism [35]. Studies have shown that
IL-17 could stimulate the production of TNF-𝛼, the first
cytokine being associated with obesity and insulin resistance.
It is reported that intestinal Th17 cells may induce AMPs,
specifically Reg3b and Reg3g, contributing to increased
intestinal permeability in high-fat diet-fedmice [35, 36].Th17
has also been shown to increase in diabetic complications
such as diabetic nephropathy [28]. The function of Th17 cells
could not be ignored in the progress of complications asso-
ciated with T2DM. The result showed that Th17 counts and
Th17/Treg ratio increased in diabetic nephropathy patients
compared with healthy individuals and diabetic patients
without nephropathy [28]. The adipose tissue (AT) DCs
isolated fromobese animals andhumanswere associatedwith
the differentiation of Th17 cells in vitro [37]. However, the
interaction between DCs and Th17 cells have not yet been
identified in AT from lean or obese animals [38]. Whether
CD103DCs can regulate obesity-induced inflammation inAT
by influencing the balance of Treg and Th17 cell differentia-
tion in vivo remains unknown [38].

IL-22 is produced by Th17, the second product down-
stream of IL-6 and IL-23. It was shown that the microphages
from AT could express the IL-22 receptor (IL-22R) and
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respond to IL-22 to secret more IL-1b, promoting AT inflam-
mation [39, 40]. It is interesting whether IL-22 associated
metabolic effects in mice could apply to humans. Both IL-17
and IL- 22 indicate that Th17 may play an alternative role of
“protective” and “destructive” in T2DM development [41].

4. Regulatory T Cells

Treg cells, a small subset of T lymphocytes constituting
only 5–20% of the CD4+ compartment, are thought to be
important to prevent excessive inflammatory responses and
limit tissue impairment [42, 43]. Typically, they regulate the
response of other T cell subtypes but can also influence
the activities of innate immune cells [44, 45]. Treg cells are
characterized by high-level expression of a fork head/winged-
helix transcription factor, Foxp3. Some studies showed that
the relative proportion of Th1 to Foxp3+ cells was positively
correlated with body mass index (BMI) [46]. A higher
proportion of Treg was observed in lean mice [19, 46].
Fat-resident regulatory T cells were commonly observed in
close proximity to monocytes or macrophages, which imply
potential links with fat associated monocytes or macrophage
[19].The CD62L+ CD44− naive CD4+ T cells were increased
in aged fat-specific Treg knockout mice, but there were no
significant differences in the levels of inflammatory cytokines
in serum, such as TNF-𝛼, IL1𝛽, IL6, IFN-𝛾, and IL17, com-
pared with wild type mice [19]. Treg cells were higher in the
fat versus spleen and lung detected by intracellular staining
for IL-10 protein [19]. Because the expression of IL-10 receptor
was upregulated in fat Treg cells, it seems the Treg cells not
only produced IL-10 but also responded to it [19].

In T2DM, Treg cells could suppress Th1, Th2, and Th17
response to improve insulin resistance. Treg could inhibit the
inflammatory response by various pathways, such as surpass-
ing cytokine secretion, modulating the microenvironment,
and changing the expression of surface receptors [47]. The
appropriate balance between proinflammatory (Th17 or Th1)
and anti-inflammatory (Treg) subsets of T cells is vital to
maintain host immunity and control inflammatory damage
[48]. It was found that the amount of Treg cells decreased
in patients with T2DM [46]. Zeng et al. also reported that
Treg/Th17 ratio and Treg/Th1 ratio decreased in patients with
T2DM [49]. Further analysis suggests peripheral induced
Treg but not natural Treg produced in the thymus reduced
in T2DM, possibly due to decreased bcl2/bax and low HDL
level [49].

Previous study has demonstrated that the expression
of CD39, an ectoenzyme highly expressed in Treg cells,
increased in CD4+ lymphocytes from T2DM and obese
patients [50]. Adenosine triphosphate could be hydrolyzed by
CD39 and adenosine diphosphate into adenosinemonophos-
phate (AMP), which subsequently converted into a T cell sup-
pressive metabolite adenosine by CD73 [50]. CD39 was con-
firmed to be associated with the stability and the suppressive
function of Foxp3+Treg cells. T2DM patients with obesity
showed a significantly lower level of CD39hi Treg compared
with overweight controls [51]. It was reported that PD-
L1, CD25, and cytotoxic T lymphocyte-associated protein-4

(CTLA-4) levels were higher on the surface of CD39hi Tregs,
compared with CD39low Tregs [51]. In addition, CD39hi

Tregs could produce more IL-10 than CD39low Tregs [51].
Adenosine and its analogues have also been demonstrated
to promote lymphocyte apoptosis through the A2A receptor,
indicating Tregs in diabetic patients may be more susceptible
to apoptosis [52].

5. CD8+ Cytotoxic T Cells

The inflammation of adipose tissue is considered as a key
event leading to the metabolic syndrome, diabetes, and
atherosclerotic cardiovascular disease. It was reported that,
within two weeks of high-fat diet feeding, the CD8+CD4− T
cells were significantly increased in C57BL/6 mice [21]. The
amount of CD8+CD4− T cells kept increasing until 15 weeks.
In contrast, Treg cells and CD4+ T cells were reduced upon
high-fat diet [21]. Unlike in wild type mice, there were no
significant increases in the M1 or M2 macrophage fraction
in CD8-deficient mice under high-fat diet although both
body weight and epididymal fat mass significantly increased
on high-fat diet [21]. More importantly, it was shown that
CD8+ T cells were essential for induction of macrophage
activation andmigration to adipose tissue by secretingMCP-
1, MCP-3, and RANTES (regulated on activation, normal T
cell expressed and secreted) [21, 53]. These studies indicate
that CD8+ T cells were crucially involved in evoking inflam-
matory cascades in obese adipose tissue.

Recent clinical studies also reported that the level of
IFN-𝛾 produced by CD3+ T cells was positively correlated
with BMI in patients with T2DM. Another research indicates
that CD8+ T cells increased in both the small bowel and
colon in some obese individuals, comparedwith lean humans
[54]. This study also showed the level of IFN-𝛾 produced
by CD8+ T cells increased in obese individuals [54]. The
increased intraepithelial CD8+ T cells may have the potential
to modulate the insulin sensitivity of enterocyte [54].

CD137-CD137L interaction contributes to CD8+ cyto-
toxic T cell proliferation and secretion of IFN-𝛾, TNF-𝛼, IL-
2, and IL-4 [55, 56]. The expression of CD137 was upregu-
lated in obese humans and mice [56]. CD137-CD137L could
promote monocyte and T cell recruitment to the adipose
tissue [57]. The inflammation in adipose tissue decreased in
CD137−/−mice, but glucose tolerance was strengthened [58].
Therefore, CD137 contributes to abnormal glucose and lipid
metabolism, which may involve the expansion and activation
of CD8+ T cells.

6. 𝛾𝛿 T Cells

T cells are subdivided into two major populations according
to their surface expression of 𝛼𝛽 and 𝛾𝛿 T cell receptors
(TCR). Activated 𝛾𝛿 T cells could produce a vast variety
of cytokines such as IFN-𝛾 and TNF-𝛼 to regulate the
function of other immune cells. In recent years, there is
increasing evidence indicating that 𝛾𝛿 T cells may interact
with macrophages, CTLs, Th1/Th2 cells, Treg, and Th17 cells
depending on specific microenvironment, bridging innate
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and adaptive immunity. 𝛾𝛿 T cells could produce IL-10 and
IL-17 [59]. In addition, they also secret TNF-𝛼 to regulate the
activation of CD8+ T cells [60].

Obesity is an important risk factor for chronic inflam-
matory diseases, such as T2DM and cardiovascular disease
[61]. 𝛾𝛿 T cells have been suggested to play a critical role
in chronic inflammatory disease. It was found that obese
patients exhibited a decreased level of V𝛾9V𝛿2 T cells and
the level of secreting IFN-𝛾was also declined.These V𝛾9V𝛿2
T cells could prefer to differentiate mature T effecter memory
cluster of differentiation 45RA (CD45RA+) cells, indicating
𝛾𝛿 T cells are also involved in inflammation in obesity and
diabetes [62]. A recent study reported that IL-2 treatment
rescued V𝛾9V𝛿2 T cell cytokine production [63], which
provides a novel insight into the pathogenic role 𝛾𝛿 T cells
in the development of T2DM.

7. iNKT Cells

Previous studies have demonstrated that circulating natural
killer cells (iNKT cells) were decreased and their function
was suppressed in obese individuals, compared with lean
individuals [64]. It has been identified that iNKT cells are
enriched in human andmurine adipose tissue [65, 66]. iNKT
cells could recognize lipid antigens presented by CD1d but
not peptide through MHC molecules in the innate immune
system [67, 68]. Further investigation has been shown that
adipose iNKT cells are a tissue resident with little influx from
the circulation and play an important anti-inflammatory
regulatory role in congenic parabiotic mice [69]. However,
adipose iNKT cells are obviously decreased in obesity [65,
66, 70]. iNKT cells can regulate the cross talk between
innate and adaptive immunity as potent transactivators.Most
studies reported that iNKT cell-deficient mice have worse
metabolic disorder and weight gain [65, 66, 70, 71]. 𝛼-
Galactosylceramide (𝛼GalCer), a potent lipid ligand, could
activate iNKT cell. It is shown that injection of 𝛼GalCer in
obesity increases the iNKT cell amount and induces weight
loss rapidly, anti-inflammatory macrophage differentiation,
and reversal of glucose and insulin sensitivity without hypo-
glycemia [72, 73]. The majority of findings suggest that iNKT
cells in AT play a critical role in regulating local inflammation
and protecting against metabolic disorder in obesity [74].

8. Conclusion

In conclusion, there is increasing evidence linking the acti-
vation of T lymphocytes to T2DM. Due to the importance
of inflammation in the development of insulin resistance,
T2DM is now considered as an autoimmune disease [75].
Understanding the role of specific immune cells and proin-
flammatory molecules in obesity and diabetes is required
for developing novel therapeutic approaches to modulate
metabolic inflammation and insulin resistance.
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Significance. With an alarming increase in recent years, diabetes mellitus has become a global challenge. Despite advances
in treatment of diabetes mellitus, currently, medications available are unable to control the progression of diabetes and its
complications. Growing evidence suggests that inflammation is an important pathogenic mediator in the development of diabetes
mellitus.The perspectives including suggestions for new therapies involving the shift frommetabolic stress to inflammation should
be taken into account.Critical Issues.High-mobility group box 1 (HMGB1), a nonhistone nuclear protein regulating gene expression,
was rediscovered as an endogenous danger signal molecule to trigger inflammatory responses when released into extracellular
milieu in the late 1990s. Given the similarities of inflammatory response in the development of T2D, we will discuss the potential
implication of HMGB1 in the pathogenesis of T2D. Importantly, we will summarize and renovate the role of HMGB1 and HMGB1-
mediated inflammatory pathways in adipose tissue inflammation, insulin resistance, and islet dysfunction. Future Directions.
HMGB1 and its downstream receptors RAGE and TLRs may serve as potential antidiabetic targets. Current and forthcoming
projects in this territory will pave the way for prospective approaches targeting the center of HMGB1-mediated inflammation to
improve T2D and its complications.

1. Introduction

It is reported that there are approximately 10 percent of the
adult population suffering from diabetes in the world. More
importantly, the incidence of diabetes mellitus is increasing at
an alarming rate [1]. T2D, a metabolic disorder formed after a
long and complicate pathological process, is characterized by
decreased insulin sensitivity and following pancreatic 𝛽-cell
dysfunction [2, 3]. After long-term overnutrition, metabolic
balance of body is broken and becomes an origination of
insulin resistance. Insulin resistance leads to compensatory
increase of insulin secretion and 𝛽-cell hypertrophy. Long-
term overload of work may result in islet 𝛽-cell dysfunction
even death. Several metabolic processes, such as endoplasmic
reticulum stress, hypoxia, and lipotoxicity, are all involved in
overnutrient-induced metabolic inflammation. Importantly,
obesity and obesity-associated inflammation have long been
proposed to be responsible for insulin resistance and T2D [4].

T2D has been associated with chronic low-grade inflam-
mation for decades. Given the importance of innate immu-
nity in inflammation, innate immune mediators may play
a vital role in the development of this disease. Emerging
evidence has indicated that HMGB1, a highly conserved
nonhistone nuclear protein that serves as a damage asso-
ciated molecule pattern molecule, is associated with the
pathogenesis of T2D. HMGB1 can signal through receptor
for advanced glycation end products (RAGE) and Toll-like
receptors (TLRs) to activate nuclear factor-𝜅B (NF-𝜅B) sig-
naling pathway [5, 6] thus contributing to the inflammatory
responses in T2D.

In this review we will focus on the pathophysiological
connections between HMGB1 and obesity, insulin resistance,
and islet dysfunction. The understanding of the role of
HMGB1 may provide a new insight into anti-inflammatory
therapeutic strategies for T2D.
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2. Type 2 Diabetes

T2D, also called non-insulin-dependent diabetes mellitus, is
characterized by insulin resistance and pancreatic 𝛽-cell
dysfunction, resulting from an unsettled hyperglycemia con-
dition [2, 3]. Insulin resistance runs through the whole
process of diabetes. The liver, muscle, and adipose tissue can
act as sites of insulin resistance. In order to compensate for
insulin resistance, islet 𝛽 cells produce more insulin which
may exceed the maximum capability and results in 𝛽 cells
failure [7].

Chronic, low-grade adipose tissue inflammation links
obesity and insulin resistance, thereby playing a key role in
the early phase of T2D. In recent years, the role of inflam-
mation in the pathogenesis of T2D has been extensively
studied. It has been shown that the peroxisome proliferator
activated receptor (PPAR) 𝛼/𝛾 agonists attenuated insulin
resistance in human adipocytes via reducing proinflamma-
tory mediators including interleukin- (IL-) 6, CXC-L10, and
monocyte chemoattractant protein (MCP)-1 [8]. Another
research reported that insulin significantly reduced several
key mediators of inflammatory stress in humans [9]. These
studies indicated that anti-inflammatory mechanism might
play a role in antidiabetic action. In other words, T2D is an
inflammatory disease.

As the two major features of T2D, both insulin resistance
and 𝛽-cell dysfunction are closely related to inflammation.
Proinflammatory macrophages in obese adipose tissue and
insulin resistance state are main immune cells, and there is
a detailed description of this process in an excellent recent
review [4]. Proinflammatory factor, tumor necrosis factor-
(TNF-) 𝛼, was the first inflammatory maker that was been
suggested to play a role in the development of obesity-
induced insulin resistance in the 1990s [10, 11]. In 1993,
Hotamisligil et al. [12] demonstrated that adipose tissue of
obese rodents secreted TNF-𝛼, a potent negative regulator
of insulin signaling. TNF-𝛼 stimulates adipocyte lipolysis
contributing to elevated serum free fatty acids (FFAs) con-
centrations, which can lead to decreased insulin sensitivity.
Now, there are many lines of researches illustrating that
obesity and obesity-induced insulin resistance are closely
linked to inflammation. Recent studies have also identified a
number of cellular and molecular players participating in the
development of T2D.

3. HMGB1

HMGB1, a nuclear protein, was first known for its role in
the regulation of gene expression. Recent advances implicated
that HMGB1 had alarming activities via activating proinflam-
matory responses after being passively released by necrotic
cells or actively secreted by activated immune cells into
the extracellular milieu [13, 14]. HMGB1, as an endogenous
danger signal triggering inflammatory responses, appears
to play an important role in the pathogenesis of several
inflammatory conditions, including sepsis, arthritis, cancer,
and autoimmunity diseases.

3.1. HMGB1 Biochemistry, Tissue Distribution, and Structure.
HMGB1 was extracted and identified in bovine thymus for

the first time in 1973 by Goodwin and Johns [15] and was
named because of its highmigration ability in polyacrylamide
gel electrophoresis. According to the molecular weight,
sequence similarity, andDNA structure, HMG can be further
divided into three families: HMGA, HMGB, and HMGN.
HMGB1 is the most abundant HMG protein. HMGB1 is
a nonhistone chromosomal binding protein mainly located
in the nucleus of most tissues, wherein it binds to DNA
and regulates chromatin remodeling, DNA damage repair,
and gene transcription [16, 17]. It is highly evolutionarily
conserved in vertebrate animals and is widely distributed in
lymphoid tissue, brain, liver, lung, heart, spleen, kidney, and
other tissues.

HMGB1 molecule is expressed as a single polypeptide
chain of 215 amino acids (AA) and is composed of three
distinct structural domains: A-box (AA 1–79), B-box (AA89–
162), and the acidic C tail (AA 186–215) [18]. Both A-box
and B-box are able to bind to DNA and participate in the
folding and twisting of the DNA.The B-box is the functional
region of inflammation. It consists of two crucial binding
sites for TLR4 and RAGE and thus plays an important
role in promoting inflammation. In comparison, the A-box
competes with full-length HMGB1 for binding sites and thus
induces anti-inflammatory effects [19–21]. One of our studies
using recombinant A-box confirmed that the HMGB1 A-box
was able to alleviate LPS-induced inflammation in the lung
andmodulate acute lung injury [22].The acidic C terminus is
enriched with negatively charged aspartic acid and glutamic
acid for transcription stimulation.

HMGB1 also undergoes posttranslational modification
which determines its bioactivity. For example, there are 3
conserved redox-sensitive cysteines (C23, C45, and C106).
The disulfide linkage of C23 and C45 is required for the
cytokine-stimulating activity of HMGB1 and C106 must
remain in its reduced form as a thiol at the same time [23]. In
addition, both the acetylation of HMGB1 within its nuclear
localization sequences [24] and the methylation at lysine 42
[25] promoteHMGB1 release bymobilizingHMGB1 from the
nucleus to the cytoplasm.

3.2. HMGB1 Physiologic Function. HMGB1 is widely expre
ssed inmammalian tissues and present in all vertebrate nuclei
[26]. It was first discovered as a nuclear protein. Nuclear
HMGB1 binds to DNA and regulates a number of key DNA
events including V(D)J recombination, gene transcription,
DNA replication, and DNA repair [27–31]. It was considered
exclusively as a nuclear protein until 1999 thatWang et al. [32]
first reported HMGB1 acted as a late inflammatory mediator
and was involved in the pathogenesis of sepsis. Afterwards,
people began to recognize that HMGB1 played a significant
role in the process of inflammation.

HMGB1 can be either actively secreted by stimulated
immune cells including activated monocytes, macrophages,
mature dendritic cells, natural killer cells, and endothe-
lial cells, or passively released by necrotic and damaged
cells [33–36]. When secreted or released into extracellular
environment, HMGB1 participates in several processes such
as immune response, cell migration, cell differentiation,
proliferation, and tissue regeneration. HMGB1 is found to
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be associated with many inflammatory diseases such as
cancer, trauma, arthritis, ischemia reperfusion injury, sepsis,
cardiovascular shock, diabetes, and autoimmune diseases
[37–41]. In addition, HMGB1 has been shown to be a crucial
coordinator of acute inflammation in various stress models
[42].

4. HMGB1 Mediated Signaling Pathways

The proinflammatory signaling of HMGB1 is mainly trans-
duced by RAGE and TLRs. RAGEwas the first receptor iden-
tified to be able to bindHMGB1. Nevertheless, the interaction
with RAGE alone could not fully explain the complicated
effects of HMGB1. Subsequent studies demonstrated that
HMGB1 might promote inflammation via interacting with
TLRs (TLR2/4/9) and activating their downstream signaling
pathways. HMGB1, via interacting with its receptors, ulti-
mately results in the activation of NF-𝜅B and production of
proinflammatory cytokines including IL-6, IL-1𝛽, and TNF-
𝛼. Interestingly, the activation of NF-𝜅B pathway could in
turn induce the expression of HMGB1 and its receptors,
forming a positive feedback loop to sustain inflammatory
conditions [43].

In recent studies, HMGB1 has also been suggested to
signal through integrin [44], CXCR4 [45, 46], and triggering
receptor expressed on myeloid cell 1 (TREM1) [47]. However,
the effects of these receptors and their downstream signaling
pathways are not completely understood. In this section, we
will briefly describe RAGE and Toll2/4/9-mediated signaling.

4.1. RAGE. RAGE was first discovered as a cell surface
receptor for advanced glycation end products (AGEs) and is
now recognized as a receptor for diverse ligands, including
HMGB1, 𝛽-amyloids [48], and S100 proteins [49, 50]. It is a
primary receptor for HMGB1 [51].

RAGE is expressed on a various types of cells including
monocytes, macrophages, neurons, endothelial cells, and
many tumor cells [52, 53]. Knockout of RAGE reduced tumor
growth and metastasis [54, 55] and augmented chemother-
apy resistance [56]. HMGB1 and RAGE interaction mainly
induces CDC42/Rac and mitogen-activated protein kinase
(MAPKs) activation, which finally result in NF-𝜅B activation
[49, 52, 57]. The activation of CDC42/Rac and MAPKs path-
ways also promotes chemotaxis, cytokines production [58],
endothelial cells activation [59], immune cells maturation,
and migration [60, 61].

HMGB1/RAGE binding activates the two canonical
MAPKs, extracellular regulated protein kinases (ERK1/2) and
p38 MAPK, resulting in the nuclear translocation of NF-𝜅B
and transcription of proinflammation cytokine [52, 62, 63].
The HMGB1/RAGE axis has been suggested to contribute to
the pathogenesis of many diseases such as acute lung injury
[64], preeclampsia [65], diabetes [66], cancer [67, 68], and
autoimmune diseases [69].

4.2. TLRs. TLRs are members of the type-1 transmembrane
glycoprotein family which can bind extracellular ligands and
act as a transducer to sponsor proinflammatory signaling
through ectodomain leucine-rich repeated (LRR) sequences

and cytoplasmic Toll/interleukin-1 receptor (TIR) domain
[70]. TLRs are characterized as one species of pattern recogni-
tion receptors to recognize several danger signals, including
pathogen associated molecular patterns (PAMPs) and dam-
age associated molecular patterns (DAMPs), and thus are
involved in innate immune responses against infection and
injury [71]. So far, 13 members of TLRs have been discovered.
Among those, HMGB1 can interact with TLR2, TLR4, and
TLR9 [72–74]. HMGB1 signals through these three TLRs
and activates myeloid differentiation factor 88- (MyD88-)-
dependent pathway to activate the NF-𝜅B and interferon
regulatory factor (IRF) pathways. Studies suggested an
intramolecular Cys23–Cys45 fragment and Cys106 residue
within the HMGB1 were required for TLR4 binding and
activation [75, 76], whileHMGB1-TLR2 structural basis needs
to be further investigated. It was well elucidated that HMGB1
binding to lipopolysaccharide contributed to the transfer
of the complex to CD14 and, subsequently, to TLR4/MD2
complex [77–79]. Furthermore, it was researched that the
TLR4/MD2 receptor system specially recognized the disul-
fide HMGB1, and this interaction was of great significance
for HMGB1-mediated inflammation [80]. TLR9 is a member
of the TLR family located in the endoplasmic reticulum-
Golgi intermediate compartment [81]. It was reported that
TLR9 was a receptor for unmethylated CpG-DNA [82].
HMGB1 acted as aCpG-ODN-binding protein that promoted
cytokine release through interacting with TLR9 and signaling
through downstream pathways involving MyD88 and NF-𝜅B
molecules [83]. Moreover, HMGB1-CpG-DNA complex was
responsible for the redistribution of TLR9 to early endosomes
and TLR9-mediated cytokine production [73, 83].

5. Role of HMGB1 in Type 2 Diabetes

HMGB1, as a late mediator of inflammation, has been
proposed to be a significant mediator in the pathogenesis of a
variety of diseases including T2D (Figure 1). The correlation
between level of HMGB1 and diabetic complications has been
reported. Increased levels of HMGB1 have been reported in
both diabetic patients and animal models. Pachydaki et al.
[84] and Yu et al. [85] observed an elevated expression of this
protein in the retinas of diabetic patients and rat models with
retinopathy. Moreover, Dasu et al. [86] showed that circulat-
ing levels of HMGB1 were higher in type 2 diabetic patients
than control, and the same phenomenon was observed by
Škrha et al. [87]Hagiwara et al. [88] demonstrated that hyper-
glycemia, induced by infusion of glucose in a rat model, was
associated with elevated serum HMGB1 levels. In addition,
metformin, a first-line antidiabetic drug, was also known
to have anti-inflammatory effects. Tsoyi et al. [89] indicated
that metformin significantly decreased HMGB1 expression
in LPS-treated RAW264.7 cells. Another report by Zhang
et al. [90] demonstrated that metformin protected against
hyperglycemia-induced cardiomyocyte injury by inhibiting
the expression of RAGE and HMGB1.

5.1. HMGB1 and Adipose Tissue Inflammation. Clinical and
experimental researches showed that inflammation with the
infiltration of macrophages occurred in the adipose tissue
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Figure 1: Potential involvement of HMGB1 in type 2 diabetes. Early inflammation in adipose tissue and pancreatic islets leads to the necrosis
of adipose-derived stromal cells and islet cells. Necrotic cells release HMGB1, activating TLRs and RAGE on macrophages and dendritic
cells. Activation of TLRs and RAGE leads to the translocation of NF-𝜅B into nucleus to promote the expression of inflammatory gene, which
contributes to the secretion of proinflammatory cytokine, including HMGB1. In addition, activated macrophages and dendritic cells actively
secrete HMGB1, which, in turn, exacerbate the necrosis of adipose tissue and pancreatic islets.

[91]. Although each cell type within the adipose tissue (such
as preadipocyte, adipocyte, T cell, dendritic cell, and macro-
phage) has a contribution to obesity-induced inflammation
and insulin resistance [92],macrophage is the primary source
of inflammatory effectors [93, 94]. Macrophages in the
adipose tissue can switch from an anti-inflammatory “M2”
(alternatively activated) state to a proinflammatory “M1”
(classically activated) state [95, 96]. M1 macrophages exert
proinflammatory effects through the secretion of cytokines
TNF-𝛼, IL-1𝛽, and IL-6 [97], whereas M2 macrophages pro-
duce anti-inflammation cytokines such as IL-10 in contrast
[98].The imbalance of M1/M2 leads to an increased secretion
of proinflammatory factors such as TNF-𝛼 [99]. Moreover,
Vandanmagsar et al. [100] showed that macrophage inflam-
mation was also mediated by an excess of fatty acids (FAs) via
TLR or NOD-like receptor family, one of which is the NOD-
like receptor family, the pyrin domain containing 3 (NLRP3)
dependent pathway. However, there was one study showing
that endotoxin-free, free fatty acids did not have the ability
to activate TLR4 and thereby cause inflammation [101]. More
importantly, they showed that some polyunsaturated fatty
acids exerted an anti-inflammatory action in human adipose
tissue and adipocytes. That might mean that HMGB1 was an
evenmore important TLR4 ligand if FFAs indeedwere unable
to signal via TLR4.

A growing number of studies elucidated a role of
HMGB1 in adipose tissue, such as activating proinflamma-
tory macrophages. Recently, a study among obese children
showed that obesity was positively correlated with increased
HMGB1 serum levels and was related to a number of
proinflammatory cytokines, such as IL-6 and TNF-𝛼 [102].
Another study indicated that mice receiving the anti-HMGB1
antibody gained less weight than the control animals [103].
However, anti-HMGB1 treatment only reduced the expres-
sion of TNF-𝛼 and MCP-1 in the liver, but not in the adipose
tissue [103]. They were unable to detect an improvement
of inflammation in high fat-induced adipose tissue after
anti-HMGB1 antibody treatment. Kanellakis and colleagues
demonstrated that administration of anti-HMGB1 antibody
led to a reduction in macrophage content of atherosclerotic
lesions in Apo-E deficient mice [104]. Indeed, in a recent
study, Song [105] and colleagues found that high fat feeding
induced expression of HMGB1 in the liver and adipose tissue,
while genetic deficiency ofHMGB1 receptor RAGEprevented
the effects of high fat diet on energy expenditure, weight gain,
adipose tissue inflammation, and insulin resistance.

The role of HMGB1 onmacrophages has been clearly des-
cribed and stimulation ofmacrophageswithHMGB1 induced
production of proinflammatory cytokines [53] which may
lead to an increase of adipose tissue inflammation and insulin
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resistance. Yu et al. [72] showed that anti-TLR2 antibodies
could reduce the binding of HMGB1 on the cell surface of
murinemacrophage-like RAW264.7 cells, leading to a reduc-
tion in inflammation. Moreover, Yang et al. [75] reported that
HMGB1 bound specifically to TLR4, leading to TNF release
frommacrophages. Inhibition ofHMGB1/TLR4 bindingwith
neutralizing anti-HMGB1 mAb prevented HMGB1-induced
cytokine release.These findings suggested thatHMGB1might
have an important role in the initiation and development of
adipose tissue inflammation.

5.2. HMGB1 and Insulin Resistance. Insulin resistance refers
to decreased capability of insulin to promote glucose uptake.
In simple terms, insulin resistance is a condition in which
cells fail to appropriately respond to circulating insulin [106,
107]. All of the peripheral tissues such as liver, muscle, and
adipose tissue can act as a site of insulin resistance. It has been
shown that adipose tissue macrophage infiltration was asso-
ciated with an elevated level of serum insulin [108].Therefore,
macrophage-mediated inflammatory response might be a
critical contributor of insulin resistance.

The occurrence and development of insulin resistance are
closely related to the two signaling pathways: Jun N-terminal
kinase (JNK) and I𝜅B kinase complex (IKK)𝛽/NF-𝜅B [109].
The JNK is known to play a role in regulating the development
of obesity-induced insulin resistance. The activation of the
JNK decreased insulin sensitivity and this related in part to
the phosphorylation of insulin receptor substrate- (IRS-) 1 on
the serine 307 and 310 residues [110, 111]. Proinflammation
molecules activate JNK to promote serine phosphorylation
of IRS-1 and IRS-2, a process closely related to insulin resis-
tance. Furthermore, knockout of JNKs ameliorated obesity-
induced insulin resistance [112, 113]. However, there was no
clear evidence showing that HMGB1 was involved in JNK
activation. On the contrary, the NF-𝜅B signaling pathway is
closely related to HMGB1.

Indeed, NF-𝜅B is a major factor in the regulation of
inflammation [114, 115]. In resting cells, NF-𝜅B and I𝜅B
complex locates in the cytoplasm and remains inactive. As
the inhibitor of the NF-𝜅B, I𝜅B binds to NF-𝜅B through its
specific ankyrin repeat motif in C-terminal. This binding
covers the nuclear localization sequence (NLS) of NF-𝜅B and
thus prevents its transfer to the nucleus. When the cells are
stimulated by extracellular signals, IKK is activated. IKK𝛽,
the catalytic subunit of IKK, phosphorylates I𝜅B. Following
the degradation of I𝜅B, the NLS of NF-𝜅B is exposed and the
free NF-𝜅B translocates to the nucleus, where it regulates the
expression of multiple inflammatory genes including TNF-𝛼,
IL-1𝛽, IL-2, and IL-6.

Increased NF-𝜅B activity has been observed in an obese
animal model [116]. Blocking NF-𝜅B protected high fat diet
mice from insulin resistance [117]. NF-𝜅B signaling pathway
could be activated by pattern recognition receptors like TLRs
and RAGE, both of which have been shown to interact
with HMGB1. This suggested that HMGB1 might play a
critical role in insulin resistance through NF-𝜅B signaling.
In a number of human studies with obese state or T2D,
circulating level of HMGB1 was higher and positively corre-
lated with homeostasis model assessment-insulin resistance

(HOMA-IR) [102, 118–120]. In a further research of Dasu
and colleagues, the amount of HMGB1 was elevated in
human type 2 diabetic subjects and positively correlated
with TLR2 and TLR4, BMI, and HOMA-IR. In addition, the
expression of MyD88 and NF-𝜅B p65 was increased [86].
The activation of TLR-MyD88-NF-𝜅B signaling resulted in
elevated levels of cytokines [86]. Soon afterwards, Chen et
al. [121] found that the expression of HMGB1 and NF-𝜅B
and TNF-𝛼/vascular endothelial growth factor (VEGF) were
significantly upregulated in type 2 diabetic retinas and in high
glucose treated ARPE-19 cells, compared to their respective
counterparts. HMGB1 blockade significantly alleviated NF-
𝜅B activity and VEGF secretion in ARPE-19 cells stimulated
with high glucose. Chen et al. [122] indicated that HMGB1
was significantly upregulated by high glucose via NF-𝜅B
signaling in vivo and in vitro, in an association with an
elevation of proinflammatory cytokines. HMGB1 inhibition
reduced the upregulation of proinflammatory cytokines in
response to high glucose. Hence, HMGB1 might be involved
in the development of insulin resistance via activating NF-
𝜅B signaling and associated with a raised expression of
proinflammation mediators.

5.3. HMGB1 and Pancreatic Islet Inflammation. Recently, a
number of studies suggested that there was a sustained
inflammatory milieu in pancreatic islets in the process
of T2D, owing to increased cytokine or chemokine pro-
duction and immune cell infiltration. Recent studies on
human islets with T2D demonstrated that the combination
of hyperglycemia and elevated FFAs induced a more effi-
cient proinflammatory phenotype, mainly via TLR, MyD88,
and interleukin-1 receptor (IL-1R) I signals [123]. Studies
in mouse showed that elevated levels of circulating sat-
urated FAs activated inflammatory processes within islets
via TLR4/MyD88 pathway. 𝛽 cells produced chemokines
and recruited CD11b(+)Ly-6C(+) M1-type proinflammatory
monocytes/macrophages to the islets [124]. IL-1 plays a
critical role in the islet inflammation. Type 2 diabetic GK
rat displayed an increased expression of IL-1𝛽, and spe-
cific blockade of IL-1 activity by the IL-1 receptor antag-
onist (IL-1Ra) was associated with reduced inflammatory
cytokines/chemokines in GK islets in vitro and in vivo
when exposed to metabolic stress [125]. Meanwhile, TLR2
and TLR4 and NLRP3 inflammasome also play a role in
islet inflammation and islet dysfunction [126]. About ten
years ago, Steer and colleagues elucidated that IL-1 combined
with HMGB1 promoted islet inflammation and 𝛽-cell death,
which provided a proof for HMGB1 in the inflammation of
pancreatic islet cells [127]. However, there was no further
study of HMGB1 involvement in islet inflammation later.
Instead, there were studies focusing on the role of HMGB1
in islet transplantation [128–133]. HMGB1 inhibition by anti-
IL-6R antibody, HMGB1 A-box, NF-𝜅B inhibitor, or the
Na(+)/Ca(2+) exchanger inhibitor was able to ameliorate
inflammatory responses and islet survival after islet trans-
plantation by reducing the amount of innate immune cells
and cytokines like TNF-𝛼 and interferon- (IFN-) 𝛾 [129–
132]. And blockade ofHMGB1with anti-HMGB1monoclonal
antibody (mAb, 2g7) inhibited inflammatory response by
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reducing TNF-𝛼 and IL-1𝛽 production and thereby improved
islet viability after islet cells transplantation [134].

5.4. HMGB1 and 𝛽-Cell Death. Pancreatic 𝛽-cell death is a
major feature of the late stage of T2D. It is a consequence of
insulin resistance and 𝛽-cell overcompensation. In a clinical
study of T2D, the reduction of𝛽-cellmasswas observed in the
pancreatic tissue sections [2]. It was reported that decreased
𝛽-cell mass in T2D was attributed to pancreatic 𝛽-cell apop-
tosis and to𝛽-cell dedifferentiation [135]. Furthermore, 𝛽-cell
dysfunction and apoptosis were associated with islet inflam-
mation. Richardson et al. [136] suggested that a persistent,
low-grade enteroviral infection of islet endocrine cells might
induce functional changes that contribute to the recruitment
of macrophages in some patients with T2D. This article gave
evidence that macrophage infiltration was involved in 𝛽-
cell dysfunction and loss in T2D. In addition, saturated FAs
activated inflammatory processes within islets via activating
TLR4/MyD88 pathway and engendering chemokines [124].
These results demonstrated that islet inflammation resulted
in 𝛽-cell dysfunction and death. Alternately, HMGB1 played
an important role in the process of 𝛽-cell apoptosis according
to reports. Li et al. [13] demonstrated that TLR4 was the
main receptor of HMGB1 on 𝛽 cells and HMGB1 might
signal through TLR4 to selectively damage 𝛽 cells rather
than 𝛼 cells in type 1 diabetes mellitus. Another study in
NODmice indicated that HMGB1 could be passively released
from damaged pancreatic 𝛽 cells and actively secreted by
islet infiltrated immune cells. Blockade of HMGB1 inhibited
diabetes development in younger NOD mice [137]. These
two studies together suggested that extracellular HMGB1
led to islet 𝛽 cells damage via binding to TLR4 on 𝛽 cells.
Necrotic islet 𝛽 cells, in turn, released HMGB1 to accelerate
cell damage, creating a vicious loop. In addition, HMGB1
and RAGE interaction induced islet cells apoptosis and
progressive 𝛽-cell loss by inducing oxidative stress in type 2
diabetic rats [138]. One study showed that high concentration
of insulin resulted in increased extracelluar HMGB1 and
induced the apoptosis of rat ovarian granulosa cells in vitro
[139]. It has also been reported that HMGB1 could directly
stimulate pancreatic 𝛽 cells to secrete insulin [120].

6. Conclusion Remarks

HMGB1, an ubiquitously expressed and evolutionarily con-
served chromosomal protein, has diverse roles in mediating
inflammation. Increasing evidence indicatesHMGB1 is a vital
mediator in the onset and progression of diabetes. Elevated
level of HMGB1 has been found in serum and islets as
well as other tissues like adipose, liver, and muscle from
diabetic patients and animal models. Additionally, increased
expression levels of RAGE and TLRs have also been reported
in diabetes, and these receptors are critically involved in
the induction of proinflammatory cytokines. The functional
association among HMGB1, RAGE, and TLRs augments
the inflammation in the course of T2D including obesity-
induced inflammation, insulin resistance, and islet inflam-
mation. Therefore, blockade of HMGB1 and its receptors

represents a promising therapeutic approach for controlling
inflammation in T2D.
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The aim of this study was to explore the possible mechanism of rheumatoid arthritis- (RA-) related abnormal glucose metabolism.
The model of collagen-induced arthritis (CIA) was established by intradermal injection of type II collagen into Wistar rats;
complete Freund’s adjuvant injections were used as the control group. Fasting plasma glucose (FBG) was measured by the glucose
oxidase method. Fasting insulin (FIns) and the expressions of IL-6 were detected by ELISA. Islet caspase-3 was examined by
immunohistochemistry. On day 17 after immunization, FBG of the CIA group showed an elevated FBG value compared with the
control group.Meanwhile, the FIns of group CIAwas lower when compared with the control group. Interestingly, the inflammatory
cytokine IL-6 expression was significantly increased when compared with the control group. As expected, the abnormal glucose
metabolism was accompanied by the increased IL-6 expression. Furthermore, in line with the upregulated IL-6 expression, the
apoptosis related enzyme caspase-3 was alsomarkedly increased.These data showed that the elevated FBG inCIAmay be associated
with the reduced FIns level secondary to the overapoptosis of pancreas islet cells induced by IL-6.

1. Introduction

Rheumatoid arthritis (RA) is a chronic disease characterized
by synovitis and autoantibody such as rheumatoid factor (RF)
and anti-cyclic citrullinated peptide antibody (anti-CCP) [1,
2]. Besides the destruction of cartilage and bone, RA also
leads to system damage including cardiovascular, pulmonary,
and psychological systems [3, 4]. Blockage of proinflamma-
tory cytokines activity involved in the chronic inflammation
of RA, such as tumor necrosis factor-alpha (TNF-𝛼) and
interleukin-6 (IL-6), was applied in clinical therapy [5].
IL-6 is a pleiotropic proinflammatory cytokine produced
by synovial cells and endothelial cells [6, 7]. IL-6 favors
T-cell activation, B-cell proliferation, and immunoglobulin
secretion [8]. Moreover, IL-6 participates in the synthesis of
acute phase proteins in the liver and proliferation and differ-
entiation of hematopoietic precursor cells. Its overexpression
can promote the occurrence of RA and other autoimmune
diseases [9].

Previous studies have defined the relationship between
inflammatory factors and insulin resistance [10–12]. In-
creased levels of serum inflammatory marker IL-6 have been
found in patients with type 2 diabetes [12]. In addition, IL-
6 treatment induces beta-cell apoptosis via STAT-3-mediated
nitric oxide production [13–15]. Recent reports have shown
that the prevalence of diabetes mellitus (DM) in patients
with RA is about 15%–19%, which is significantly higher than
that of the global DM [16, 17]. The fasting plasma glucose
(FBG) in RA patients with type 2 diabetes mellitus (T2DM)
is higher than that of T2DM patients, suggesting that the
islet 𝛽-cell damage in RA patients complicated with T2DM
is more serious [11], and these may be related to their long-
term systemic inflammatory status [18, 19]. However, the
mechanism of RA with 𝛽-cell damage is still uncertain.

In this study, the model of CIA was established to observe
the expressions of FBG, FIns, IL-6, and islet caspase-3. As
expected, the abnormal glucose metabolism was accom-
panied by the increased IL-6 expression. Furthermore, in
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line with increased IL-6 expression, the apoptosis related
enzyme caspase-3 was also markedly increased. These data
showed that the possible mechanism of RA complicated with
abnormal glucose metabolism might result from the 𝛽-cell
apoptosis induced by IL-6.

2. Materials and Methods

2.1. Experimental Animals and Reagents. Female Wistar rats,
weighing 150–180 g, were purchased from Kaifu district,
Changsha city, East Laboratory Animal Service Department,
and were bred in a specific pathogen-free (SPF) environment.
The rats were adaptively bred one week before experiment.
All rats were maintained (20–24∘C and 55–60% humid-
ity) under a standard 12-hour light/dark cycle. IL-6 ELISA
kits were purchased from RayBiotech Company (Norcross,
USA); insulin ELISA kits were purchased from Wuhan
Elabscience Biotechnology Co., Ltd. (Wuhan, China); bovine
type II collagen (C7806) and complete Freund’s adjuvant
were purchased from Sigma Company (Shanghai, China);
rabbit anti-rat caspase-3 was provided by Abcam Company
(Cambridge, USA). Two-step immunohistochemical kits and
diaminobenzidine (DAB) color liquid were purchased from
Beijing Zhong Shan-Golden Bridge Biological Technology
Co., Ltd. (Beijing, China).

2.2. Animal Models. Bovine type II collagen (10mg) was
dissolved in 5mL 0.1mol/L acetic acid solution, maintained
at 4∘C overnight, and set aside. An equal dose of collagen
solution and complete Freund’s adjuvant was thoroughly
mixed and completely emulsified; then, a CII/IFA emulsion
(1mg/mL) was freshly manufactured. Rats were injected with
emulsion at the base of the tail and back within three points
(day 1); animals were boosted with the dose of 0.2mL CII-
IFA emulsion at day 7 by the samemethod.The control group
were treated with complete Freund’s adjuvant according to
the same protocol. After initial immunization [20], the rats’
arthritis index (AI) was scored as in a previous report. Blood
samples were collected from the intraocular adjoined veins of
the rats on the 17th day after initial immunization.

2.3. Immunohistochemistry. The pancreatic tissue was fixed
in 4% paraformaldehyde (pH 7.4) for histological analysis. To
detect the expression of caspase-3, the slides were incubated
with antibody diluted at 1 : 80 overnight at 4∘C, followed
by DAB coloration, and stained with hematoxylin dye and
dehydrated (transparent). Image-Pro Plus 6.0 was used to
analyze and carefully delineate the scope of each field in the
islets, to measure the mean absorbance of the islets, as an
index for expression of islets caspase-3.

2.4. Immunoblots. The protein extracted from the pancreatic
tissue was assessed using an immunoblot assay. Antibodies
against cleaved caspase-3 were obtained from Cell Signaling
Technology (MA, USA). After incubating with secondary
antibody conjugated horseradish peroxidase, the immunore-
activity was developed by an ECL system (Pierce).

2.5. Statistical Analysis. All statistical analyses were per-
formed using Prism 5 software. Data are presented as the
mean ± standard error (SD). Group comparisons were
performed using Student’s 𝑡-test. Paired Student’s 𝑡-test was
used for paired data. A value of 𝑝 < 0.05 was considered as
statistically significant.

3. Results

3.1. Abnormal Glucose Metabolism in Rat Collagen-Induced
Arthritis. In recent studies, there has been increased evi-
dence of the relationship between glucose metabolism dys-
function and human autoimmune disease. To explore the
mechanism of this observation in rheumatoid arthritis, rat
collagen-induced arthritis model was established. In this
study, on day 17 after the primary immunization, the CIA rats
showed mild edema in one or both sides of the hind limbs.
Furthermore, histological analysis showed hyperplasia of the
synovial membrane and the infiltration of inflammatory cells
in CIA rats (Figures 1(a) and 1(b)). As expected, a markedly
increased level of FBG was observed in CIA rats when
compared with the control group. Meanwhile, a decreased
level of FIns was observed in CIA rats when compared with
the control group (Figure 2). These data suggest abnormal
glucose metabolism in rat collagen-induced arthritis.

3.2. Effect of Increased IL-6 Expression on FBG and FIns.
Previous studies have defined the relationship between
inflammatory cytokines and insulin resistance [15]. IL-6 is
a critical inflammatory cytokine in the pathogenesis of RA,
and blockage of its activity by IL-6R antibody was applied
in clinical treatment. Here, we also observed an increased
expression of IL-6 in CIA rats when compared with control
(Figure 3). An increased IL-6 level was also observed in
patients with type 2 diabetes. Next, to determine the role
of IL-6 in the regulation of glucose metabolism in CIA
rats, the correlation between IL-6 and FBG or FIns was
analyzed. The result met our expectations; a significantly
positive correlation was observed between IL-6 and FBG
(Figure 4(a)). In addition, a negative correlation was depicted
in IL-6 and FIns (Figure 4(b)).

3.3. IL-6 Promotes Caspase-3 Expression in Pancreas Islet. A
critical role of 𝛽-cell apoptosis has been demonstrated in the
development of diabetes. In line with an increased expression
of IL-6 (Figure 3), the apoptosis related enzyme caspase-
3 was also markedly increased in CIA rats (Figures 5(a)–
5(c)). Furthermore, the cleaved caspase-3 was also detected,
as expected, and the CIA rats showed an increased level when
compared with control rats. Previous studies have shown
that IL-6 treatment induces beta-cell apoptosis via STAT-
3-mediated nitric oxide production. Accordingly, a positive
correlation between caspase-3 and IL-6 was observed in our
study. Taken together, these results suggest that the abnormal
glucose metabolism might be due to the 𝛽-cell apoptosis
induced by inflammatory cytokine IL-6 (Figure 5(d)).
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Figure 1: Establishment of rat collagen-induced arthritis. After day 17 of immunization, the macroscopic change of hind limbs and the
histology of joint tissue sections from CIA rats and control rats were analyzed. All data are representative of one out of three independent
experiments.
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Figure 2: Glucosemetabolism dysfunction in CIA rats. Blood samples were collected from the intraocular adjoined veins of the rats on day 17
after initial immunization from CIA rats and control rats. FBG and FIns in sera of both groups were determined as described in the Materials
and Methods. The data are presented as mean ± SD (𝑛 = 6–8/group) and are representative of three independent experiments. ∗𝑝 < 0.05.

4. Discussion

Recent studies have shown that the prevalence of RA
patients with abnormal glucose metabolism was significantly
increased [11, 16], and the decreased insulin sensitivity and
islet 𝛽-cell function due to islet 𝛽-cell excessive apoptosis
in these patients and the mechanism might be related to

overexpressed proinflammatory cytokines [21]. In this exper-
iment, the expression of IL-6 in group CIA was significantly
higher than that of control group, and the abnormal glucose
metabolism was accompanied by the increased IL-6 expres-
sion. Furthermore, in line with increased IL-6 expression,
the apoptosis related enzyme caspase-3 was also markedly
increased. These data showed that the abnormal glucose



4 Journal of Diabetes Research

IL-6

CIAControl
0

200

400

600

(p
g/

m
L)

∗

Figure 3: Increased IL-6 expression in rat collagen-induced arthritis. Blood samples were collected from the intraocular adjoined veins of
the rats on day 17 after initial immunization from CIA rats and control rats. IL-6 in sera was determined by ELISA kit. The data are presented
as mean ± SD (𝑛 = 6–8/group) and are representative of three independent experiments. ∗𝑝 < 0.05.
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Figure 4: Correlation between IL-6 and FBG and FIns. The sera were harvested after day 17 of immunization. Levels of IL-6, FBG, and FIns
were determined. The correlations between IL-6 and these factors in all the rats were analyzed by Spearman correlation test. 𝑝 value < 0.05
was considered as statistically significant. Data are representative of three independent experiments.

metabolism in RA might result from the 𝛽-cell apoptosis
induced by IL-6.

IL-6, an important proinflammatory cytokine, could
promote insulin secretion at low concentration of IL-6 [22].
Interestingly, the high concentration of IL-6would damage𝛽-
cells and promote apoptosis [13]. The cytotoxicity of high IL-
6 concentrations could upregulate the expression of cleaved
caspase-3 and phosphorylated p38mitogen-activated protein
kinase and phosphorylated nuclear factor-𝜅B, in part via
signal transducers and activators of transcription-3-mediated
NO production [8]. In addition, IL-6 can increase lipolysis
in adipocytes as well as the release of free fatty acids,
thereby damaging the mitochondria and glucose transporter
2 (GLUT2) function and insulin sensitivity [23]. Here, in
our study, we also observed elevated IL-6 expression in
CIA, which positively correlated with glucose. Furthermore,

IL-6 can also induce the production of IL-1𝛽, IL-2, and
TNF-𝛼 and enhance the biological effects when combined
with these cytokines [9]. The previous studies have also
found that TNF-𝛼 produced by adipose tissue can induce
insulin resistance (IR); these data showed the relationship
between inflammatory factors and insulin resistance. Not
only were IL-6 levels in CIA rats significantly increased, but
also other proinflammatory cytokines like TNF-𝛼 and IFN-𝛾
were overexpressed [5]. IL-6 can also be combinedwith TNF-
𝛼, IL-1𝛽, and induced classical caspase-dependent apoptosis
pathway, thereby increasing the apoptosis of 𝛽-cells and
causing a reduction of insulin secretion [14]. These might be
the reason for the high prevalence of diabetes mellitus (DM)
in patients with RA when compared with healthy controls.

Insulin is one of the most important hormones in an
organism that regulates blood sugar levels, which is secreted
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Figure 5: Potential of IL-6 in the apoptosis of 𝛽-cells. The pancreas islets were harvested after day 17 of immunization. (a) The apoptosis
related gene caspase-3 was analyzed by immunohistochemistry. (b) The expression of caspase-3 was analyzed by OD value. Image-Pro Plus
6.0 was used to delineate the scope of each field in the islets and measure the mean absorbance of the islets. (c)The proteins of pancreas islets
were extracted for analyzing cleaved caspase-3 expression by immunoblots assays. Data are representative of three independent experiments
(d) Paired Student’s 𝑡-test was used for analyzing the paired data of IL-6 and caspase-3. Data are shown as the mean ± SD (𝑛 = 6–8/group)
and are representative of three independent experiments. ∗𝑝 < 0.05.

by pancreatic 𝛽-cells; insulin deficiency can lead to elevated
blood glucose levels [21]. As expected, we observed that
fasting serum insulin levels were significantly decreased in
CIA. Furthermore, the increased expression of islet caspase-
3 was also detected. Caspase-3 is an important proapoptotic
protein and is the performer of cell apoptosis. When the
cells are stimulated by the proapoptotic factors, caspase-3
can be activated and then induce their apoptosis [24, 25].
In addition, IL-6 was positively correlated with caspase-3
production which leads 𝛽-cell to apoptosis in our study. The
elevated levels of IL-6 inhibiting the insulin secretion of islet
𝛽-cells might be through promoting 𝛽-cells apoptosis.

This study suggests the significantly increased FBG and
decreased FIns in CIA rats, which might be a result from
autoimmune inflammatory mediators such as IL-6. IL-6
induced abnormal glucose metabolism might be through
upregulating caspase-3 expression, because of the positive
correlation between IL-6 and apoptosis related enzyme
caspase-3. Taken together, these data showed that the elevated
FBG and reduced FIns level in CIA may be induced by
the inflammatory cytokines generated by arthritis, which
is significantly different from the traditional T2DM. The
treatment of the primary disease in RA combined with DM
can improve glucose metabolism.
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Proinflammatory cytokines have been implicated in the pathophysiology of both type 1 diabetes (T1D) and type 2 diabetes (T2D).
T1D is an autoimmune disease involving the adaptive immune system responding to pancreatic beta-cells as antigen-presenting
cells. This attracts immune cells that surround pancreatic islets (insulitis) and secrete cytokines, such as IL-1beta, IFN-gamma,
and TNF-alpha, in close proximity to pancreatic beta-cells. In contrast, there is little evidence for such a focused autoimmune
response in T2D. Instead, the innate immune system, which responds to cellular damage and pathogens, appears to play a key role.
There are three major sources of proinflammatory cytokines that may impact islet/beta-cell function in T2D: (1) from islet cells,
(2) from increased numbers of intraislet macrophages/immune cells, and (3) from increased circulating levels of proinflammatory
cytokines due to obesity, presumably coming from inflamed adipose tissue. These differences between T1D and T2D are reflected
by significant differences in the cytokine concentration, duration, andmilieu.This review focuses on chronic versus acute cytokine
action, cytokine concentrations, and cytokine milieu from the perspective of the pancreatic islet in T2D. We conclude that new
cytokine models may be needed to reflect the pathophysiology of T2D more effectively than what are currently employed.

1. Introduction

Nearly a century has passed since insulin codiscoverers
Frederick Banting and Charles Best observed the first patient
to receive insulin therapy in 1922, instantly transforming the
prognosis of type 1 diabetes (T1D) from a death sentence to
a manageable disease. However, the root cause of T1D is still
not known, but the processes that lead to the destruction of
insulin-producing pancreatic beta-cells have been fairly well
elucidated. T1D is now considered an autoimmune disease
that causes the gradual, systematic destruction of pancreatic
beta-cells within the islets of Langerhans. Proinflammatory
cytokines play a prominent role in the pathophysiology of
T1D [1–6], but increasing evidence also suggests a significant
role for cytokines in islet dysfunction in T2D as well [6–
8]. In this review, I address the substantial differences in
the inflammatory environment of the pancreatic islet in T1D
versus T2D and then consider alternative models of cytokine

exposure that may more accurately reflect the pancreatic
environment in T2D, with particular emphasis on the islet.

2. Cytokines in T1D versus T2D

There are notable similarities and differences in the action
of cytokines in the development of T1D versus T2D [9, 10],
as shown in Figure 1 and described below. In T1D, beta-cells
are the direct target of an autoimmune invasion beginning
with peri-insulitis and ending in beta-cell death [10–12].
In T2D, metabolic stress is thought to activate the innate
immune system, resulting in a chronic inflammatory state
marked by increased cytokines, increased islet-associated
macrophages, and beta-cell apoptosis [10, 13, 14]. In T1D,
autoimmunity is the prime effector of beta-cell destruction.
In T2D, a number of metabolic stress factors related to excess
nutrients are thought to contribute to beta-cell decline and
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Figure 1: A flowchart of very basic differences in the patho-
physiology of T1D and T2D. Each disease is described by the
immune-mediated triggers, processes, and resultswith respect to the
pancreatic beta-cell/islet.

destruction including glucotoxicity [15–17], lipotoxicity [15–
17], oxidative stress [16, 18], endoplasmic reticulum (ER)
stress [19, 20], amyloid deposition [21], and inflammation
[8, 13]. Some evidence suggests that all of these factors may
even be connected through inflammasome activation [22–
24]. To bring this discussion full circle, emerging research
suggests that some of the putative factors causing beta-cell
dysfunction in T2D, most notably ER stress and/or oxidative
stress, may play a role in antigen presentation to trigger the
autoimmune response in T1D [25–27].

The key proinflammatory cytokines in T1D are interleu-
kin- (IL-) 1beta, tumor necrosis factor alpha (TNF-alpha),
and interferon-gamma (IFN-gamma). IL-1beta is produced
bymonocytes (leukocytes), macrophages, and other immune
cells. TNF-alpha is produced by macrophages, lymphoid,
stromal cells, and many other cell types and can exist in
membrane-bound as well as in soluble forms [28, 29]. IFN-
gamma is primarily produced by natural killer cells and
certain types of T cells [30], although macrophages can
also produce IFN-gamma under certain conditions, such as
exposure to IL-12 and IL-18 [31, 32]. Infiltrating immune
cells are thought to secrete these three cytokines in close
proximity to the beta-cell at high concentrations in T1D,
and these cytokines interact synergistically to inflict cytotoxic
effects [3, 33–36]. Although rodent islets may succumb to
high concentrations of any of these cytokines, classic studies
demonstrated that combinations of these cytokines produced
more consistent cytotoxic effects on human islets [3, 4, 34,
37, 38]. In T2D, the metabolic stress of obesity is thought
to elevate cytokine production in adipose tissue [39–43]
and other organs to a lesser extent [44], resulting in an
overall chronic low-grade inflammatory state. In the next
section, key parameters will be examined to define amodel of
islet exposure to cytokines that may resemble the pancreatic
environment more closely during the development of T2D.

3. Considerations for a Model of Cytokine
Action Consistent with T2D

A number of proinflammatory cytokines are elevated in the
general circulation of obese individuals compared to lean
individuals, and these increased levels are associated with
an increased risk of developing T2D [45–53]. This low-
grade systemic inflammation may also play a direct role in
triggering beta-cell dysfunction, particularly in T2D.Wehave
previously reported that cytokines can directly affect aspects
of islet function in rodent islets at circulating concentrations
in vitro [54–56]. However, these effects, which are primarily
related to intracellular calcium handling, do not appear to
impact cell death rate or insulin secretion in normal islets
[55]. As shown in Figure 2, the “T2D-like” cytokines, in the
range of circulating levels in the blood, do not increase cell
death or decrease insulin secretion significantly. The “T1D-
like” concentrations of cytokines necessary to induce cell
death are at least 50-fold higher than what is observed in low-
grade systemic inflammation in T2D (see also similar pub-
lished data in [55]). The 5 ng/mL concentration of IL-1beta
commonly found in the literature is 10 times greater than the
T1D-like concentration and 500 times greater than the T2D-
like concentration shown in Figure 2. This suggests that the
use of high concentrations of death-inducing cytokines is not
necessarily appropriate for recreating an islet environment
related to T2D. To build an appropriate in vitro model of
chronic low-grade inflammation that can reasonably mimic
the islet environment in T2D in vivo, several questions must
be addressed:

(1) What cytokines and chemokines are elevated in the
systemic circulation in obesity and T2D that can
negatively impact islet function?

(2) What immune cells are found in or near islets that can
secrete cytokines in close proximity?

(3) What cytokines are secreted by islet cells themselves
in response to damage or stress?

(4) What concentration and duration of exposure mimic
chronic low-grade inflammation?

Each of these considerations is discussed in Sections 3.1–3.4.

3.1. Circulating Cytokines and Chemokines. Circulating levels
of several cytokines and chemokines have been identified as
potential risk factors for developing T2D, including TNF-
alpha, C-reactive protein (CRP), monocyte chemoattractant
protein-1 (MCP-1), IL-1beta, and IL-6 [45–53]. Chief among
these risk factors are IL-1beta and IL-6 [57]. IL-1beta at
high enough concentrations can destroy beta-cells [58, 59].
Antagonizing the actions of IL-1beta has been shown to
have clinical value in partially mitigating the symptoms of
T2D [60–63], suggesting that IL-1beta plays a role in the
pathophysiology of the disease. Numerous studies have also
associated increased levels of IL-6 with the development
of type 2 diabetes [64–67]. However, IL-6 has also been
associated with beneficial effects of exercise (reviewed in
[68]) and with improving islet function [69, 70], resulting
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Figure 2: Islet viability and function following overnight treatment
with different cytokine concentrations. (a) Cell deathmeasurements
by propidium iodide (PI) were made on islets following treatment
with Roswell Park Memorial Institute 1640 media (untreated),
10 pg/mL IL-1beta + 20 pg/mL TNF-alpha + 200 pg/mL IFN-
gamma (T2D-like), or 500 pg/mL IL-1beta + 1000pg/mLTNF-alpha
+ 10,000pg/mL IFN-gamma (T1D-like). (b) Glucose-stimulated
insulin secretion (GSIS) in 3mM glucose (3G, open bars) and
28mM glucose (28G, filled bars) following cytokine treatments
listed in (a). ∗𝑃 value < 0.05.

in a complex and evolving view over the role(s) of IL-6 in
T2D [71–73]. A prospective study focused primarily on links
between nutrition and cancer generated an intriguing report
that identified the combination of both IL-1beta and IL-6
as key cocontributors to the development of T2D [47]. We
reported that serum levels of IL-1beta and IL-6 in diabetes-
prone mice at an age before hyperglycemia developed
were 2-3 times higher than for age-matched heterozygous

control mice, suggesting that low-grade systemic inflamma-
tion develops early in the disease process [74].

In addition, many other cytokines and chemokines are
increased in obesity including leptin, resistin, IL-7, IL-8,
retinol binding protein- (RBP-) 4, plasminogen activator
inhibitor- (PAI-) 1, chemokine- (C-X-C motif-) ligand 5
(CXCL5), visfatin, chemerin, and vaspin [75, 76]. Other
cytokines are decreased with increased obesity including
adiponectin, IL-10, and omentin [75, 76]. We conducted a
32-plex cytokine detection array of mouse blood serum from
leptin-receptor-deficientmale BKS.Cg-Dock7m+/+Leprdb/J
(db/db) mice and heterozygous controls at different ages to
identify additional cytokines and chemokines [77]. Many of
the 32 cytokines tested were above or below the sensitivity
for appropriate detection or were highly variable. However,
CXCL1 and CXCL5 were increased significantly in serum
at the onset of obesity and T2D. We further showed that
exposure to circulating concentrations of these chemokines
synergistically produced mild inhibition of islet function and
that expression of CXCL1 and CXCL5 increased markedly in
islets in response to low-grade inflammation [77].

Regarding the classic trio of T1D cytokines, IL-1beta
appears to also play a role in T2D, but TNF-alpha and IFN-
gamma may or may not be as prominent. In our studies,
we did not observe elevated serum levels of TNF-alpha in
prediabetic mice (IFN-gammawas not examined), and TNF-
alpha does not appear to have the same degree of impact as
IL-1beta and IL-6 on the development of T2D in humans [47].
IFN-gamma appears to be elevated in obesity and may play a
role in islet dysfunction in T2D [78, 79]. However, at present
there is not sufficient evidence that circulating levels of IFN-
gamma impact islet function or that IFN-producing immune
cells are localized within islets in models of T2D. Additional
studies are needed to determine the full milieu of obesity-
associated cytokines and the extent to which this milieu of
circulating cytokines can impact islet function.

3.2. Cytokines Produced by Macrophages and Other Immune
Cells within Islets. In addition to the chronic inflammatory
state marked by increased circulating cytokines, signs of
increased inflammation in T2D have also been observed
within the pancreas itself. Specifically, increased numbers of
islet-associated macrophages have been reported in rodent
models of T2D and in humans with T2D [80, 81]. In the
db/db mouse model of diabetes, a 4-fold increase in M1 type
macrophages was reported as early as 8 weeks of age [82].
Macrophages are involved in adaptation and cellular repair
as well as in the discrete removal of dead and dying cells.
Thus, increased islet presence of macrophages could merely
be an indicator of more dying cells that must be cleared away.
However, macrophages could also be active instigators of
destruction by secreting various proinflammatory cytokines
in close proximity to islet cells. The potential of macrophage
instigation of islet dysfunction has been confirmed by stud-
ies showing that palmitate causes macrophage accumula-
tion, increased cytokine/chemokine production within islets,
and islet dysfunction, but islet dysfunction is prevented
when macrophage accumulation is blocked [83, 84]. These
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findings suggest that macrophages play an important role
in inflammation caused by metabolic stress. In addition
to macrophage involvement, recent work also suggests that
clusters of differentiation- (CD-) 45-positive leukocytes
are also increased in islets from T2D donors, suggesting
a possible role of the adaptive immune system in T2D
[85, 86].

3.3. Islet-Derived Cytokines. There is also evidence that cells
within islets are capable of producing proinflammatory
cytokines. Chronic high levels of glucose, for example, can
stimulate IL-1beta production in beta-cells [87]. Exposure
to certain cytokines can also stimulate islet expression of
cytokines and chemokines. For example, treatment with
IFN-gamma + TNF-alpha increases islet expression of IL-
15, interferon-gamma-induced protein- (IP-) 10, CXCL9,
CXCL11, and chemokine (C-Cmotif) ligand- (CCL-) 20 [88].
IL-1beta exposure induces expression of several neutrophil-
attracting proteins including MCP-1 [89]. Exposure to free
fatty acids, palmitate in particular, can induce islet expression
of numerous cytokines and chemokines, including IL-1beta,
TNF-alpha, IL-6, IL-8, CXCL1, and MCP-1 [83, 84, 90].

The importance of intraislet cytokine production is that
cytokine concentrationswithin isletsmay be orders ofmagni-
tude higher when cytokines are produced by islet cells and/or
resident immune cells within the islet in comparison to cir-
culating levels. It should be noted that the increased cytokine
expression inmany of these studies could not be attributed to
any specific cell type(s) within the islet.Thus, it is possible that
immune cells within the islet could be responsible for most
or all of the increased expression of these cytokines, rather
than insulin-producing beta-cells, glucagon-producing alpha
cell, or other endocrine cell types in the islet. Thus, intraislet
secretion of cytokines, regardless of the source,maymarkedly
increase the potential concentration of cytokine exposure in
islet cells.

3.4. Cytokine Dose, Duration, and Milieu. The net effect of
cytokine exposure on tissue depends markedly on factors
such as cytokine concentration, duration of cytokine expo-
sure, and the combination of cytokines involved (also called
the cytokine milieu [91, 92]). IL-1beta, for example, causes
islet dysfunction or cell death in a number of studies of
chronic exposure [37, 58], and blockade of the IL-1 receptor
mitigates many of these effects [60, 93, 94]. However, IL-
1beta can also enhance insulin secretion [95–97], and recent
work even suggests IL-1beta may play a key role in islet
compensation for nutrient overload in the early stages of
metabolic disorders [98]. In one early series of studies, both
positive and negative impacts of IL-1beta were described
based on differences and dose and duration of exposure
[99–101]. In the context of T2D, the duration of low-grade
inflammation may be a key factor, as cytokines could have
compensatory/protective effects initially that become delete-
rious under chronic conditions. Thus, the dose and duration
of cytokine exposure [98, 101, 102], species being tested [103–
105], and milieu of interacting cytokines [3, 4, 95, 105, 106]
are all important factors that contribute to both positive

or negative effects on the beta-cell. In addition, synergistic
activity among multiple cytokines can alter or amplify sig-
naling pathways [3, 4, 107, 108], adding an additional layer
of complexity to cytokine action.

4. Cytokine Susceptibility and Signaling in
T2D-Prone Islets

Our recent work has focused on elucidating possible dif-
ferences in response to chronic low-grade inflammation
between islets from diabetes-prone and normal (nondiabe-
tes-prone) environments. Male db/dbmice and heterozygous
controls were used at 4-5 weeks of age, an age at which the
capacity for glucose-stimulated insulin secretion and intra-
cellular calcium responses are similar for both mouse strains
[74]. The combination of IL-1beta and IL-6 significantly
impaired islet function in ways that either alone could not
[74]. Further, islets isolated from prediabetic db/db mice and
exposed in vitro to IL-1beta + IL-6 overnight at approximately
circulating levels (in mice) caused a significant decrease in
glucose-stimulated insulin secretion, a significant increase in
ER stress markers (nitric oxide synthase 2 (NOS2), 78-kDa
glucose-regulated protein (GRP78), activating transcription
factor 4 (ATF4), and DNA Damage Inducible Transcript
3 (DDIT3), also known as C/EBP homologous protein
(CHOP)), and increased cell death; these cytokines produced
no such effect in heterozygous control islets [74]. Further,
when nondiabetic control mice were implanted with subcu-
taneous osmotic mini-pumps containing IL-1beta + IL-6 to
mimic the serum increases found in prediabetic db/db mice,
we were able to produce 2-3-fold increases in circulating
cytokines, thus reproducing cytokine levels observed in low-
grade inflammation in obesity. The increased circulating
levels of IL-1beta + IL-6 were insufficient to impact physi-
ology in these normal mice. When compared with saline-
implanted controls, however, isolated islets from cytokine-
pump mice showed deficiencies in calcium handling and
insulin secretion that were similar to cytokine effects on islets
in vitro [74]. Finally, these low level cytokine exposures could
also impair human islet function [74]. These results in mice
suggest that mild increases in circulating cytokines may be
sufficient to trigger islet dysfunction leading to islet failure in
genetically susceptible individuals [74].

The cytokine signaling pathways may also differ in con-
ditions of low-grade inflammation when compared to classic
cytokine cocktails associated with T1D. A microarray study
of islet gene expression in response to low concentrations
10 pg/mL IL-1beta + 20 pg/mL IL-6 produced a large number
of gene hits that were apparently not associated with canon-
ical signaling pathways for IL-1beta and IL-6 [109]. Several
highly cytokine-induced genes related to proteins involved
with iron regulation, including Steap4 (six-transmembrane
epithelial antigen of prostate 4), lipocalin-2 (Lcn-2), and
hepcidin antimicrobial peptide (Hamp). Moreover, seven
cytokine-sensitive genes were identified for single nucleotide
polymorphisms related to the acute insulin response to
glucose (AIRg, a test of islet function) in a genome-wide
association scan of a population with a high prevalence
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Figure 3: A basic depiction of the putative sources of cytokines
affecting islets in T2D.

for T2D [109]. The seven genes were Arap3 (ArfGAP with
RhoGAP domain, ankyrin repeat, and PH domain 3), F13a1
(coagulation factor XIII, A1 polypeptide), Klhl6 (kelch-like
protein 6), Nid1 (nidogen 1), Pamr1 (peptidase domain-
containing protein associated with muscle regeneration 1),
Ripk2 (receptor-interacting protein kinase 2), and Steap4
[109]. These findings suggest novel elements of cytokine
signaling that require further study.

5. Modeling Inflammation in T2D

The microenvironment of the pancreatic islet during the
development of T2D has yet to be fully elucidated. With
regard to inflammatory-mediated processes, several sources
of proinflammatory cytokines have been suggested through-
out this review: (1) immune-cell-derived cytokines from
macrophages and lymphocytes, (2) cytokines derived from
inflamed fat tissues or other distal sources that increase
cytokine concentration in the general circulation, and (3)
cytokines/chemokines derived from peptide-producing islet
cells such as alpha-cells or beta-cells (see Figure 3). Creating
accurate in vitro models of the concentration, duration, and
combination of key cytokines involved with each of these
sources will contribute greatly toward a better understanding
of how islets and other organs such as the liver, muscle, fat,
and kidney respond to low-grade inflammation.

We have made a first attempt at a model of the circulating
levels of proinflammatory cytokines utilizing IL-1beta and
IL-6. Although the inflammatory environment is dynamic,
we focused on cytokines involved prior to the onset of
hyperglycemia (the prediabetic stage). Several observations
served as our rationale for developing this model of cir-
culating cytokines in T2D. First, the combination of these
two cytokines is sufficient to significantly increase the risk
of developing T2D in humans [47]. Second, increased levels
of IL-1beta and IL-6 were observed in db/db mice prior to
hyperglycemia or substantial differences in weight (<10%)
compared to control mice [74]. Differences in several other
cytokines, including TNF-alpha [74], were not observed
[77]. Third, exposure to combinations of these cytokines at
circulating levels affected islets in unique ways that treatment
with individual cytokines could not replicate [55, 74]. These
studies collectively point to the combination of 5–10 pg/mL

IL-1beta and 10–20 pg/mL IL-6 as being sufficient to promote
islet dysfunction in T2D.

To produce these levels of low-grade systemic inflam-
mation in vivo is quite possible. Osmotic mini-pumps are
ideally designed to produce the small and precise changes
in the circulating levels of cytokines that define chronic
inflammation. We induced low-grade inflammation in vivo
in normal healthy mice loading ALZET osmotic mini-pumps
(model 1007d, rate 0.5𝜇L/h for 7 days) with 32𝜇g/mL for IL-
1B plus 4𝜇g/mL for IL-6 in saline or saline only controls.
We inserted each pump subcutaneously into an incision
at the nape of the neck to cause low-grade inflammation
in mice without significantly impacting blood glucose or
insulin levels. ELISA assays confirmed that serum levels
of IL-1B and IL-6 were approximately doubled in mice
treated with cytokine mini-pumps versus saline control
pumps. Islets isolated from cytokine-pump-treated mice
showed impaired function compared to saline-pump con-
trols. These findings are detailed in [74] and provide a
method for elevating specific circulating cytokines related
to chronic low-grade inflammation in T2D, independent of
obesity.

6. Final Thoughts

Differences in susceptibility to cytokine-induced damage
between diabetes-prone and nondiabetes-prone islets sug-
gest that certain genetic predispositions may render some
individuals much more susceptible to the negative impact
of proinflammatory cytokines than others. How many other
chronic diseases could play out in this way? The rela-
tively small increases in circulating cytokines caused by
obesity or other chronic inflammatory conditions could
conceivably contribute to a plethora of conditions including
asthma [110, 111], rheumatoid arthritis [112], heart disease
[113], various cancers [114–116], polycystic ovarian syn-
drome [117, 118], and even mood disorders [119]. Thus,
the combination of the genetic predisposition of the indi-
vidual and the dose, duration, and milieu of cytokine
exposure may significantly contribute to numerous chronic
diseases.
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[47] J. Spranger, A. Kroke,M.Möhlig et al., “Inflammatory cytokines
and the risk to develop type 2 diabetes: Results of the prospec-
tive population-based European Prospective Investigation into
Cancer and Nutrition (EPIC)-Potsdam study,”Diabetes, vol. 52,
no. 3, pp. 812–817, 2003.

[48] B. Vozarova, C. Weyer, R. S. Lindsay, R. E. Pratley, C. Bogardus,
and P. A. Tataranni, “High white blood cell count is associated
with a worsening of insulin sensitivity and predicts the devel-
opment of type 2 diabetes,” Diabetes, vol. 51, no. 2, pp. 455–461,
2002.

[49] K. E. Wellen and G. S. Hotamisligil, “Inflammation, stress, and
diabetes,”The Journal of Clinical Investigation, vol. 115, no. 5, pp.
1111–1119, 2005.

[50] J.-M. Fernández-Real, “Genetic predispositions to low-grade
inflammation and type 2 diabetes,” Diabetes Technology and
Therapeutics, vol. 8, no. 1, pp. 55–66, 2006.

[51] K. I. Alexandraki, C. Piperi, P. D. Ziakas et al., “Cytokine
secretion in long-standing diabetes mellitus type 1 and 2:
associations with low-grade systemic inflammation,” Journal of
Clinical Immunology, vol. 28, no. 4, pp. 314–321, 2008.

[52] K. Alexandraki, C. Piperi, C. Kalofoutis, J. Singh, A. Alaveras,
andA. Kalofoutis, “Inflammatory process in type 2 diabetes: the
role of cytokines,” Annals of the New York Academy of Sciences,
vol. 1084, pp. 89–117, 2006.

[53] H. Kolb and T. Mandrup-Poulsen, “The global diabetes epi-
demic as a consequence of lifestyle-induced low-grade inflam-
mation,” Diabetologia, vol. 53, no. 1, pp. 10–20, 2010.

[54] P. Jahanshahi, R. Wu, J. D. Carter, and C. S. Nunemaker,
“Evidence of diminished glucose stimulation and endoplas-
mic reticulum function in nonoscillatory pancreatic islets,”
Endocrinology, vol. 150, no. 2, pp. 607–615, 2009.

[55] S. B. Dula, M. Jecmenica, R. Wu et al., “Evidence that low-
grade systemic inflammation can induce islet dysfunction as
measured by impaired calcium handling,” Cell Calcium, vol. 48,
no. 2-3, pp. 133–142, 2010.

[56] K. L. Corbin, T. E. Hall, R. Haile, and C. S. Nunemaker, “A novel
fluorescence imaging approach for comparative measurements
of pancreatic islet function in vitro,” Islets, vol. 3, no. 1, pp. 14–20,
2011.

[57] V. Wieser, A. R. Moschen, and H. Tilg, “Inflammation,
cytokines and insulin resistance: a clinical perspective,”
Archivum Immunologiae et Therapiae Experimentalis, vol. 61,
no. 2, pp. 119–125, 2013.

[58] T. Mandrup-Poulsen, G. A. Spinas, S. J. Prowse et al., “Islet
cytotoxicity of interleukin 1. Influence of culture conditions and
islet donor characteristics,”Diabetes, vol. 36, no. 5, pp. 641–647,
1987.

[59] C. A. Dinarello, M. Y. Donath, and T. Mandrup-Poulsen, “Role
of IL-1𝛽 in type 2 diabetes,” Current Opinion in Endocrinology,
Diabetes and Obesity, vol. 17, no. 4, pp. 314–321, 2010.

[60] C. M. Larsen, M. Faulenbach, A. Vaag et al., “Interleukin-
1-receptor antagonist in type 2 diabetes mellitus,” The New
England Journal of Medicine, vol. 356, no. 15, pp. 1517–1526, 2007.

[61] A. B. Goldfine, R. Silver, W. Aldhahi et al., “Use of salsalate to
target inflammation in the treatment of insulin resistance and
type 2 diabetes,” Clinical and Translational Science, vol. 1, no. 1,
pp. 36–43, 2008.

[62] A. Schwarznau, M. S. Hanson, J. M. Sperger et al., “IL-
1𝛽 receptor blockade protects islets against pro-inflammatory
cytokine induced necrosis and apoptosis,” Journal of Cellular
Physiology, vol. 220, no. 2, pp. 341–347, 2009.

[63] M. Y. Donath, “Targeting inflammation in the treatment of type
2 diabetes,” Diabetes, Obesity and Metabolism, vol. 15, no. 3, pp.
193–196, 2013.

[64] B. B. Duncan, M. I. Schmidt, J. S. Pankow et al., “Low-grade
systemic inflammation and the development of type 2 diabetes:
the atherosclerosis risk in communities study,”Diabetes, vol. 52,
no. 7, pp. 1799–1805, 2003.
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Macrophage migration inhibitory factor (Mif) is highly expressed in type 1 diabetes mellitus (T1DM). However, there is limited
information about how Mif influences the activation of macrophages (M𝜑) and dendritic cells (DC) in T1DM. To address this
issue, we induced T1DM by administering multiple low doses of streptozotocin (STZ) toMif−/− or wild-type (Wt) BALB/c mice.
We found thatMif−/−mice treated with STZ (Mif−/−STZ) developed lower levels of hyperglycemia, inflammatory cytokines, and
specific pancreatic islet antigen- (PIAg-) IgG and displayed reduced cellular infiltration into the pancreatic islets compared to Wt
mice treated with STZ (WtSTZ). Moreover, M𝜑 and DC from Mif−/−STZ displayed lower expression of MHC-II, costimulatory
molecules CD80, CD86, and CD40, Toll-like receptor- (TLR-) 2, and TLR-4 than WtSTZ. These changes were associated with a
reduced capacity ofM𝜑 andDC fromMif−/−STZ to induce proliferation in ovalbumin-specific T cells. All the deficiencies observed
inMif−/−STZ were recovered by exogenous administration of recombinant Mif. These findings suggest that Mif plays a role in the
molecular mechanisms of M𝜑 and DC activation and drives T cell responses involved in the pathology of T1DM.Therefore, Mif is
a potential therapeutic target to reduce the pathology of T1DM.

1. Introduction

T1DM is an autoimmune-mediated disease characterized
by selective destruction of insulin-producing pancreatic 𝛽-
cells, resulting in the need for lifelong administration of
exogenous insulin for patient survival [1], and represents 5–
10% of all cases of diabetes [2, 3]. The pathological condition
begins with an autoimmune inflammatory process known
as insulitis, which leads to leucocyte infiltration into the
pancreatic islets of Langerhans, resulting in the autoimmune
destruction of pancreatic 𝛽-cells [4]. Thus, the onset of
T1DM is the result of the recognition of self-antigens due
to molecular mimicry against infection with various viruses
such as Coxsackie virus, 𝛽-cell cytotoxicity, or 𝛽-cell cytolysis

[5–7]. Consequently, molecules such as preinsulin, insulin,
glutamate decarboxylase-65 (GAD-65), and islet antigen 2𝛽
become recognized as self-antigens [8].

Different types of innate immune cells such as T cells,
eosinophils, macrophages (M𝜑), and dendritic cells (DC)
as well as proinflammatory cytokines and chemokines are
present during insulitis [4, 9]. The relationship between
T1DM and high levels of inflammatory cytokines such as
interleukin- (IL-) 1𝛽 [10–14], interferon- (IFN-) 𝛾 [15], tumor
necrosis factor- (TNF-) 𝛼 [16], IL-12 [17, 18], andmacrophage
migration inhibitory factor (Mif) [19–24] has been widely
recognized.

Mif is a pleiotropic cytokine produced during the im-
mune response by activated T cells, M𝜑, DC, and a variety
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of nonimmune cells and plays a pivotal role in the systemic
inflammatory immune response by promoting the produc-
tion of proinflammatory cytokines including TNF-𝛼 and IL-
6, which are involved in inflammatory and autoimmune
diseases such as septic shock [25], cancer [26], inflammatory
bowel disease [27, 28], rheumatoid arthritis [29, 30], obesity
[31, 32], and diabetes [33–35]. Moreover, Mif has recently
been proposed as a diagnostic biomarker for autoimmune
diseases [36] such as arthritis [37, 38], type 2 diabetes [35],
and ulcerative colitis [39] in both animals and humans.

The pathogenic contribution ofMif to T1DMwas demon-
strated by showing that Mif mRNA expression was upregu-
lated in splenic lymphocytes during the development of spon-
taneously diabetic nonobese diabetic (NOD) mice, as well
as cyclophosphamide-treated NODmice. Diabetes incidence
was increased to 86% in NOD mice treated with recombi-
nant Mif (rMif) protein, compared with the 55% incidence
observed in untreated control NODmice [20]. Furthermore,
studies performed using Mif−/− mice rendered diabetic by
administering multiple low doses of streptozotocin (STZ)
have shown that the absence of Mif affected several aspects of
experimental T1DM, including initial immunopathological
events and the production of proinflammatory and cytotoxic
mediators, thereby interfering with both inflammation and
tissue destruction [22].

All the results described above provide evidence that Mif
plays a critical role in the pathogenesis of T1DM. However,
the precise mechanism by which Mif promotes insulitis and
the mechanism underlying its proinflammatory role remain
unclear. The activities of Mif may reside at the levels of
both the inductive and effector phases of the inflammatory
response attributed to antigen-presenting cells.

Here, we analyzed the influence of Mif on M𝜑 and DC
activation using an autoimmune diabetes model in which
multiple low doses of STZ were administered to Mif−/−
and wild-type (Wt) mice (Mif−/−STZ and WtSTZ, resp.) in
the BALB/c genetic background. As previously demonstrated
Mif−/−STZ developed less severe hyperglycemia, reduced
levels of IFN-𝛾 and TNF-𝛼, a smaller amount of pancre-
atic islet antigen- (PIAg-) specific IgG, and decreased cell
infiltration into the pancreatic islets compared to WtSTZ.
Interestingly, we found for the first time thatM𝜑 andDC from
Mif−/−STZ displayed decreased expression of costimulatory
molecules CD80, CD86, and CD40, as well as Toll-like
receptor- (TLR-) 2, TLR-4, and major histocompatibility
complex- (MHC-) II. Importantly, we demonstrated that
due to diminished upregulation of costimulatory molecules,
these cells exhibited a reduced capacity to induce prolifer-
ation and cytokine expression in cocultures with allogeneic
ovalbumin- (OVA-) specific T cells. All deficiencies observed
in Mif−/−STZ were reversed by exogenous rMif protein
administration.

2. Materials and Methods

2.1. Ethics Statement. All experiments in this study were
performed according to the guidelines in the Mexican Reg-
ulations on Animal Care (NOM-062-ZOO-1999, 2001) and

were approved by the local Institutional Animal Care and
Use Committee. All efforts were made to minimize animal
suffering over the course of these studies.

2.2. Animals. Six- to 8-week-old male BALB/c mice were
purchased from Harlan Laboratories (Mexico City, Mex.)
and were maintained as a breeding colony in a pathogen-
free environment at our animal facilities in accordance with
institutional guidelines. Mif−/− mice were kindly provided
by Dr. Abhay R. Satoskar (The Ohio State University, USA)
and were maintained as breeding colonies for more than
10 generations in the BALB/c genetic background on the
Transgenic Mouse Core Facility at our institution. Geno-
typing of Mif−/− mice was routinely performed on DNA
isolated from tail snips using a PCR procedure [40]. The
PCR were performed using the following primers: Mif: for-
ward 5-AGACCACGTGCTTAGCTGAG-3 and reverse 5-
GCATCGCTACCGGTGGATAA-3; Neomycin (Neo): for-
ward 5-ATTGAACAAGATGGATTGCAC-3 and reverse
5-CGTCCAGATCATCCTGATC-3. PCR for the amplifi-
cation of Mif and NEO was performed by adding 100 ng
of the extracted DNA to 25 𝜇L of a reaction mixture that
contained 18.4 𝜇L of distilled water, 2.5𝜇L of 10x PCR buffer,
0.4 𝜇L of dNTPs (10mM), 1.5 𝜇L of MgCl

2
(25mM), 1 𝜇L of

the forward and reverse primers, and 0.2𝜇L (2.5 units) of
TaqDNApolymerase (Ampliqon, Bioreagents andMolecular
Diagnostics). The amplification protocol consisted of 5min
at 95∘C, 35 cycles of 95∘C for 30 sec, 58∘C for 40 sec, and
72∘C for 30 sec and a final extension at 72∘C for 5min. All
PCR experiments were conducted with positive and negative
controls. A PCR fragment of 200 bp, corresponding to Mif,
or 500 bp, corresponding to NEO, was visualized to identify
Wt or Mif−/− mice, respectively. The PCR products were
analyzed by electrophoresis on a 1.5% agarose gel and were
viewed under UV light (Bio-Rad, USA).

2.3. Induction of T1DM. Mif−/− and Wt mice were deprived
of food for 8 h before induction of diabetes via intraperitoneal
(i.p.) injection of STZ at doses of 40mg/kg of body weight,
daily for five consecutive days (days 0–4) (Sigma-Aldrich,
St. Louis, MO, USA). STZ was diluted in cold 0.01M citrate
buffer (pH 4.5) and was used within 5min of preparation, in
accordance with a previously reported protocol [41]. Healthy
mice from each group received i.p. injections of an equivalent
volume of vehicle (citrate buffer) as negative controls.

2.4. Analysis of Blood Glucose, Serum Insulin, and Cytokine
Levels. Blood samples were collected by tail snipping from
Wt and Mif−/− mice that had been fasting for 6 h. Samples
were obtained once before STZ injection and 2, 4, and 8weeks
after STZ injection. Blood glucose levels were measured with
a portable glucometer (Accu-Chek Sensor glucometer; Roche
Diagnostics, Indianapolis, IN, USA). Mice with a glucose
concentration exceeding 300mg/dL were considered to have
T1DM. Blood was collected and centrifuged at 1300×g, and
the serum levels of Mif (Neobiolab, USA), IL-12, IFN-𝛾, IL-
17, IL-4, IL-13 (PeproTech, Mex), and insulin (Lincoln, St.
Charles, MO, USA) were determined via ELISA according to
the manufacturer’s instructions.
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2.5. Pancreatic Islets Antigen (PIAg) Isolation. PIAg islets were
obtained from healthy Wt mice as described below. After
isolation, the islets were lysed by five freeze-thaw cycles
followed by sonication (six 60-Hz cycles for 1min each) on
ice. After centrifugation (10 000 g, 15min, 4∘C), supernatants
were collected and filtered through a 0.2 𝜇m membrane
(Corning, Cambridge, MA, USA).The protein concentration
was determined using the Lowry method [42], and PIAg
aliquots were stored at −70∘C until use.

2.6. Analysis of IgG Antibody Production. Serum samples
were analyzed for the levels of pancreatic islet-specific Th1-
associated IgG2a and Th2-associated IgG1 antibodies by
ELISA. Briefly, 96-well ELISA plates (Costar) were coated
with 100 𝜇L/well soluble PIAg in Tris buffer, pH 7.8. The
plates were incubated overnight at 4∘C. Then, the wells were
washed thoroughly with phosphate-buffered saline (PBS)
containing 0.05% Tween-20 (PBS-Tween; Merck, France)
and were blocked with PBS supplemented with 1% bovine
serum albumin (PBS-BSA; Sigma-Aldrich) for one hour at
room temperature (RT). The serum samples were diluted
1 : 100, followed by serial dilution of each sample (in PBS-
BSA) from healthy or STZ-treated Wt or Mif−/− mice. The
plates were then incubated at 4∘C overnight. After extensive
washing with PBS-Tween, the samples were incubated for
45min at RT with isotype-specific peroxidase-labeled goat
anti-mouse antibodies (anti-IgG1 and anti-IgG2a at 1/1000
dilutions; Zymed, San Francisco, CA, USA). Then, the plates
were washed, and immunoreactivity was detected with ABTS
solution (Zymed). The results were expressed as endpoint
titers based on optical density.

2.7. Histopathology. Pancreatic tissues from Wt and Mif−/−
mice healthy or injected with STZ were removed, fixed
overnight in 4% formaldehyde, and embedded in paraffin
blocks. Afterwards, 5 to 7𝜇m transverse sections of pancre-
atic tissue were sliced from the paraffinized tissue blocks,
mounted on slides, and subsequently stained with eosin-
hematoxylin (E&H; Sigma-Aldrich). For each mouse, one
histological containing 1–3 nonsuccessive slices was scored
for infiltration as previously described [43] according to the
following scale: grade 0 (no insulitis) = 0% infiltration within
the islets; grade 1 (peri-insulitis) = 1–10% infiltration; grade
2 (moderate insulitis) = 11–<50% infiltration; grade 3 (severe
insulitis) = >50% infiltration; or grade 4 (complete insulitis)
= extensive infiltration with few or no detectable pancreatic
islet cells. Using an Olympus BX51 microscope (Olympus
America, Melville, NY, USA) equipped with a digital video
camera, 30 islets of Langerhans were evaluated per mouse.

2.8. Cell and Pancreatic Islet Isolation. Spleen and pancreatic
islet cells from WtSTZ and Mif−/−STZ were collected after
0, 2, 4, and 8 weeks of injection with STZ and stained for
flow cytometry analysis. Briefly, the spleen was removed
under sterile conditions, and spleen cells were obtained by
mincing and filtering the tissue, followed by washing and
suspension in DMEM culture medium supplemented with
10% fetal bovine serum, 100 units of penicillin/streptomycin,
2mM glutamine, and 1% nonessential amino acids (all from

GIBCO, BRL, Grand Island, NY, USA). Spleen cells were
suspended at 5 × 106 cells/mL in the same medium. The
pancreas was also removed under sterile conditions, and pan-
creatic islets were isolated using the collagenase method as
previously described [44]. Briefly, the pancreas was removed
and cut into small pieces (approximately 3mm in size). The
tissuewas subsequently incubated in collagenase (0.3mg/mL;
Roche Diagnostics Corp., Indianapolis, IN, USA) for 10
minutes at 37∘C in a total of 1mL of digestion solution
under constant shaking and intermittent vortexing. Islets
were subsequently washed several times in HBSS containing
BSA (5mg/mL) and were hand-picked under a dissecting
microscope. Islets were dispersed into single cells by suspen-
sion in trypsin-EDTA (GIBCO, BRL) and passage through a
siliconized Pasteur pipette. Then, the cells were incubated at
37∘C.

2.9. Flow Cytometry Analysis. Cells from the spleen or
pancreas obtained as described above were then used for
flow cytometry analysis. In brief, cells were washed in
flow cytometry wash solution (Dulbecco’s PBS containing
1% FCS and 0.05% sodium azide), followed by incubation
with allophycocyanin- (APC-) conjugated anti-F4/80 and
anti-CD11c antibodies for differentiation of M𝜑 and DC,
respectively. Then, the selected cells were incubated in 3%
BSA-PBS containing a phycoerythrin- (PE-) labeled anti-
CD80, anti-CCR5, or anti-TLR-4 antibody or a fluores-
cein isothiocyanate- (FITC-) labeled anti-CD86, anti-CD40,
anti-MHC-II, or anti-TLR-2 antibody (all antibodies from
Biolegend, San Diego, CA, USA) at 4∘C for 30min. After
incubation, the cells were washed several times in buffer,
fixed in 1% paraformaldehyde (Sigma-Aldrich), and stored at
4∘C in the dark, followed by analysis using a FACSCalibur
flow cytometer and CellQuest software (Becton Dickinson,
Franklin Lakes, NJ, USA).

2.10. Coculture of Macrophages with Spleen Cells. Coculture
of M𝜑 with naive spleen cells was performed as follows.
Adherent M𝜑 among peritoneal exudate cells (PECs) from
healthy or 8 weeks after STZ-treatment Wt or Mif−/− mice
were obtained. Briefly, the M𝜑 density was adjusted to 5 ×
106 cells/mL, and the cells were plated (100𝜇L) in 96-well
flat-bottom plates (Costar, Cambridge, MA, USA). Three
hours later, the PECs were washed three times with warm
sterile PBS to remove nonadherent cells, and 10 𝜇g of OVA
(Worthington, USA) in 100 𝜇L of DMEM supplemented
media was added. Three hours later, adherent M𝜑 were
washed three times with warm sterile DMEM to remove
excess OVA that had not been phagocytosed. Spleen cells
from OVA-transgenic mice were obtained as previously
described [45], suspended at 1 × 106 cells/mL, and added
(100 𝜇L) to PECs at a ratio of 1 M𝜑 : 5 spleen cells. The
cocultures were maintained at 37∘C in 5% CO

2
for 5 days.

Then, [3H]-thymidine (185GBb/mmol activity, Amersham,
UK) was added at 0.5 𝜇Ci/well, and the cells were incubated
for a further 18 h. The cells were harvested using a 96-well
harvester (Tomtec, Toku, Finland) and then counted using
a microplate counter (Trilux, Toku, Finland). The values are
presented as counts per minute (CPM) from triplicate wells.
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Figure 1: Mif−/− mice developed less severe hyperglycemia than Wt mice after type 1 diabetes mellitus induction. Blood glucose (every 2
weeks) (a) and serum insulin (0, 2,, and 8 weeks) (b) levels were monitored as described in Section 2 inWt (◼) andMif−/− () mice after STZ
administration; as controls, healthy Wt (I) or healthyMif−/− (Δ) mice were plotted as well. All data are representative of three independent
experiments and are expressed as the means ± SE (n = at least 5–7 animals per group/time point). ∗𝑝 < 0.05, ∗∗∗𝑝 < 0.001, GraphPad Prism
software 6.

2.11. Mif Reconstitution. To establish the Mif levels under
conditions of T1DM, the serum Mif levels were deter-
mined weekly until 8 weeks after STZ treatment in WtSTZ.
Mif−/−STZ received similar concentrations of rMif (R&D
Systems, USA) to the Mif levels observed in WtSTZ to
emulate physiological conditions in WtSTZ. Briefly, Mif−/−
mice received i.p. injection of STZ together with 500 pg of
rMif in 100 𝜇L of saline solution as a vehicle. Upon STZ
treatment, Mif−/− mice received an i.p. injection of rMif
every three days at the following doses: 850 pg on week 1;
1280 pg on week 2; 1292 pg on week 3; 1305 pg on week 4;
4300 pg on week 5; 7300 pg on week 6; and, finally, 13200 pg
on week 7. Other Mif−/−STZ mice were injected with an
equivalent volume of saline solution (100 𝜇L) as controls.

2.12. Statistical Analysis. Comparisons between Wt and
Mif−/− mice that were healthy or treated with STZ were
performed using either Student’s unpaired 𝑡-test or ANOVA
followed by Turkey’s multiple comparisons test for data that
displayed a normal distribution. 𝑝 values less than 0.05 were
considered significant and were designated as ∗𝑝 < 0.05,
∗∗𝑝 < 0.01, or ∗∗∗𝑝 < 0.001. All data were analyzed using
GraphPad Prism 6 software (San Diego, CA, USA).

3. Results

3.1. Mif−/− Mice Developed Less Severe Hyperglycemia Than
Wt Mice after STZ Administration. We first investigated the
clinical effects of STZ on Mif−/− and Wt mice. Our data
demonstrated thatWtmice rapidly developed hyperglycemia
after STZ administration. These mice sustained high blood
glucose levels from week 2 (281.7±16mg/dL) until week 8 of
STZ administration (470.5 ± 24mg/dL) (Figure 1(a), WtSTZ:
squares). In contrast, hyperglycemia developed gradually in

Mif−/−STZ. The blood glucose level ofMif−/−STZ peaked at
219±23mg/dL onweek 4, and the blood glucose level in some
mice decreased between weeks 6 and 8 (226 ± 15 and 182 ±
16mg/dL, resp.) (Figure 1(a),Mif−/−STZ: inverted triangles).
This observation suggested that a slight recovery of the
glucose response may occur in Mif−/−STZ at approximately
week 8 of STZ treatment.

WtSTZ showed a peak blood insulin level at 2 weeks
after STZ treatment, and after the sixth and eighth weeks of
treatment, their blood insulin levels were significantly lower
than those of healthy Wt mice (Figure 1(b), WtSTZ: squares
with solid line; Wt mice: white circles with dotted line).
Interestingly, Mif−/−STZ showed no significant changes in
insulin levels compared to healthyMif−/−orWtmice over the
course of the experiment (Figure 1(b), Mif−/−STZ: inverted
triangles with solid line; healthyMif−/−mice: white triangles
with dotted line).

3.2. Mif−/− Mice Produced Lower Proinflammatory Cytokine
Levels Than Wt Mice after T1DM Induction. We measured
the serum levels of proinflammatory and anti-inflammatory
cytokines in Wt and Mif−/− mice after STZ administra-
tion. As expected, the WtSTZ displayed gradually increasing
serum levels of inflammatory cytokines such as Mif, IL-
12, and IFN-𝛾 (Figures 2(a), 2(b), and 2(c), resp., WtSTZ:
squares) between 2 and 8 weeks after T1DM induction. The
level of the proinflammatory cytokine IL-17 was significantly
increased at 8 weeks after T1DM induction in WtSTZ
(Figure 2(d), squares). In contrast, Mif−/−STZ displayed
significantly lower serum levels of Mif, IL-12, IFN-𝛾, and
IL-17 than WtSTZ (Figures 2(a), 2(b), 2(c), and 2(d), resp.;
Mif−/−STZ: inverted triangles).

The serum levels of the anti-inflammatory cytokine IL-
4 were significantly lower in WtSTZ (squares) than in
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Figure 2: Mif deficiency prevents the elevation of proinflammatory cytokine production. The levels of Mif (a), IL-12 (b), IFN-𝛾 (c), IL-17
(d), IL-4 (e), and IL-13 (f) in the sera from Wt (◼) andMif−/− () mice at 0, 2, 4, and 8 weeks after STZ administration were measured via
enzyme-linked immunosorbent assay (ELISA) in triplicate, as indicated in Section 2. Data are expressed as the means ± SE (n = at least 5–7
mice per group/time point). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, or ∗∗∗𝑝 < 0.001, GraphPad Prism software 6.
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Table 1: Assessment of the extent of leukocyte infiltration into
pancreatic islets of WT and Mif−/− mice at 8 weeks after STZ
administration.

Groups Number of
islets

Infiltrated
islets

Islets that lost circular
morphology

Wt 100 ND ND
WtSTZ 100 100 65
Mif−/− 100 ND ND
Mif−/−STZ 100 33 25
ND: none detected; Wt: wild-type.

Mif−/−STZ (inverted triangles) (Figure 2(e)). No differences
in the serum IL-13 levels were found between WtSTZ and
Mif−/−STZ (Figure 2(f)).

3.3. Mif−/− Mice Showed Reduced Pancreatic Islet Damage
and Cellular Infiltration Compared to Wt Mice after T1DM
Induction. To confirm that STZ reached its target, Wt and
Mif−/− mice were treated with a single high dose of
STZ (150mg/kg). The toxic effect of high-dose STZ was
similar between Wt and Mif−/− mice (Supplementary
Figure 1 in Supplementary Material available online at
http://dx.doi.org/10.1155/2016/7053963). In both experimen-
tal groups, the toxic effect of STZ was present, and the high
dose of STZ destroys the insulin-producers beta cells, leading
to acute nonimmune-mediated diabetes; in contrast the mul-
tiple low doses of STZ at 40mg/Kg, daily for five consecutive
days, require participation of immune-inflammatory events
for T1DM development [41].

To assess the damage to 𝛽 cells in a model of T1DM
induced by multiple low doses of STZ, we sacrificed the mice
at 8 weeks after T1DM induction and removed the pancreas
for H&E staining and histological analysis. We assessed the
number and size of normal and infiltrated pancreatic islets
in each slide for the experimental and healthy mice. Thirty
pancreatic islets were quantified per experimental group.

Islets from healthy Wt and Mif−/− mice had a round
morphology and well-defined borders without cellular infil-
tration (Figures 3(a) and 3(c)). As expected, the pancreas
fromWtSTZ showed fewer and smaller islets than those from
healthy Wt mice. Additionally, evident cellular infiltration
led to the breakdown of islet morphology in the pancreas
of WtSTZ (Figure 3(b)). In contrast, partial islet damage
(Figure 3(d)) and no significant reduction in islet number
or size were observed in Mif−/−STZ compared to WtSTZ
(Table 1).

As shown in Figure 3(e), Mif−/− mice at 8 weeks after
STZ administration displayed marked reductions in both
invasive insulitis (insulitis grades 3 and 4) and mild peri-
insulitis (insulitis grade 2) in pancreatic islets compared to
WtSTZ.Thus, pancreatic islets fromMif−/−STZ had reduced
damage associated with reduced leucocyte infiltration com-
pared to pancreatic islets fromWtSTZ.These results demon-
strated that STZ administration triggers 𝛽-cell destruction
followed by insulin deficiency and hyperglycemia inWtmice.
Although STZ reached the pancreatic islets in Mif−/− mice,
Mif−/−STZ exhibited minor damage compared to WtSTZ.

3.4. Mif−/− Mice Showed Lower Levels of Specific Pancreatic
Islet Antibodies Than Wt Mice after T1DM Induction. In
T1DM, the immune system targets self-antigens within pan-
creatic islets and destroys the inhabiting insulin-secreting 𝛽-
cells.Therefore, autoantibody detection serves as a predictive
factor for the onset of diabetes in both humans and mice
[46, 47].

To investigate how Mif contributes to autoantibody pro-
duction in T1DM, the serum levels of pancreatic islet-specific
IgG2a and IgG1 antibodies were determined in Wt and
Mif−/−mice after 2, 4, and 8 weeks after STZ administration.
WtSTZ produced high levels of IgG2a at all time points
analyzed (Figure 4(a)) and IgG1 only at week 8 (Figure 4(b)).
Importantly, Mif−/−STZ mice displayed significantly lower
levels of both IgG2a and IgG1 than WtSTZ (Figures 4(a)
and 4(b), resp.), suggesting suppressed development of an
adaptive immune response. These findings suggest that Mif
modulates the incidence and severity of diabetes by favoring
the development of autoantibodies in T1DM.

3.5. Splenic M𝜑 and DC from Mif−/−STZ Mice Expressed
Lower Levels of Costimulatory Molecules Than Those from
WtSTZ Mice. We showed that the reduced severity of T1DM
in Mif−/−STZ is associated with decreased pancreatic islet
damage and diminished adaptive immune responses. To
determine whether this phenotype could be related to the
degree of activation of antigen-presenting cells, we charac-
terized the expression of the costimulatory molecules CD80,
CD86, andMHC-II and of the receptors TLR-2 and TLR-4 in
M𝜑 and DC from the spleen and pancreas ofMif−/− and Wt
mice after 0, 2, 4, and 8 weeks of STZ administration.

In cells isolated from the spleen, the percentages of
CD80-, CD86-, MHC-II-, TLR2-, and TLR4-expressing M𝜑
(F4/80+) were similar between healthy Mif−/− and Wt mice
(Figures 5(a), 5(b), 5(c), 5(d), and 5(e), resp., at time 0
post-STZ administration, right panel). Interestingly, upon
STZ administration, Mif−/− mouse M𝜑 showed impaired
activation, characterized by reduced expression of CD80,
CD86, MHC-II, TLR-2, and TLR-4, compared withM𝜑 from
WtSTZ mice (Figures 5(a), 5(b), 5(c), 5(d), and 5(e), resp.).

Similarly, DCs (CD11c+) isolated from the spleen of
Mif−/−STZ mice expressed lower levels of CD80, CD86,
and MHC-II at 4 through 8 weeks after STZ administration
(Figures 6(a), 6(b), and 6(c), resp.), whereas the expression
of TLR-2 and TLR-4 in DCs was reduced at 4 weeks in
Mif−/−STZ compared to WtSTZ (Figures 6(d) and 6(e),
resp.).

3.6. Pancreatic M𝜑 and DC from Mif−/−STZ Mice Express
Lower Levels of Costimulatory Molecules Than Those from
WtSTZ Mice. To investigate the role of Mif in the acti-
vation of APCs in the pancreas, we determined MHC-II
and costimulatory molecule expression in M𝜑 and DC in
the pancreas of Mif−/−STZ and WtSTZ mice. M𝜑 from
Mif−/−STZ expressed lower levels of CD80 and CD86 from
4 through 8 weeks after STZ administration (Figures 7(a)
and 7(b), resp.). Alternatively, reduced expression ofMHC-II,
TLR-2, and TLR-4 was detected earlier, from 2 weeks until 8
weeks after STZ treatment (Figures 7(c), 7(d), and 7(e), resp.).
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Figure 3:Mif−/−mice conserve their healthy anatomy and exhibit limited cellular infiltration into pancreatic islets after STZ administration.
Pancreases isolated from Wt or Mif−/− mice were examined via histological analysis of eosin-hematoxylin (E&H) staining to establish the
number of pancreatic islets and to determine lymphocyte infiltration (arrowhead in (b)) at 8 weeks after STZ administration. Pancreatic islets
from healthy Wt mice (a); Wt mice treated with STZ, WtSTZ (b); healthyMif−/−mice (c), andMif−/−mice treated with STZ,Mif−/−STZ
(d). Compilation of infiltration stages in the pancreas of Wt and Mif−/− mice after STZ administration (e). Pancreatic islets were scored
using the following scale: grade 0 (no insulitis) = 0% infiltration; grade 1 (peri-insulitis) = 1–10% infiltration; grade 2 (moderate insulitis) =
11–<50% infiltration; grade 3 (severe insulitis) = >50% infiltration; or grade 4 (complete insulitis) = complete infiltration. We counted 30–40
islets per experiment using six mice per experimental group, depending on the number of islets that were present in the sections. All data are
representative of two independent experiments, 𝑛 = 12 from two experiments. ∗∗𝑝 < 0.01, GraphPad Prism software 6.
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Figure 4: Kinetics of antibody responses in type 1 diabetes mellitus models induced by low-dose STZ. Specific production of IgG2a (a) and
IgG1 (b) antipancreatic islet antigen antibodies. Sera fromWt (◼) andMif−/−mice () at weeks 0, 2, 4, and 8 after STZ administration were
processed by ELISA, using pancreatic islets antigen (PIAg) as the source of specific antigen as indicated in Section 2. Data are expressed as
the mean reciprocal endpoint titer ± SEM. Five to six animals were analyzed in each group. The data shown are representative of one out of
three identical experiments with similar results. Mann-Whitney U test. ∗∗𝑝 < 0.01, ∗∗∗𝑝 < 0.001, GraphPad Prism software 6.

Moreover, DC from Mif−/−STZ mice displayed reduced
CD80 at 4 to 8 weeks (Figure 8(a)), CD86 at all time
points analyzed (Figure 8(b)), and reduced TLR-2 and TLR-
4 expression at 4 weeks and 2 weeks, respectively, compared
to DCs from WtSTZ (Figures 8(d) and 8(e), resp.). No
significant differences in MHC-II expression were detected
(Figure 8(c)).

3.7. F4/80+ Macrophages and CD11b+ Monocytes Obtained
from Mif−/−STZ Show Impaired Capacity to Induce Spleen
Cell Proliferation. The ability of M𝜑 to activate T cells was
investigated using OVA-transgenic T cell cocultures. M𝜑
were collected from Wt or Mif−/− mice treated or untreated
for 8 weeks with STZ. As shown in Figure 9(a), after priming
the cells with OVA in vitro, M𝜑 from Mif−/−STZ mice
induced less T cell proliferation in response to OVA than
M𝜑 fromWtSTZ. A similar trend was observed in cocultures
of CD11b+ cells from Mif−/−STZ and OVA-transgenic T
cells (Figure 9(b)). These data suggest a role of Mif in
promoting M𝜑 activation, which in turn induces specific
T cell proliferation, particularly in this experimental T1DM
model.

3.8. Mif Reconstitution in STZ-Treated Mif−/−Mice Promotes
Hyperglycemia and Reestablishes the Production of Proinflam-
matory Cytokines in This T1DM Model. The systemic levels
of Mif were reconstituted in Mif−/−STZ mice during the
course of T1DM, as described in Section 2. Mif−/−STZ that
received rMif (Mif−/−STZ+rMif) displayed blood glucose

levels similar to those in WtSTZ during the first six weeks
after STZ treatment. However, at 8 weeks after STZ treatment,
the glucose levels were not increased in Mif−/−STZ+rMif
compared to WtSTZ (Figure 10(a)).

Comparable serum levels of the cytokines IL-6 and IL-
12 were observed between Mif−/−STZ+rMif and WtSTZ
during the first 6 weeks after STZ treatment. However, the
levels of these inflammatory cytokines significantly decreased
in Mif−/−STZ+rMif mice at 8 weeks after STZ treatment
compared to WtSTZ (Figures 10(b) and 10(d)). Interestingly,
the serum levels of TNF-𝛼 from Mif−/−STZ+rMif were
higher than those of WtSTZ at all time points analyzed
(Figure 10(c)). These results confirm that Mif acts as a
powerful inducer of proinflammatory cytokines involved in
the development of experimental T1DM.

4. Discussion

Currently, there is no doubt that Mif is a key molecule
that promotes proinflammatory immune responses [48].This
proinflammatory property of Mif contributes to developing
protective inflammatory-Th1 immune response in different
models of parasitic diseases [49]. In contrast the same proin-
flammatory property of Mif participates in the pathogenesis
of many inflammatory diseases [50]. In line with the last one,
recently it has been established that high blood levels of Mif
are associated with human T1DM, similar to the findings in
experimental mouse models of T1DM [20, 21, 24, 51].
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Figure 5: Continued.
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Figure 5:Mif promotes costimulatory molecule expression on spleen M𝜑. The time course of costimulatory molecule: CD80 (a), CD86 (b),
MHC-II (c), TLR-2 (d), and TLR-4 (e) expression on spleen F4/80+ M𝜑. M𝜑 from spleen of Wt and Mif−/− mice were harvested at 0, 2, 4,
and 8 weeks after STZ administration and 1 × 107 cells/mL were processed by flow cytometric analysis as indicated in Section 2. Analyses of
expression are shown in the right panels: WtSTZ (◼);Mif−/−STZ (). And representative histograms of expression based on fluorescence are
shown in the left panels; isotype controls are indicated in gray shadow, the black line represents expression byMif−/−STZ cells, and the blue
line shows expression byWtSTZ cells.The data are presented as the mean fluorescence intensities (MFI) from one representative experiment.
Each experiment was repeated three times (𝑛 = 3) and individually analyzed. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, or ∗∗∗𝑝 < 0.001, GraphPad Prism
software 6.

Studies in NOD mice or mice treated with multiple low
doses of STZ (despite the pathogenic differences between
these models) have shown that pancreatic 𝛽 cell destruction
results from the toxic effect of free radicals (O

2

−, H
2
O
2
,

and nitric oxide) and inflammatory cytokines released by
activated M𝜑 and T cells [15, 41, 52]. Therefore, both models
have been widely used to dissect the role of Mif in the
pathogenesis of T1DM using anti-Mif monoclonal antibody
treatment or using Mif−/− mice. In all cases, the lack of
Mif resulted in diminished manifestation of the disease,
decreased glucose blood levels, and reduced production
inflammatory cytokines associated with the development of
T1DM, including TNF-𝛼, IL-1𝛽, IFN-𝛾, IL-12, and IL-23 [21,
22, 24]. Our study validates and extends these findings by
demonstrating an important role for Mif in promoting cos-
timulatorymolecule expression inM𝜑 andDC during T1DM
development. We further demonstrate that, in addition to
regulatingM𝜑 andDC activation in T1DM,M𝜑 isolated from
T1DMMif−/−mice exhibit reduced T cell activation.

Here, we observed that Wt mice treated with STZ
exhibited high blood glucose levels greater than 400mg/dL
but Mif−/−STZ mice developed lower glucose levels of
approximately 200mg/dL, in association with lower serum
levels of proinflammatory cytokines. After reconstitutingMif
using exogenous rMif, Mif−/−STZ showed blood glucose
levels and IL-6 and IL-12 levels similar to those in WtSTZ
from 2 to 6 weeks after STZ treatment. Interestingly, TNF-𝛼
serum levels from Mif−/−STZ+rMif were higher than those
of WtSTZ at all time points analyzed. The reduction levels
of blood glucose, IL-6, and IL-12 observed in Mif−/−STZ
mice, on week 8, probably were because the animals did not
receive rMif injections on week 8, as mentioned in Section 2,
so the residual effect of rMif from week 1 to week 7 was
insufficient to induce IL-6 and IL-12 levels at 8 week similar
to that observed in the WtSTZ mice in this point, at least

for these two cytokines. These observations confirm that Mif
exogenous acts as a powerful inducer of IL-6 and IL-12, but
only if it is present in steady high concentration.

In addition, we found that Mif−/−STZ did not produce
detectable levels of islet autoantibodies, in contrast toWtSTZ,
which produced high levels of islet autoantibodies. It is
well known that the early presence of islet autoantibodies
is decisive in the development of diabetes by NOD mice as
well as humans [46, 47, 53]. Our results confirm that Mif is
essential for the development of hyperglycemia and suggest a
role for Mif not only in the innate immune response but also
in the adaptive immune response in T1DM.

Recently, it has been reported that Mif is produced by
pancreatic 𝛽-cells and that Mif is released by insulin granules
in an autocrine fashion [54, 55]. The chemical destruction of
𝛽-pancreatic islets by STZ in Wt mice damaged 𝛽-pancreatic
islets; this condition could reduce one major source of Mif in
this experimental T1DMmodel. However, we did not observe
a reduction in Mif levels in this model; in contrast, Wt mice
produced high serum levels of Mif after STZ administration.
In line with this finding, it is known that the pancreatic
islets remaining after treatment with STZ produce high levels
of Mif [21] and that an elevation of Mif secretion precedes
pancreatic islet death induced by IFN-𝛾, TNF-𝛼, and IL-1𝛽
[24]. This evidence establishes that STZ did not influence
Mif production/release by pancreatic islets or other cellular
sources, such as T cells, DC, andM𝜑 infiltrating the pancreas.

The loss of insulin production in T1DM is related to pan-
creatic 𝛽-cell destruction due to insulitis [56]. We observed
that WtSTZ developed high serum levels of Mif and low
insulin levels compared to Mif−/−STZ, which expressed
insulin levels comparable to those in healthy mice. The
histological analysis of pancreatic islets showed that WtSTZ
displayed 100% insulitis, compared to the 33% insulitis
observed in Mif−/−STZ mice. These observations confirm



Journal of Diabetes Research 11

CD80

MFI MFI MFI

2 weeks 4 weeks 8 weeks

Spleen dendritic cells

2 4 6 80
Weeks after induction

0

50

100

150

200

∗∗

∗∗

∗

C
D
1
1
c+

C
D
8
0
+

ce
lls

(a)

0 2 4 6 8
Weeks after induction

CD86

MFI MFI MFI

0

50

100

150
∗∗

∗∗
∗∗∗

2 weeks 4 weeks 8 weeks

C
D
1
1
c+

C
D
8
6
+

ce
lls

Spleen dendritic cells

(b)

0

100

200

300

400

2 4 6 80
Weeks after induction

MHC-II

MFI MFI MFI

∗∗∗

∗∗∗

2 weeks 4 weeks 8 weeks

C
D
1
1
c+

M
H

C-
II
+

ce
lls

Spleen dendritic cells

(c)

MFI MFI MFI

∗

∗

0

50

100

150

200

250

2 4 6 80
Weeks after induction

TLR-2

∗∗∗

2 weeks 4 weeks 8 weeks

C
D
1
1
c+

T
L
R
2
+

ce
lls

Spleen dendritic cells

(d)

Figure 6: Continued.



12 Journal of Diabetes Research

∗

0

50

100

150

200

250

2 4 6 80
Weeks after induction

TLR-4

MFI MFI MFI

∗∗∗

2 weeks 4 weeks 8 weeks

C
D
1
1
c+

T
L
R
4
+

ce
lls

Spleen dendritic cells

(e)

Figure 6:Mif promotes costimulatory molecules expression on spleen DC.The time course of costimulatory molecule: CD80 (a), CD86 (b),
MHC-II (c), TLR-2 (d), and TLR-4 (e) expression on spleen CD11c+ DC. DC from spleen of Wt and Mif−/− mice were harvested at 0, 2, 4,
and 8 weeks after STZ administration and 1 × 107 cells/mL were processed by flow cytometric analysis as indicated in Section 2. Analyses of
expression are shown in the right panels: WtSTZ (◼);Mif−/−STZ (). And representative histograms of expression based on fluorescence are
shown in the left panels. Isotype controls are indicated in gray shadow, the black line represents expression byMif−/−STZ cells, and the blue
line shows expression byWtSTZ cells.The data are presented as the mean fluorescence intensities (MFI) from one representative experiment.
Each experiment was repeated three times (𝑛 = 3) and individually analyzed. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, or ∗∗∗𝑝 < 0.001, GraphPad Prism
software 6.
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Figure 7:Mif promotes costimulatory molecule expression on pancreatic M𝜑. The time course of costimulatory molecule: CD80 (a), CD86
(b), MHC-II (c), TLR-2 (d), and TLR-4 (e) expression on pancreatic F4/80+M𝜑. M𝜑 from pancreas ofWt andMif−/−mice were harvested at
0, 2, 4, and 8weeks after STZ administration and 1× 107 cells/mLwere processed by flow cytometric analysis as indicated in Section 2. Analyses
of expression are shown in the right panels: WtSTZ (◼);Mif−/−STZ (). And representative histograms of expression based on fluorescence
are shown in the left panels. Isotype controls are indicated in gray shadow, the black line represents expression by Mif−/−STZ cells, and
the blue line shows expression by WtSTZ cells. The data are presented as the mean fluorescence intensities (MFI) from one representative
experiment. Each experiment was repeated three times (𝑛 = 3) and individually analyzed. ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, or ∗∗∗𝑝 < 0.001, GraphPad
Prism software 6.

that Mif deficiency resulted in pancreatic islet protection,
probably by controlling the functional activity and modu-
lating the secretory capacity of proinflammatory cytokines
produced by T cells, DC, and M𝜑 that reach the pancreatic
cells.

Mif has been recognized as a molecule that not only
promotes proinflammatory cytokine production but also acts

as a chemokine. For example,Mif plays a crucial role in leuko-
cyte recruitment and arrest during atherosclerosis develop-
ment [57]. Therefore, Mif could participate in the process
of insulitis to promote the production of proinflammatory
cytokines, but Mif could also promote leukocyte recruitment
to pancreatic 𝛽-cells. For this reason, Mif−/−STZ exhibited
reduced insulitis.
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Figure 9: Macrophages and monocytes from Mif−/− mice have impaired ability to induce lymphocyte proliferation. At 8 weeks after STZ
treatment, Wt (◼) orMif−/− (◻) M𝜑 (F4/80+) and monocytes (CD11b+) primed with 10𝜇g/mL OVA were cocultured with OVA-transgenic T
cells for 5 days. Subsequently, [3H]-thymidine was added for 18 h, and [3H]-thymidine incorporation was measured.The values are presented
asmeans ± SEM counts perminute (CPM) from triplicate wells of three independent experiments (𝑛 = 8). ∗𝑝 < 0.05 or ∗∗𝑝 < 0.01. GraphPad
Prism software 6, GraphPad Prism software 6.

Antigen-presenting cells, M𝜑 and DC, are key mediators
of the development of T1DM [4]. Moreover, it has been
proposed that DC orchestrate the autoimmune response in
T1DM via TLR-2 and TLR-4 [58]. Previous studies by us
and others have shown that Mif induces the expression of
costimulatorymolecules onM𝜑 andDC in somepathological
infections [59–61]. Here, we identified the expression of
costimulatory molecules and TLR-2 and TLR-4 on M𝜑 and
DC, as well as the ability of M𝜑 to activate T lymphocytes.

Our results demonstrated that both M𝜑 and DC from
the spleen and pancreas ofMif−/−STZ mice expressed lower
levels of CD80, CD86,MHC-II, TLR-2, andTLR-4 than those
of WtSTZ. These results demonstrate a role of Mif in the
activation of M𝜑 and DC to promote costimulatory molecule
expression, which might drive pancreas-specific T cell acti-
vation and effector Th1 subset differentiation, processes that
have been associated with subsequent pancreatic injury in
T1DM.
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Figure 10: AfterMif reconstitution, proinflammatory cytokine production inMif−/−mice was increased.Mif reconstitution was initiated at
the same time of STZ administration to Wt (◼) or Mif−/− mice () until 7 weeks after STZ treatment. The glucose levels (a) and the levels
of the inflammatory cytokines IL-6 (b), TNF-a (c), and IL-12 (d) were measured. Control mice receiving vehicle injection did not display
significant changes on cytokine production compared to week 0 (data do not shown). The values are expressed as the means ± SEM of three
independent experiments (𝑛 = 8). ∗𝑝 < 0.05, ∗∗𝑝 < 0.01, or ∗∗∗𝑝 < 0.001, GraphPad Prism software.

In line with the results described above, we observed that
bothM𝜑 (F4/80) andmonocytes (CD11b+) fromWtSTZwere
more reactive and had greater ability to induce T lymphocyte-
specific proliferation in response to OVA than those from

Mif−/−STZmice.This finding is consistent with the evidence
that proliferation of antigen-specific T cells from TCR-
transgenic mice is highly dependent on CD28/CD86 costim-
ulation. Disrupting this interaction dramatically reduces cell
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proliferation [62]. This conclusion agrees with the result that
blocking CD86 prevents the development of diabetes inNOD
mice [63]. Moreover, mutations in theMHC-II molecule lead
to development of autoimmune diabetes [64].

By another hand, the differentiation state of M𝜑 is an
important determinant for T cell response in T1DM. Two
major populations have been defined, the classically acti-
vated (CA) M𝜑 secreting proinflammatory cytokines such
as TNF-𝛼, IL-6, and IL-1𝛽 and reactive oxygen species;
and alternatively activated (AA) M𝜑 which secrete anti-
inflammatory factors including TGF-𝛽 and IL-10. In T1DM
it has been established that CAM𝜑 trigger inflammatory
responses which initiates insulitis and pancreatic 𝛽 cell death,
whereas the AAM𝜑 decreases hyperglycemia, insulitis, and
inflammation in the pancreas [65].

As Mif is a regulator of many proinflammatory cytokines
that are characteristic for the CAM𝜑, Mif has been proposed
as CAM𝜑macrophage-polarizing factor [66]. However, there
are few and contrary experimental evidences about how Mif
might participate in the polarization to AAM𝜑 or CAM𝜑.
In a mouse model of nonalcoholic fatty liver disease M𝜑 in
liver fromMif−/−mice were skewed toward AAM𝜑 [67]. By
contrary, in the melanoma mouse model M𝜑-derived Mif
participates in AAM𝜑 polarization [68]. Moreover, murine
Mif and filarial nematode parasite (Brugia) Mif protein
induced proinflammatory cytokines release. However, Mif
also induce upregulation of IL-4 on bone marrow-derived
mouse M𝜑, which when treated in vitro with Mif and IL-4
induce AAM𝜑 [69]. Here, we show thatM𝜑 fromMif−/−STZ
mice display reduced proinflammatory cytokine production
and exhibit reduced ability to induce T lymphocyte prolifer-
ation in response to OVA. It is possible that Mif deficiency
influences on AAM𝜑 polarization in this model; however,
more experiments are necessary to establish this.

5. Conclusions

We show for the first time a role of Mif in promoting
costimulatory molecule expression in M𝜑 and DC in T1DM.
These results revealMif as a key regulator of proinflammatory
function and M𝜑 and DC activation in T1DM. Although
more specific experiments are required, there is no doubt that
Mif represents a potential target for anti-Mif therapy, which
might attenuate the autoimmune process in T1DM.

Competing Interests

The authors have no conflicting financial or commercial
interests.

Acknowledgments

This study is part of the work of Yuriko Itzel Sánchez-Zamora
to obtain a Ph.D. degree in the Programa de Doctorado en
Ciencias Biomédicas, Universidad Nacional Autónoma de
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Interleukin-33 (IL-33), the most recently discovered member of the IL-1 superfamily, has been linked to several human pathologies
including autoimmune diseases, sepsis, and allergy through its specific IL-1 receptor ST2. However, there is little information
regarding the role of IL-33 in gout. In this study, we investigated the potential role of IL-33 in gout patients. The serum level of
IL-33 was measured by ELISA, and the clinical and laboratory parameters, serum creatinine, urea, and lipid, were extracted from
medical record system.The serum IL-33 expressionwas predominantly increased in gout patients compared to healthy controls, and
the IL-33 levels were higher in patients without kidney injury. Furthermore, IL-33 showed a negative correlation with biomarkers
of kidney injury, such as CRE and urea. The lipid metabolism dysfunction, tophi, and hypertension are the common reasons for
kidney injury in gout. Interestingly, inverse and positive correlation of IL-33 expressionwas observed in LDL andHDL, respectively.
However, there was no significant alteration in the gout patients with hypertension and tophi.These data suggested that IL-33might
act as a protective role in kidney injury through regulating the lipid metabolism in gout.

1. Introduction

Gout is themost commonmetabolic disease in human, which
results from the purine metabolism disorder [1]. Due to loss
of uricase in human, purine metabolism in human and apes
is completely different form that in othermammalian species.
Monosodium urate (MSU) crystals formation results from
serum uric acid concentrations rise above the physiological
saturation, which deposit in joints and soft tissues leading
to arthritis, soft tissue masses, nephrolithiasis, and urate
nephropathy [2]. It is reported that 75%–80% of gout is
associated with metabolism disorder. More than 80% of the
patients with hyperlipoproteinemia are accompanied with
hyperuricaemia [3]. The finding of hyperlipidaemia in gout
patients is common, including an increase in small dense
LDL cholesterol and a reduction in HDL cholesterol [4]. It
was shown that metabolic syndrome including high levels
of LDL and TG might be an important factor in the cause
of chronic kidney disease (CKD) [5, 6]. The pathogenesis of

gout was often accompanied by lipid metabolic dysregula-
tion. Previous study has shown that excess triglyceride-rich
lipoproteins are oxidized by oxidative stress in chronic kidney
disease. The prevention of hypertriglyceridemia is one of the
most important steps for the treatment of chronic kidney
disease [7]. Therefore, lipoprotein metabolic disorder might
contribute to the kidney injury in gout patients.

IL-33 is a member of the IL-1 cytokine family, and the
intracellular pathway of IL-33 signaling is similar to that of
IL-1 signaling [8]. The IL-1 family of cytokines includes IL-
1𝛼, IL-1𝛽, and IL-18 [9]. IL-33 signaling occurs by binding to
ST2, IL-1RAcP, subsequent intracellular signaling pathways
includingMyD88, IRAK (IRAK1, IRAK4), and TRAF6, lead-
ing to the activation of NF-𝜅B and MAPKs (p38, JNK, and
ERK) pathways [10, 11]. IL-33 production is upregulated in
inflamed tissues and acts as an early inducer of inflammation
contributing to the further amplification of inflammatory
responses [12]. Furthermore, recent studies have demon-
strated that IL-33 played a critical role in obesity-associated
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Table 1: Demographic data and clinical characteristics of subjects in the study.

Characteristics Gout patients Healthy control
Total 41 44
Male sex 39 (95%) 41 (93%)
Age at study mean (SD) years 58.3 (15.55) 56.8 (17.91)
Course of disease, mean (range) years 10.6 (0.3–40) —
Clinical manifestation, 𝑛 (%)

Hyperuricemia 27 (65.8%) —
Acute phase 36 (87%) —
Tophi 15 (36.5%) —
Gouty kidney damage 13 (31.7%) —
Hypercholesteremia 18 (43.9%) —
Hypertension 21 (51.2%) —
Osteoporosis 19 (46.3%) —
Fever 4 (9.7%) —

inflammation, atherosclerosis, and metabolic abnormalities
through promoting the production of T helper type 2 (Th2)
cytokines and polarizing macrophages towards a protective
alternatively activated phenotype.

Although the detrimental role for IL-33 in the RA and
SpA has been reported, the role of IL-33 in gout arthritis is
still unknown. In the present study, we examine serum levels
of IL-33 by ELISA from gout patients, and correlation with
clinicalmarkers in patients with gout was analyzed.We found
that serum levels of IL-33 in gout patients were significantly
higher than healthy subjects. Particularly, the IL-33 levels
were higher in patients without kidney injury. Previous
studies showed that IL-33 exacerbates acute kidney injury,
whereas IL-33 showed a negative correlation with biomarker
of kidney injury, such as CRE and urea in gout patients.There
were no significant differences in the gout patients with tophi
or hypertension which can cause kidney damage. However,
an inverse correlation of IL-33 expression was observed in
LDL, and a significantly positive correlation was observed
in HDL. These data suggested that IL-33 might prevent the
kidney injury through regulating the lipidmetabolism in gout
patients.

2. Materials and Methods

2.1. Patients and Controls. A total of 41 patients diagnosed
with gout (2 women and 39 men, age 26–91, mean 58.3
years) were recruited from the outpatient clinic and ward of
the Department of Rheumatology and Clinical Immunology,
the First Hospital of Xiamen University. All patients were
diagnosed based on the American College of Rheumatology
classification criteria [13]. The results were compared with
a population of 44 healthy volunteers (healthy controls)
matched for sex and age. Local ethics committee approved the
study and informed consent was obtained from patients and
control subjects. Clinical data and several laboratory param-
eters, such as CRE, urea, HDL, LDL, and UA, of patients were

gathered. The number and clinical characteristics of healthy
controls and patients with gout were summarized in Table 1.

2.2. Detection of Cytokines by ELISA. Four milliliters of
blood was collected in sterile coagulant tubes and was then
centrifuged at 3,500 rpm for 5min at ambient temperature to
obtain serum, which was immediately frozen and stored at
−80∘C until batch analysis. Concentrations of IL-33 (Pepro-
Tech, USA) were determined by ELISA kits according to the
manufacturers’ protocols.

2.3. Statistical Analysis. All data were analyzed in GraphPad
Prism5. Results are presented as mean ± SEM. The Mann-
Whitney𝑈 test and Spearman’s correlation analysis were used
to calculate significance. Statistical significance was accepted
for 𝑝 values < 0.05.

3. Results

3.1. Clinical Characteristics of Gout Patients. The clinical
characteristics of gout patients (see Table 1) were summa-
rized for this study. Forty-one patients with gout and forty-
four healthy controls of Southern Chinese population were
enrolled. The mean age for gout patients was 58.3 years
with range (26–91); there were 39 males and 2 females. The
mean course of the disease was for 10.6 years with range
of 0.3–40 years. Among these 41 patients, 36 patients (87%)
had acute phase, 15 patients (36.5%) had tophi in Gout, 27
patients (65.8%) had hyperuricemia, 18 patients (43.9%) had
hypercholesteremia, 21 patients (51.2%) had hypertension,
13 patients (31.7%) had gouty kidney damage, 19 patients
(46.3%) had osteoporosis, and 4 (9.7%) had fever.

3.2. Serum IL-33 Levels Are Increased in Gout Patients. It
has been demonstrated that IL-33 played a critical role in
many diseases. However, the role of IL-33 in gout patients
has not been described until now. Currently, compared with



Journal of Diabetes Research 3

Gout HC 
0

200

400

600

800
Se

ru
m

 IL
-3

3 
(p

g/
m

L)
p < 0.0001

(a)

Normal Injury
0

200

400

600

800

Se
ru

m
 IL

-3
3 

(p
g/

m
L)

p = 0.027

(b)

Figure 1: Increased IL-33 expression in gout patients with renal damage. (a) The serum levels of IL-33 in gout patients (𝑛 = 41) and healthy
controls (HC) (𝑛 = 44) were detected by ELISA; each symbol represented an individual sample and horizontal lines showed median values.
(b)The gout patients were divided into two groups, one group with kidney function injury (𝑛 = 13) and one without (𝑛 = 28). Mann-Whitney
𝑈 test was conducted to compare the data between two groups.

healthy controls, the serum IL-33 levels in gout patients were
significantly increased (𝑝 < 0.0001). As shown in Figure 1(a),
the median level of IL-33 in gout patients was 184.6 pg/mL
with range of 31.3–741.3 pg/mL, while healthy control was
65.6 pg/mL (2.16–257.8 pg/mL). Furthermore, we observed
that the gout patients with renal injury showed lower IL-
33 levels (median 114.9 pg/mL: 31.3–447.8) when compared
with gout patients without renal injury (median 299.5 pg/mL:
57.9–741.3) (𝑝 = 0.027) (Figure 1(b)).

3.3. Association of IL-33 Expression in Gout Patients with
Tophi, Hypertension, and HDL. The renal function in gout
patients was often damaged by tophi, hyperlipoidemia, and
hypertension. Gout patients were grouped according to
tophi, hypertension, and HDL. The IL-33 expression of
gout patients with tophi (median 154.0 pg/mL: 57.9–589.1)
or not (median 185.7 pg/mL: 31.3–741.3) (𝑝 = 0.635) and
with hypertension (median 150.7 pg/mL: 31.3–741.3) or not
(median 196.7 pg/mL: 71.7–614.0) (𝑝 = 0.804) did not show
a significant difference (Figures 2(a) and 2(b)). Interestingly,
when comparedwith low serumHDL levels, the gout patients
with high-HDL levels showed an increased IL-33 expression
(328.9 ± 231.5 versus 154.2 ± 97.35 pg/mL, 𝑝 = 0.01).

3.4. Correlation of Serum IL-33 Levels with Kidney Function
Indictors in Gout Patients. In addition, the role of IL-33 in
the gout patients with kidney injurywas analyzed. Spearman’s
correlation coefficient was used for the assessment of correla-
tion between IL-33 levels and CRE or urea. As expected, the
IL-33 levels were negatively correlated with CRE (𝑟 = −0.57,
𝑝 < 0.0001) and urea (𝑟 = −0.49, 𝑝 = 0.0008) (Figures
3(a) and 3(b)). The above results showed that HDL played a
protect role in the development of the kidney injury in gout
patients. Here, a negative correlation between HDL and CRE
was depicted in Figure 3(c).

3.5. Potential of IL-33 in the Modulation of Lipid Metabolism.
Furthermore, lipid metabolism disorder often occurred in
gout patients, which caused kidney damage (Figure 3(c)) in
gout patients, and recent study has shown that IL-33 plays
a protective role in atherosclerosis. Thus, the correlation of
IL-33 with lipid was analyzed. We found that a positive
correlation between IL-33 and HDL (𝑟 = 0.41, 𝑝 = 0.007)
was observed (Figure 4(a)). Consistently, LDL, a critical
lipid for the development of atherosclerosis, was in negative
correlation with IL-33 (𝑟 = −0.33, 𝑝 = 0.03) (Figure 4(b)).
A negative correlation between IL-33 and TG was observed,
although there is no significant difference (𝑟 = −0.12, 𝑝 =
0.42) (Figure 4(c)).

4. Discussion

In the present study, we demonstrated the IL-33 expression
and its potential role in gout patients. Serum IL-33 levels
were significantly elevated in patients with gout patients
when compared with healthy control subjects. Furthermore,
the elevated IL-33 levels were considerably reduced in renal
impairment when compared with normal renal function in
gout patients. There were no significant differences whether
the gout patients had tophi or hypertension which can cause
kidney damage. However, an inverse correlation of IL-33
expression was observed in LDL, and a significantly positive
correlation was observed in HDL. These data suggested that
IL-33 might prevent the kidney injury through regulating the
lipid metabolism in gout patients.

It was first demonstrated that IL-33 activates T helper
type 2 (Th2) cells and mast cells to secrete Th2 cell-
associated proinflammatory cytokines and chemokines [8].
Additionally, IL-33 can also induce proinflammatory effects
depending on Th1/Th17 immune response [14, 15]. Previous
studies have reported that IL-33 acts as an endogenous
“danger signal” or “alarmin” that may alert the immune
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Figure 2: Difference of IL-33 expression in gout patients with tophi, hypertension, and HDL. The renal function was affected by tophi,
hyperlipoidemia, and hypertension in gout patients.The serum levels of IL-33 in patients were grouped according to tophi, hypertension, and
HDL. These groups were evaluated by Mann-Whitney 𝑈 test.

system in response to inflammatory diseases [16], such
as hypersensitive diseases like asthma [17], autoimmune
diseases like rheumatoid arthritis [18], allergic rhinitis [19],
and autoimmune conjunctivitis [20]. IL-33 from necrotic
cells might induce autophagy, which can further balance the
effects of increased apoptosis secondary to contrast-induced
nephropathy in diabetic kidney disease [21]. In addition,
IL-33 promotes acute kidney injury through CD4 T cell-
mediated production of CXCL1 [22]. Although the cytokine
secretion by macrophage can be enhanced by IL-33 [23–25],
in our study IL-33 was found increased in gout patients with
no kidney injury. The reason for the dual function of IL-33
might be the various inflammatory environments in different
diseases.

It is well known that gout is associated with cardiovas-
cular and metabolic diseases, such as hypertension, hyper-
lipidaemia, and diabetes mellitus. 75%–80% of gout patients
had combined high blood lipoprotein [4, 26]. Interestingly,
it has been demonstrated that IL-33 is a potent inhibitor
of macrophage foam cell formation in vivo and in vitro
and attenuates atherosclerosis. IL-33 blocks foam cell for-
mation by directly regulating the expression of genes for

AcLDL/OxLDL uptake and storage of cholesteryl esters and
triglycerides and cholesterol efflux/transport and by inducing
a phenotypical Th1-to-Th2 switch [27]. IL-33 may play a
protective role in the development of atherosclerosis via the
induction of IL-5 and ox-LDL antibodies [28]. Low serum
high-density lipoprotein cholesterol level was an independent
predictor for gouty flares [29], while gout patients who had
higher high density lipoprotein (HDL) levels with metabolic
syndrome were at the lowest risk [30]. In line with above
results, we also observed that serum levels of IL-33 were
positively correlated with HDL from gout patients, and the
expressya ion of IL-33 was markedly high in the patient
without kidney damage. As expected, serum IL-33 levels
showed an inverse correlation with CRE, urea. and UA from
gout patients.

MSU has been identified as an endogenous factor for
kidney damage [11]. NLRP3 activation induced byMSU crys-
tal triggers caspase-1-dependent IL-1𝛽 and IL-18 secretion,
which induces a general inflammatory response including
recruitment of neutrophils and macrophages to the site of
crystal formation. These cytokines and infiltrated immune
cells in the kidney interstitial tissue result in the renal
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Figure 3: Negative correlation of IL-33 with CRE and urea in gout patients. (a, b) The determination of linear relationships between IL-33
expression and CRE and urea in gout patients was performed by Spearman correlation coefficient. (c) Serum HDL levels showed a negative
correlation with Cre. Spearman’s correlation analysis was used to calculate significance.

tubular epithelial cell damage and interstitial fibrosis, and
the inflammation condition is easy to cause the glomerulitis
and renal dysfunction. Although the cytokine secretion by
macrophage can be enhanced by IL-33 [23–25], in our study
gout patients with no kidney injury showed a high IL-
33 expression. A number of epidemiological studies have
reported that serum uric acid levels are the high-risk factor
in the pathogenesis of hypertension, and high plasma uric
acid levels are common in patients with arterial hyper-
tension. Hypertension is commonly associated with renal
vasoconstriction, which also leads to kidney injury, but no
correlation between hypertension and IL-33 expression was
observed in this study. Furthermore, the spectrum of renal
diseases in gout patients includes urate stones, acute uric acid
nephropathy, and chronic urate nephropathy. Chronic urate
nephropathy may be associated with a series of complicating
factors, rather than simply with excessive depositions of uric
acid within renal tissues, such as microvascular damage from
untreated hypertension. There was also no difference caused
by the depositions of uric acid. Thus, IL-33 might play a

protective role in the kidney injury of gout through regulating
lipid metabolism.

In conclusion, the results presented here suggest that the
serum IL-33 could be a sensitive marker for kidney function
in gout patients. Interestingly, it is noted that IL-33 was
associated with HDL and CRE in gout, suggesting that the
IL-33 may play a beneficial role in the pathogenesis of gout.
Of course, further studies are required to explore the specific
regulation mechanism between IL-33 and renal function.
These datamaybe further suggest a novel approach in treating
gouty arthritis.
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Figure 4: The correlation of IL-33 with lipoprotein in gout patients. (a) Serum IL-33 was positively correlated with HDL in gout patients
(𝑟 = 0.41, 𝑝 = 0.007). (b, c) Serum IL-33 level was negatively correlated with LDL (𝑟 = −0.33, 𝑝 = 0.03) and TG (𝑟 = −0.12, 𝑝 = 0.42) in gout
patients. Serum IL-33 level was not detected to correlate with TG from gout patients. Spearman correlation analysis was conducted.
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The focus of this review is to summarise the known relationships between the expression of heat shock protein 60 (Hsp60) and its
association with the pathogenesis of Type 1 and Type 2 diabetes mellitus. Hsp60 is a mitochondrial stress protein that is induced by
mitochondrial impairment. It is known to be secreted from a number of cell types and circulating levels have been documented in
both Types 1 and 2 diabetes mellitus patients.The biological significance of extracellular Hsp60, however, remains to be established.
We will examine the links between Hsp60 and cellular anti- and proinflammatory processes and specifically address how Hsp60
appears to affect immune inflammation by at least two different mechanisms: as a ligand for innate immune receptors and as
an antigen recognised by adaptive immune receptors. We will also look at the role of Hsp60 during immune cell activation in
atherosclerosis, a significant risk factor during the pathogenesis of diabetes mellitus.

1. Introduction

Diabetes mellitus is a spectrum of metabolic disorders
characterised by chronic hyperglycaemia and abnormalities
within the metabolism of proteins, fats, and carbohydrates
[1]. The two most common forms of diabetes are classified as
Type 1 and 2. Type 1 also known as insulin-dependent diabetes
(IDDM) is characterised by the autoimmune destruction of
the 𝛽-cells of the pancreatic islets which ultimately results
in loss of insulin production leading to hyperglycaemia [2].
On the other hand, Type 2 diabetes is linked to disorders of
both insulin secretion and insulin action [3]. It is becoming
increasingly clear that Type 2 diabetes is also associated
with a progressive destruction of 𝛽-islet cells by autoimmune
processes linked to inflammation [4]. However, the key
triggers and molecular mechanisms responsible for the loss
of 𝛽-cells have not yet been elucidated. Since mitochondria
play a key role in the secretion of insulin from 𝛽-islet cells [5],
in this review we will examine the role of the mitochondrial
molecular stress protein Hsp60 in the pathogenesis of both
Types 1 and 2 diabetes and the potential links between Hsp60
expression and inflammation.

2. Role of Mitochondrial Hsp60 in Types 1 and
2 Diabetes Mellitus

Heat shock protein 60 (Hsp60) is a molecular stress protein
predominantly localised to the mitochondrion where it is
known to play a role in the folding of proteins in the
mitochondrial matrix. Hsp60 is upregulated in response to
mitochondrial impairment [6] and is considered to be an
indicator of mitochondrial stress. Interestingly, Hsp60 has
also been shown to be secreted from a variety of mammalian
cell types [7–9] and is known to be found at elevated
levels in both Types 1 and 2 diabetes mellitus [10]. The
physiological/pathological consequence of having elevated
levels of Hsp60 in systemic circulation and the cell types
responsible for secretion ofHsp60 into circulation in diabetes
mellitus is not yet known.

For many years Hsp60 has been observed in nonobese
(NOD) mouse model of diabetes and has been linked to
play a role in the destruction of pancreatic 𝛽-islet cells
caused by the spontaneous development of autoimmune
T-lymphocytes [11]. Several epitopes have been identified
to have significant anti-Hsp60 T-cells responses, but one
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in particular, p277 peptide, has shown the greatest anti-
Hsp60 T-cells responses [12]. The p277 peptide of Hsp60
has been widely studied over the years; it is 24-amino
acid peptide within amino acid residues 427–460 derived
from monocytes human Hsp60 [13]. Hyperglycaemia and
insulitis developed when standard strains of mice, not prone
to spontaneous diabetes, were immunized with p277 cova-
lently conjugated to a foreign immunogenic carrier molecule
[14].

Interestingly, Hsp60 and p277 peptides can also lead to
protection of 𝛽-cell functions [15, 16]. This protection is
thought to be due to modulation of the autoimmune process
responsible for 𝛽-cell destruction. Therapeutic vaccination
with p277 has been documented to slow and inhibit the
destruction of 𝛽-cells both in NOD mice and in humans.
Administration of p277 has been shown to downregulate
T-cell reactivity to 𝛽-cell antigens. This process is thought
to be associated with a shift in cytokine profile from the
proinflammatory T-helper 1 (Th1) phenotype to the anti-
inflammatory T-helper-2 (Th2) phenotype. Thus, p277 has
been shown to increase IL-4 and IL-10 secretion and decrease
𝛾-IF secretion and is thought to be mediated by p277 binding
to TLR2 receptors [17, 18].

Therefore, it is evident that Hsp60 is able to influence T-
cell responses in two ways: as a ligand of toll-like receptor
2 signalling and as an antigen. But how can T-lymphocytes
target Hsp60 (which is ubiquitous) and p227 epitope be
involved with the destruction and protection of pancreatic 𝛽-
cells? One explanation for this is molecular mimicry. Hsp60
and p277 could possiblymimic a tissue-specific antigen of the
𝛽-islet cells of the pancreas that has a p277-like epitope [19]. A
study by [20] reported thatmouseHsp60molecules in𝛽-cells
of NOD mouse are the target of anti-H-p277. However this
finding poses the question of how a ubiquitousmolecule such
as Hsp60 can be the target of a tissue-specific autoimmune
disease? There is no evidence to suggest that tissue-specific
Hsp60 exists, given that there is a fibroblast homologuewhich
contains identical sequence to the pancreatic 𝛽-islet Hsp60
[20]. However, several suggestions have been proposed in
order to address this question; Hsp60 is present in a unique
way in secretory vesicles of the 𝛽-cells, and in the event of
insulin secretion, these vesicles fuse with the 𝛽-cell mem-
brane causingHsp60 to be presented on the 𝛽-cell membrane
and/or even secreted in the absence of mitochondrial stress,
causing differences in secretion characteristic from other
cells [20, 21]. When C9 cells (a diabetogenic NOD T-cell
clone that responds to p277) are injected into NOD mice,
they migrate to the pancreas and kidney [20]. Another
experiment showed that there are 8–12 genes for Hsp60 in
the vertebrate genome; however, when sequenced, all but
one were pseudogenes [22]. All of these experiments suggest
that although 𝛽-cell Hsp60 is not tissue-specific, there may
be tissue-specific posttranslational modifications of Hsp60
[20]. Experiments have also shown how T-cells are still
able to proliferate in the presence of 𝛽-cell and absence of
other antigen-presenting cells suggesting that Hsp60 in 𝛽-
cell may be processed specifically to that tissue, enabling
the 𝛽-cell to present its own Hsp60 to the T-cells, and ulti-
mately present specific immunogenic peptide like p277 [20].

Even though T-cells targets non-tissue-specific molecules,
it may have a greater preference over vulnerable, damaged
𝛽-cells, ultimately causing distress to 𝛽-cells, and allowing
the release of tissue-specific antigens [20]. Expression of
Hsp60 in 𝛽-cell may also be augmented by environmental
tissue-specific trigger such as viral infection via 𝛾-interferon,
thus causing 𝛽-cells to be targets for anti-Hsp60 T-cells
[20].

Thus what is the purpose and what can the immune
system gain from recognising Hsp60? Hsp60 is a highly
conserved protein; therefore both bacterial (foreign) and
endogenousHsp60 (self) can act as an antigen for𝛽-cells [23].
At first, production of antibodies against Hsp60 was thought
to be a mechanism to fight bacterial infection or vaccination
[23]; however it was subsequently found that autoantibod-
ies against self-Hsp60 were also found to be associated
with various autoimmune diseases such as Type 1 diabetes
[24].

Various studies with human patients have shown that
treatment of Type 1 diabetes with p277 epitope can preserve
part of the endogenous insulin production by arresting the
destruction of the 𝛽-cell mass in the pancreas [25, 26].
The paper by Stuart et al., 2012, states that a number of
Hsp60 peptide epitopes that can bindmultiple allelic variants
of the human major histocompatibility complex molecule
HLA-DR are called pan-DR epitopes which can induce low
peptide-specific proliferative responses and peptide-specific
production of intracellular cytokines such as interleukin-
10 (IL-10), an anti-inflammatory cytokine, and interferon-𝛾
(IFN-𝛾) in Type 1 diabetes [26].This suggests that Hsp60 and
peptides derived from the full-length molecule can induce
both proinflammatory and anti-inflammatory cytokines.This
confirms Hsp60 as an important modulator of inflamma-
tion in Type 1 diabetes mellitus. It should be noted that
Hsp60 is also thought to downregulate inflammation via
activated effector T-cells upregulating Hsp60 and presenting
their own Hsp60 epitopes to antiergotypic regulatory T-cells
[27].

Evidence is also accumulating which seem to suggest
that Hsp60 may also be involved in the pathogenesis of
Type 2 diabetes mellitus. A number of studies have shown
elevated levels of Hsp60 protein in systemic circulation in
Type 2 diabetes patients. Yuan et al. [10] reported the elevated
presence of Hsp60 in both serum and saliva of Type 2
diabetics compared to nondiabetic control subjects. Salivary
Hsp60 was found to be fourfold higher in type 2 diabetics
compared to nondiabetics, and serum Hsp60 was found
to be 16-fold higher than the salivary Hsp60 in Type 2
diabetics. The presence of Hsp60 as a molecular marker that
represents mitochondrial stress opens up the opportunity
for a noninvasive diagnostic route to further investigate the
relationship of Hsp60 and diabetes [10]. Evidence has been
documented which shows that when human HeLa cells are
grown in the presence of mitochondrial inhibitors (such as
sodium azide, hydrogen peroxide, and high glucose) there
is a significant upregulation of Hsp60 at the protein level
[28]. This suggests that the increased level of serum Hsp60
detected in Type 2 diabetes mellitus patients might also be
due to mitochondrial stress.
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3. Hsp60 and Inflammation

A number of studies suggest that extracellular Hsp60 plays
a role as a cellular “danger” signal for cellular and humoral
immune reactions [29, 30]. In 1997, a hypothesis was pro-
posed suggesting that elevated acute-phase/stress reactants
(such as Hsp60) and their major cytokine are associated with
Type 2 diabetes [31]. Since then, many studies have been
conducted looking at circulating markers of inflammation,
and their association with Type 2 diabetes mellitus [32].
Inflammation has been found to be an important causative
factor in the pathogenesis of Type 2 diabetes and insulin
resistance [33]. There is also an observable association
between the pathogenesis of insulin resistance, diabetes and
atherosclerosis, and the activation of innate immune system
by toll-like receptors (TLRs) [34–36]. Interestingly, a link
betweenTLR2 andTLR4polymorphisms andType 2 diabetes
has been documented, suggesting that TLRs may play a
causative role in diabetes [37, 38]. Other studies have shown
the increased expression of TLR2 and TLR4 in conventional
insulin resistance target tissues like skeletal muscle and
adipose tissue of Type 2 diabetics [39, 40].

TLRs are a family of protein that senses the invasion
of microorganism. This in turn stimulates the TLRs and
initiates a range of host defence mechanisms [41]. Each
member of the TLR family is set to recognise a specific
pathogen component, and when activated it will create a
signalling cascade that ultimately leads to the production
of cytokines (such as IL-1𝛽, IL-6, IL-8, monocyte chemoat-
tractant protein-1 (MCP-1), and tumour necrosis factor-𝛼
(TNF-𝛼)) and adaptive immune response [41]. Ligands for
TLR2 and TLR4 include Hsp60, Hsp70, high mobility group
B1 protein, endotoxin, hyaluronan, advanced glycation end
products, and extracellular matrix components [42]. In 2009,
it was postulated that the effects of Hsp60 on the innate
immune system may be due to the presence of bacterial
contaminants (LPS, lipopolysaccharide, a major cell wall
component of gram negative bacteria) in preparations of the
recombinant mammalian Hsp60 preparations [43]; however
it is now clear that activation of innate immune receptors
can be caused by Hsp60 on its own and not by associated
contaminants [44]. A study done in 2010 by Dasu et al.
confirmed that expression of TLR2 and TLR4 in Type 2
diabetics is greatly increasedwhen compared to nondiabetics.
Furthermore, due to the increase of TLR2 and TLR4 expres-
sion, there was a subsequent increase of inflammation, which
wasmediated by nuclear factor Kappa Beta (NF-𝜅B) p65 [45].
The concentrations of proinflammatory mediators IL-1𝛽, IL-
6, IL-8, MCP-1, and TNF-𝛼 in the serum were also found to
be significantly increased in Type 2 diabetics, compared to
nondiabetics.This novel finding suggests thatHsp60 could be
playing modulatory responses in inflammation, a metabolic
characteristic of Type 2 diabetes, through the activation of
TLRs.

Interestingly, antihuman Hsp60 small-hairpin RNAs
(shRNAs) have been documented to downregulate the
expression of endogenous Hsp60 mRNA 48 hours after
transfection in human cells [46].The study proves that Hsp60
can be regulated using RNAi and opens the possibility to

develop RNAi based therapeutic strategies to treat Type 2
diabetes clinically.

Many studies have also shown that people suffering from
Type 1 and Type 2 diabetes have accelerated atherosclerosis
and are in greater risk of developing atherosclerosis [47].
Atherosclerosis is a disease where plaque builds up inside
the arteries and is the cause of a majority of cardiovascular
diseases [48]. Early atherosclerosis is characterised by the
penetration of agranulocyte or mononuclear cells, in partic-
ular monocytes, macrophages, and T-lymphocytes [49]. In
the late atherosclerosis lesions, T-lymphocytes were seen to
be activated, and a substantial proportion of the cells are
thought to be reacting against Hsp60 [50, 51]. A study done
using rabbits immunized with mycobacterial Hsp60 have
shown that atherosclerotic lesions can be prevented when the
rabbit’s T-lymphocytes are depleted [52, 53]. On the other
hand, when LDL-receptor deficient mice are introduced to
the Hsp60 reactive T-lymphocytes, the mice were able to
induce pronounced atherosclerotic vessel wall changes [54].

A study done in 2007 found a correlation between
atherosclerosis and T-cell reactivity to Hsp60 in young males
but not in men aged 50 and above. This suggests that the
T-cell reactivity to Hsp60 is more prominent in young and
very early stages of arteriosclerosis [55]. It is thought that T-
cell reactivity to Hsp60 is less prominent in men age 50 and
over because the majority of the T-cells have already formed
from blood to the site of inflammation in atherosclerotic
plaques and lymphocytes from peripheral blood may no
longer present the specific antigen repertoire of cells in
vessel walls [55]. This T-cell reactivity to Hsp60 is capable
of triggering both innate and adaptive immune responses
that initiate the earliest inflammatory stage of atherosclerosis,
and mitochondrial Hsp60 is increasingly being recognised
as a key autoantigen at the sites of endothelial inflammation
[56, 57]. However, the mechanisms leading to expression of
Hsp60 during the initiation of arteriosclerosis due to T-cell
reactivity to Hsp60 are still not well understood.

4. Conclusion

There is a clear association between Hsp60 and Type 1 and
Type 2 diabetes. In Type 1 diabetes, Hsp60 protein is able to
induce the production of anti-Hsp60 antibodies as a defence
mechanism against pathogens; anti-Hsp60 antibodies also
target endogenous Hsp60 (p277 epitope) and result in the
destruction of 𝛽-islet cells. However, both Hsp60 and p277
peptides can also prevent 𝛽-cell destruction by upregulation
of the anti-inflammatory Th2 cytokine pathway. Since the
loss of 𝛽-islet cells is primarily thought to be driven by a
proinflammatory Th1 cytokine response, the shift of Th1 to
Th2 by Hsp60 and p277 may be involved in attenuation
of Type 1 diabetes mellitus (Figure 1). The high levels of
Hsp60 found in the serum in Type 2 diabetic may also
lead to the initiation of proinflammatory cytokines in target
cells (such as vascular endothelial cells) by interacting with
TLR2 and TLR4 receptors (Figure 2). Thus, Hsp60 acting as
a proinflammatory signalling molecule may play a role in
the nonresolved vascular inflammation, which is increasingly
being recognised as a feature of Type 2 diabetes. It is
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suggesting that Hsp60 does indeed play a key regulatory role
in modulating inflammatory processes in diabetes mellitus
and could also provide a key link between mitochondrial
stress and inflammation in diabetes mellitus.
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This study evaluated the inflammatorymarkers in prediabetes and newly diagnosed type 2 diabetesmellitus (T2DM). Inflammatory
markers levels were analyzed using one-way analysis of covariance and the association with prediabetes or T2DM risks was
examined by logistic regression models. Our data showed increased levels of hypersensitivity C-reactive protein (hs-CRP),
interleukin (IL-4), IL-10, and tryptase in prediabetes subjects and hs-CRP, immunoglobulin E (IgE), IL-4, and IL-10 in T2DM
subjects. We concluded that Hs-CRP, IgE, IL-4, IL-10, and tryptase were positively associated with prediabetes or T2DM. Further
large prospective studies are warranted to assess a temporal relation between inflammatory biomarkers and incidence of prediabetes
or T2DM and its associated chronic diseases.

1. Introduction

Type 2 diabetes mellitus (T2DM) is a complex disease in
which both genetic and environmental factors interact in
determining impaired 𝛽-cell insulin secretion and peripheral
insulin resistance [1–3]. T2DM is also a metabolic disorder
between pro- and anti-inflammatory characterized by
chronic hyperglycemia and increased or decreased levels of
circulating cytokines [4]. The rise in the proinflammatory
cytokines (e.g., interleukin- (IL-) 1, IL-6, tumor necrosis
factor- (TNF-) 𝛼, C-reactive protein (CRP), transforming
growth factor- (TGF-) 𝛽, and leptin) or the fall in anti-
inflammatory cytokines (e.g., interleukin-1 receptor
antagonist (IL-1Ra), IL-4, IL-10, IL-13, and adiponectin)
is the essential step in glucotoxicity and lipotoxicity induced
mitochondrial injury, oxidative stress, and beta cell apoptosis
in T2DM [2–4]. These pro- and anti-inflammatory cytokines
can enhance insulin resistance directly in adipocytes, muscle,
and hepatic cells, leading to systemic disruption of insulin
sensitivity and impaired glucose homeostasis [5].

Many single nucleotide polymorphisms (SNPs) in var-
ious genes including those of pro- and anti-inflammatory
cytokines have been reported as a risk for T2DM [1–3]. But
not all SNPs have been confirmed by unifying results in
different studies and wide variations have been reported in
various ethnic groups [2–4]. Genetic polymorphisms of C-
reactive protein (CRP) and their association with prediabetes
and T2DM have been widely studied [5]. IL-6 was regarded
as a kind of pro- and anti-inflammatory factor; one of the
commonpolymorphisms in the IL-6 gene promoter (C-174G)
was considered as risk factors for T2DMdevelopment [2]. IL-
10 is an anti-inflammatory cytokine protecting against T2DM
and inflammation; several variants in the IL-10 gene promoter
region have been identified and showed the association with
the development of T2DM [3, 4]. It is reported that TNF-𝛼
is a possible mediator of insulin resistance and diabetes since
it inhibits insulin signaling and impairs its secretion [2–4].
One of the SNPs in TNF-𝛼 gene showed a twofold increase
in transcriptional activity and an association of TNF-𝛼 SNPs
with T2DM [2]. Genetic variants in some inflammatory
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factors associated with T2DM may provide a rationale for
further studying their roles as biomarkers for disease early
risk prediction and therapeutic targets for T2DM and related
complications.

Although accumulating evidences support the patholog-
ical role of inflammatory cytokines in T2DM, most stud-
ies only focused on a few specific inflammatory factors
and were done in relatively small population groups in a
particular ethnic group. In our previous studies, we have
explored the associations between few several inflammatory
cytokines (e.g., CRP, immunoglobulin E (IgE), chymase, and
tryptase) with prediabetes and T2DM and concluded that
IgE and CRP are risk factors of prediabetes and T2DM only
based on a small sample of cross-sectional study design [6,
7].

In this study, we extend the analysis of the role of pro-
and anti-inflammatory cytokines in prediabetes and newly
diagnosed T2DM based on a larger sample of cross-sectional
study design, by measuring the levels of several proin-
flammatory cytokines (e.g., IgE, hs-CRP, IL-6, TNF-𝛼, and
tryptase) and anti-inflammatory cytokines (e.g., IL-4, IL-10,
and forkhead/winged helix transcription factor 3+ (Foxp3+))
in prediabetes and T2DM, and correlate them with other
laboratory and clinical biochemical indicators. Our find-
ings will lend support to the hypothesis that some specific
inflammatory factors may play an etiological role in the
pathogenesis of T2DM and also will offer new insights into
the potential clinical value of these inflammatory factors as
biomarkers for disease early risk prediction and therapeutic
targets for T2DM and related complications.

2. Materials and Methods

2.1. Study Population. The study is part of the Diabetes
Intervention Project (DIP) started in 2012 from School of
Nursing and Medicine, Huzhou University, Zhejiang, China.
FromMarch to December 2012, a total of 7054 rural residents
aged 50–75 years from eight rural communities in the city
of Huzhou participated in physical examination. Based on
the criteria of fasting plasma glucose (FPG) <5.6mmol/L,
898 (12.73%) were classified into prediabetes. During July
to August 2013, after excluding subjects with known DM or
receiving hypoglycaemic medications or with cardiovascular
disease, cerebrovascular disease, malignant disease, chronic
liver disease, or kidney failure, or those under medications,
825 cases of 898 prediabetes subjects and another 300
randomized sampling normal glucose subjects were invited
for FPG, 2-hour oral glucose tolerance test (2 h OGTT), and
haemoglobin A1c (HbA1c) tests as part of the prediabetes and
T2DM screening. But only 560 subjects would participate
in this study, according to the following clinical criteria
based on FPG, 2 h OGTT, and HbA1c test: 219 (39.11%)
had normal glucose tolerance (NGT), 215 (38.39%) were
diagnosed as prediabetes subjects, and 126 (22.5%) were
diagnosed as T2DM subjects. This study was approved by
the Huzhou City Ethics Committee and all subjects gave
written, informed consent prior to participating in the
study.

2.2. Data Collection. Trained staff interviewed participants
using a self-designed questionnaire to obtain information
on demographic characteristics and anthropometric and
lifestyle variables. Physical activity assessments were per-
formed using self-reported Total Energy Expenditure Ques-
tionnaire (TEEQ), a nine-step scale where every step was
assigned a fixed value in terms of multiple of Metabolic
Energy Turnover (MET) [8]. Anthropometric measurements
(body height and weight, waist circumference (WC), hip
circumference, and bloodpressure)were attained at the initial
screening visit. Two sitting blood pressure measurements
were taken for each participant using a mercury sphygmo-
manometer according to a standard protocol. The mean of
these two blood pressure measurements was used in the data
analysis.

The biochemical parameters, including FPG, 2 h OGTT,
HbA1c, fasting insulin, plasma total cholesterol (TC), triglyc-
eride (TG), low-density lipoprotein cholesterol (LDL-c),
high-density lipoprotein cholesterol (HDL-c), hs-CRP, and
IgE, were measured in the Clinical Biochemistry Unit of
Huzhou First Hospital, a teaching hospital of Huzhou Uni-
versity. The cytokine concentrations, including IL-6, TNF-𝛼,
tryptase, IL-4, IL-10, and Foxp3+, were measured in patients
sera using commercially available ELISA double antibody
sandwich method assays (R&D Systems), performed accord-
ing to the manufacturer’s instructions. Detection kits were
produced by Wuhan Gene Biotech Co., Ltd.

2.3. Clinical Criteria. Diabetes and prediabetes were grouped
according to American Diabetes Association 2010 (ADA
2010) criteria or HbA1c-based diagnosed criteria [9, 10].
Diabetes was classified with a fasting plasma glucose (FPG) ≥
7.0mmol/L or 2 h OGTT ≥ 11.1mmol/L or HbA1c ≥
6.5%, whereas prediabetes was defined as FPG ≥ 5.6 and
<7.0mmol/L or 2 hOGTT≥ 7.8 and<11.1mmol/L orHbA1c≥
6.0% and HbA1c < 6.5%. Subjects were classified as having a
normal glucose profile if FPG < 5.6mmol/L and 2 h OGTT <
7.8mmol/L or HbA1c < 6.0%.

2.4. Statistical Analysis. The mean and standard deviation
(mean ± SD) of continuous and normal distributional vari-
ables and median and quartile range of continuous but
skewed distributional variables were used.

Body mass index (BMI) was calculated as weight in kilo-
grams divided by the square of the height in meters (kg/m2).
Waist-to-hip ratio (WHR) was calculated as waist divided by
hip circumference. Homeostasis model assessment-insulin
resistance (HOMA-IR)was calculated as value of FPG× value
of fasting insulin/22.5 and homeostasis model assessment-
𝛽 cell function (HOMA-𝛽) was calculated as 20 × value of
fasting insulin/(FPG-3.5).

Based on China 2006 Blood Pressure Control Criteria
and China Prevention and Treatment Classification Recom-
mendation on Dyslipidemia [11], hypertension was defined
as systolic blood pressure (SBP) and/or diastolic blood pres-
sure (DBP) ≥ 140/90mmHg or as receiving blood pressure
lowering medications; high TG was defined as a fasting
plasma TG ≥ 1.70mmol/L, low HDL-C as a fasting HDL-C
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≤ 0.9mmol/L, high TC as TC ≥ 5.72mmol/L, and low LDL-C
as a fasting LDL-C ≤ 3.64mmol/L. Based on China Obesity
Task Group Recommendation [12], overweight was classified
when a body mass index (BMI) ≥ 24 kg/m2 and obesity was
classified when a body mass index (BMI) ≥ 29 kg/m2.

In analyzing the relationships of inflammatory cytokines
to prediabetes or T2DM, IgE was classified as normal/abnor-
mal according to upper quartiles (P75 = 34.0 IU/L); CRP was
classified as normal/abnormal according to upper quartiles
(P75 = 1.0mg/L); tryptase was classified as normal/abnormal
according to upper quartiles (P75 = 1699.94 ng/mL) and
TNF-𝛼 was classified as normal/abnormal according to
upper quartiles (P75 = 325.14 pg/mL); IL-4 was classified
as normal/abnormal according to upper quartiles (P75 =
323.91 ng/L); IL-10was classified as normal/abnormal accord-
ing to upper quartiles (P75 = 256.22 ng/L); FOXP3+ was
classified as normal/abnormal according to upper quartiles
(P75 = 411.17 pg/mL).

One-way analysis of covariance was used to test for dif-
ferences in continuous distributional variables between three
groups. The nonparametric Kruskal-Wallis test was used to
test for differences in continuous but skewed distributional
variables between two groups, and 𝜒2 test was used to test
differences in proportions between three groups.

Spearman correlation coefficients were calculated to eval-
uate associations between inflammatory cytokines and the
traditional cardiovascular factors.

Binary logistic regression model was used to estimate
the odds ratios (ORs) and 95% CIs for prediabetes and
T2DM according to dichotomy of inflammatory biomarkers
concentration, using the lower values as the referent category.
Considering the potential confounding factors, we applied
10 models to assess the association between biomarkers and
prediabetes or T2DM, including unadjusted mode, age and
sex-adjusted model, multivariable (age, sex, BMI,WHR, SBP,
DBP, TC, TG, level of physical activity, dietary intake, alcohol
intake, smoking status, presence or absence of family history
of diabetes, hypertension, heart disease, stroke, and hyperc-
holesterolemia) adjusted model, andmultivariable combined
with inflammatory biomarkers mutually adjusted model.

All statistical analysis was conducted using SPSS statisti-
cal software (version 19.0).

3. Results

The descriptive characteristics of 560 study participants were
presented separately for participants with normal glucose
tolerance, prediabetes, and T2DM (Table 1). A total of 215
were prediabetes, 126 were T2DM, and 219 were normal
glucose subjects. Overall, except smoking status, alcohol use,
disease family history, physical activity level, and dietary
intake, all traditional vascular risk factors were worse in the
PDG or the T2DMG patients than NGG subjects. Median
levels of IgE in T2DMG subjects (40 IU/L) were significantly
higher compared with NGG subjects (18 IU/L) (𝑃 < 0.05)
and with PDG subjects (20 IU/L) (𝑃 < 0.05). Median levels
of CRP in PDG subjects (0.8mg/L) or T2DMG subjects
(1.5mg/L) were significantly higher compared with NGG

subjects (0.5mg/L) (𝑃 < 0.05). Mean levels of tryptase
in PDG subjects (mean ± SD: 1545.36 ± 291.45 ng/mL) or
T2DMG subjects (mean ± SD: 1524.96± 286.65 ng/mL) were
significantly higher compared with NGG subjects (mean ±
SD: 1481.21 ± 271.44 ng/mL) (𝑃 < 0.05). Mean levels of IL-4
in PDG subjects (mean± SD: 303.70±56.84 ng/L) or T2DMG
subjects (mean ± SD: 304.45 ± 55.87 ng/L) were significantly
higher compared with NGG subjects (mean ± SD: 283.45 ±
52.50 ng/L) (𝑃 < 0.05). Mean levels of IL-10 in PDG subjects
(mean ± SD: 244.03 ± 53.34 ng/L) or T2DMG subjects (mean
± SD: 265.04±40.42 ng/L)were significantly higher compared
with NGG subjects (mean ± SD: 229.23 ± 46.54 ng/L) (𝑃 <
0.05). But there were no significant differences in IL-6, TNF-
𝛼, and Foxp3+ (Table 1).

Spearman correlation analysis between inflammatory
cytokines and the traditional cardiovascular factors indicated
that whether, in NGG, the PDG, or the T2DMG, there
were significant relationships between most of the tradi-
tional cardiovascular factors and between most of inflam-
matory cytokines. However, there were seldom significant
relationships between the traditional cardiovascular factors
and inflammatory cytokines (Tables 2–4; Tables S1–S6) (in
Supplementary Material available online at http://dx.doi.org/
10.1155/2016/7965317).

After adjusting confounding factors by multivariable
combined with inflammatory biomarkers mutually adjusted
model, plasma IgE was associated with T2DM compared
with NGG (OR (odds ratio): 3.46 (1.92–6.23, 95% CI), 𝑃 <
0.001) or compared with PDG (OR: 2.57 (1.54–4.30, 95% CI),
𝑃 < 0.001); plasma CRP was associated with PDG (OR:
2.30 (1.46–3.62, 95% CI), 𝑃 < 0.001) or T2DM (OR: 16.24
(7.99–33.02, 95% CI), 𝑃 < 0.001) compared with NGG or
T2DM (OR: 5.93 (3.29–10.72, 95% CI), 𝑃 < 0.001) compared
with PDG; serum IL-4 was associated with PDG (OR: 1.68
(1.05–2.69, 95% CI), 𝑃 = 0.031) or T2DM (OR: 1.94 (1.10–
3.53, 95% CI), 𝑃 = 0.023) compared with NGG; serum IL-
10 was associated with PDG (OR: 2.13 (1.33–3.41, 95% CI),
𝑃 = 0.002) or T2DM (OR: 8.62 (4.50–16.49, 95% CI), 𝑃 <
0.001) compared with NGG or T2DM (OR: 3.04 (1.79–5.13,
95% CI), 𝑃 < 0.001) compared with PDG (Table 5). Serum
tryptase was associated with prediabetes (OR: 1.53 (1.01–2.32,
95% CI), 𝑃 = 0.044) before adjustment and (OR: 1.63 (1.02–
2.61, 95% CI), 𝑃 = 0.041) after adjustment by multivariable +
IL-4, compared with NGG. Serum IL-6, TNF-𝛼, and Foxp3+
were not associated with PDG or T2DM (Table 5).

4. Discussion

Our data showed increased levels of CRP, IL-4, IL-10, and
tryptase in prediabetes subjects and increased levels of CRP,
IL-4, and IL-10 in T2DM subjects compared with normal
glucose subjects. Not all inflammatory cytokines in our study
were in agreement with previous findings.

With the associations between inflammatory cytokines
(e.g., IL-6, TNF-𝛼, and hs-CRP) and insulin resistance,
prediabetes or T2DM had been widely researched [13–
21]. Most studies found that subjects with insulin resis-
tance, prediabetes, or T2DM had increased levels of IL-6,



4 Journal of Diabetes Research

Table 1: Baseline characteristics of 560 subjects with different glucose status grouped according to fasting, postload glucose levels, andHbA1c.

Variable NGG (𝑛 = 219) PDG (𝑛 = 215) T2DMG (𝑛 = 126) 𝑃 value
Age (years)∗ 58.13 ± 6.37 59.31 ± 6.86 59.37 ± 7.07 0.122
Sex (%, male) 47.0 40.5 40.5 0.310
BMI (kg/m2)∗ 23.58 ± 3.17 25.11 ± 3.51† 24.55 ± 3.15‡ <0.001
WC (cm)∗ 79.92 ± 9.19 85.00 ± 9.89† 83.85 ± 8.90‡ <0.001
WHR∗ 0.84 ± 0.06 0.87 ± 0.05† 0.87 ± 0.06‡ <0.001
Smoking status (%) 0.071

Current 63.9 28.8 7.3 —
Never 73.0 19.1 7.9 —
Past 63.0 31.7 7.9 —

Alcohol use (in the past 12 months) (%, drinker) 25.1 17.2 22.2 0.130
History of diabetes (%, yes) 6.8 12.6 29.4 <0.001
History of myocardial infarction (%, yes) 0.9 0.9 2.4 0.493
History of high blood pressure (%, yes) 15.1 14.0 18.3 0.689
History of stroke (%, yes) 4.6 5.6 4.8 0.731
History of dyslipidemia (%, yes) 8.7 6.5 13.5 0.360
Physical activity (MET/week)∗ 440.47 ± 146.79 447.92 ± 151.39 427.49 ± 152.15 0.480
Dietary intake (%, excess energy intake) 74.9 72.1 73.0 0.800
Carbohydrate intake (%) 0.740
<55% of total energy intake 56.6 54.9 50.8 —
55–65% of total energy intake 24.2 24.2 23.8 —
>65% of total energy intake 19.2 20.9 25.4 —

Fat intake (%) 0.005
<20% of total energy intake 11.9 20.0 23.8 —
20–25% of total energy intake 41.1 38.1 46.8 —
>25% of total energy intake 47.0 49.1 29.4 —

Protein intake (%) 0.529
<60% of total energy intake 16.9 11.2 12.7
60–65% of total energy intake 29.7 31.6 31.7
>65% of total energy intake 53.4 57.2 55.6

FPG (mmol/L)∗∗ 5.17 (4.94–5.34) 5.97 (5.74–6.20)† 7.72 (7.35–8.89)‡,§ <0.001
2 h OGTT (mmol/L)∗ 5.35 ± 1.08 7.64 ± 1.48† 12.16 ± 1.55‡,§ <0.001
HbA1c (%)∗ 5.06 ± 0.80 5.20 ± 1.03 6.64 ± 1.64‡,§ <0.001
Fasting insulin (mU/L)∗∗ 7.0 (6.55–7.36) 7.36 (6.89–8.70)† 10.10 (8.54–13.7)‡,§ <0.001
HOMA-IR∗∗ 1.60 (1.42–1.73) 2.04 (1.81–2.32)† 3.64 (2.93–4.58)‡,§ <0.001
HOMA-𝛽∗∗ 84.14 (72.72–99.79) 60.27 (52.46–70.64)† 48.67 (32.96–66.35)‡,§ <0.001
SBP (mmHg)∗ 121.74 ± 20.01 130.94 ± 23.61† 130.49 ± 18.90‡ <0.001
DBP (mmHg)∗ 76.46 ± 9.97 80.53 ± 11.29† 77.83 ± 8.31§ <0.001
TC (mmol/L)∗ 4.85 ± 0.84 5.00 ± 0.90† 5.24 ± 1.12‡ 0.001
TG (mmol/L)∗∗ 1.33 (1.04–1.94) 1.72 (1.30–2.44)† 1.95 (1.31–3.17)‡ <0.001
HDL-c (mmol/L)∗ 1.29 ± 0.32 1.20 ± 0.30† 1.16 ± 0.28‡ <0.001
LDL-c (mmol/L)∗ 2.85 ± 0.75 2.80 ± 0.92 2.90 ± 1.04 0.613
IgE (IU/L)∗∗ 18 (7–34) 20 (7–42.5) 40 (16–64)‡,§ <0.001
hs-CRP (mg/L)∗∗ 0.5 (0.3–1.0) 0.8 (0.4–2.0)† 1.50 (1.00–2.40)‡,§ <0.001
IL-6 (ng/L)∗ 58.56 ± 12.66 60.92 ± 12.82 60.39 ± 10.28 0.117
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Table 1: Continued.

Variable NGG (𝑛 = 219) PDG (𝑛 = 215) T2DMG (𝑛 = 126) 𝑃 value
TNF-𝛼 (pg/mL)∗ 284.94 ± 61.17 290.13 ± 68.22 295.37 ± 57.25 0.326
Tryptase (ng/mL)∗ 1481.21 ± 271.44 1545.36 ± 291.45† 1524.96 ± 286.65‡ 0.036
IL-4 (ng/L)∗ 283.45 ± 52.50 303.70 ± 56.84† 304.45 ± 55.87‡ <0.001
IL-10 (ng/L)∗ 229.23 ± 46.54 244.03 ± 53.34† 265.04 ± 40.42‡,§ <0.001
Foxp3+ (pg/mL)∗ 364.22 ± 72.27 367.26 ± 24.46 356.18 ± 83.12 0.418
T2DM: type 2 diabetes mellitus; NGG: normal glucose group; PDG: prediabetes group; T2DMG: T2DM group; BMI: body mass index; WC: waist
circumference;WHR: waist hip ratio; HOMA-IR: homeostasis model assessment-insulin resistance; HOMA-𝛽: homeostasis model assessment-𝛽 cell function;
FPG: fasting plasma glucose; 2 hOGTT: 2-hour oral glucose tolerance test;HbA1c: haemoglobinA1c; SBP: systolic bloodpressure;DBP: diastolic bloodpressure;
TC: total cholesterol; TG: triglyceride; LDL-c: low-density lipoprotein cholesterol; HDL-c: high-density lipoprotein cholesterol; IgE: immunoglobulin E; hs-
CRP: hypersensitivityC-reactive protein; TNF-𝛼: tumor necrosis factor; IL-6: interleukin-6; IL-4: interleukin-4; IL-10: interleukin-10; Foxp3+: forkhead/winged
helix transcription factor 3+.
∗Variable is described using mean and standard deviation. ∗∗Variable is described using median and interquartile range. †𝑃 < 0.05, PDG compared with the
NGG group; ‡𝑃 < 0.05, DMG compared with the NGG group. §𝑃 < 0.05, T2DMG compared with the PDG group.

Table 2: Spearman correlation coefficients between cardiovascular factors in normal glucose group.

TC TG HDL C LDL c HOMA-IR HOMA-𝛽 BMI WHR SBP
TC 1
TG 0.321∗∗ 1
HDL C −0.298∗∗ −.0363∗∗ 1
LDL 0.878∗∗ 0.098 0.107 1 ⋅

HOMA-IR 0.062 0.042 −0.120 0.036 1 ⋅ ⋅

HOMA-𝛽 −0.094 −0.137∗ 0.096 −0.102 −0.140∗ 1
BMI 0.203∗∗ 0.374∗∗ −0.279∗∗ 0.209∗∗ 0.062 −0.213∗∗ 1
WHR 0.029 0.363∗∗ −0.386∗∗ 0.054 0.069 −0.112 0.552∗∗ 1 ⋅

SBP 0.184∗∗ 0.144∗ −0.014 0.161∗ 0.053 −0.124 0.284∗∗ 0.252∗∗ 1
DBP 0.166∗ 0.220∗∗ −0.105 0.148∗ 0.057 −0.074 0.406∗∗ 0.335∗∗ 0.716∗∗

TC: total cholesterol; TG: triglyceride; LDL-c: low-density lipoprotein cholesterol; HDL-c: high-density lipoprotein cholesterol; HOMA-IR: homeostasis model
assessment-insulin resistance; HOMA-𝛽: homeostasis model assessment-𝛽 cell function; BMI: body mass index; WHR: waist hip ratio; SBP: systolic blood
pressure; DBP: diastolic blood pressure.
∗Data on all subjects without missing values for all of these variables. ∗𝑃 < 0.05. ∗∗𝑃 < 0.01.

TNF-𝛼, and hs-CRP [13–16]. A study reported that high
levels of inflammatory cytokines appeared in early stage of
T2DM and were capable of predicting the development of
type 2 diabetes through diminishing insulin sensitivity [14].
But a recent study showed decreased levels of IL-6 and
TNF-𝛼 in T2DM compared to healthy controls [17]. The
author in this paper interpreted that this discrepancy could
be attributed to duration of the diseases, small sample size,
and the differences in age and sex of the studied groups [17].
Elevated plasma levels of hs-CRP in prediabetes and T2DM
subjects have been demonstrated in this paper (Tables 1 and
5), our previous studies, and other studies [6, 7, 14–21]. Our
data showed that mean levels of TNF-𝛼 or IL-6 in PDG
or T2DMG subjects were higher but insignificant compared
withNGG subjects (Tables 1 and 5), which could be explained
by the differences of some incompletely measured residual
confounding factors or inflammation-related diseases (e.g.,
rheumatoid arthritis (RA) or osteoarthritis (OA)) or allergies
in the studied groups.

IgE stimulation during allergic reactions and infections
is the natural defense mechanism. It also plays a crucial
role in the pathophysiology of T2DM [6, 7]. This current

study demonstrated that plasma IgE levels strongly corre-
lated with T2DM (Table 5), which was in agreement with
our previous studies [6, 7]. Further large population-based
prospective studies are warranted to assess the role of IgE in
T2DM.

IL-4 wasmajor anti-inflammatory cytokine and had been
proposed to play a crucial role in the pathophysiology of
T2DM, and several candidate genes have been identified [22].
Our data showed that serum IL-4 was associated with PDG
or T2DM (Tables 1 and 5).

IL-10 was anti-inflammatory cytokine and has been
shown to improve impaired insulin signaling [23], prevent
the development of IL-6 [24], inhibit NADPH oxidase [25],
prevent pancreatic beta cell destruction [26], and play an
important role in modulation of cardiovascular insulin resis-
tance [23–26]. Two studies indicated that low IL-10 level was
associated with high HbA1c and serum IL-10 level may be
one of the predictors of glycemia [27, 28]. Increased level of
IL-10 in prediabetes and T2DM subjects in our study was in
disagreement with these findings [2, 26–28], which could be
explained by high levels of inflammatory cytokines appearing
in early stage of T2DM [14, 17].
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Table 3: Spearman correlation coefficients between inflammatory markers in normal glucose group.

IgE CRP IL-4 IL-6 IL-10 Foxp3+ Tryptase
IgE 1
CRP 0.117 1
IL-4 0.059 −0.174∗∗ 1 ⋅ ⋅

IL-6 0.026 0.06 0.303∗∗ 1
IL-10 0.087 −0.012 0.272∗∗ 0.259∗∗ 1
Foxp3+ 0.071 −0.066 0.211∗∗ 0.245∗∗ 0.430∗∗ 1 ⋅

Tryptase −0.009 −0.106 0.176∗∗ 0.188∗∗ 0.302∗∗ 0.458∗∗ 1
TNF-𝛼 −0.052 −0.173∗ 0.057 0.049 0.08 0.085 0.212∗∗

IgE: immunoglobulin E; hs-CRP: hypersensitivity C-reactive protein; IL-4: interleukin-4; IL-6: interleukin-6; IL-10: interleukin-10; Foxp3+: forkhead/winged
helix transcription factor 3+; TNF-𝛼: tumor necrosis factor.
∗Data on all subjects without missing values for all of these variables. ∗𝑃 < 0.05. ∗∗𝑃 < 0.01.

Table 4: Spearman correlation coefficients between inflammatory markers and cardiovascular factors in normal glucose group.

IgE CRP IL-4 IL-6 IL-10 Foxp3 Tryptase TNF-𝛼
TC −0.087 0.007 0.038 −0.083 −0.031 −0.016 0.138∗ 0.163∗

TG 0.020 0.122 0.048 0.023 0.073 0.052 0.077 0.111
HDL-c 0.017 −0.146∗ −0.085 −0.136∗ −0.031 0.050 0.065 0.082
LDL-c −0.043 −0.001 0.089 −0.001 −0.026 −0.027 0.115 0.111
HOMA-IR 0.012 0.102 0.093 −0.003 0.007 −0.114 −0.085 −0.068
HOMA-𝛽 0.030 0.092 −0.006 0.053 −0.055 −0.047 0.014 −0.117
BMI 0.037 0.001 −0.006 −0.040 0.026 0.057 0.028 0.114
WHR −0.038 −0.042 0.146∗ 0.106 0.108 0.126 0.095 0.085
SBP 0.091 0.024 0.000 −0.071 −0.003 0.041 0.072 0.054
DBP 0.132 0.043 0.045 −0.024 −0.045 0.026 −0.028 0.020
TC: total cholesterol; TG: triglyceride; LDL-c: low-density lipoprotein cholesterol; HDL-c: high-density lipoprotein cholesterol; HOMA-IR: homeostasis model
assessment-insulin resistance; HOMA-𝛽: homeostasis model assessment-𝛽 cell function; BMI: body mass index; WHR: waist hip ratio; SBP: systolic blood
pressure; DBP: diastolic blood pressure; IgE: immunoglobulin E; hs-CRP: hypersensitivity C-reactive protein; IL-4: interleukin-4; IL-6: interleukin-6; IL-10:
interleukin-10; Foxp3+: forkhead/winged helix transcription factor 3+; TNF-𝛼: tumor necrosis factor.
∗Data on all subjects without missing values for all of these variables. ∗𝑃 < 0.05.

T regulatory (Treg) cells are a unique population of T-
cells which play a crucial role in the maintenance of self-
tolerance and suppression of potentially inflammatory T-
cells [29]. Chronic low-grade inflammation in obesity and
impaired insulin sensitivity has been associated with fewer
Tregs in adipose tissue [29–31]. Our study did not prove the
associations between FOXP3+with the PDSorT2DM(Tables
1 and 5).

Mast cell tryptase is an important protease that has been
implicated in cardiovascular diseases [32–34]. Our previous
study did not demonstrate the association between plasma
tryptase with prediabetes or T2DM [6, 7]. But in this paper,
our data indicated that tryptase was mildly associated with
prediabetes (OR: 1.63 (1.02–2.61, 95% CI), 𝑃 = 0.041) after
adjustment by multivariable + IL-4, compared with NGG,
which could be explained for the synergistic effect of IL-4.

Our data also showed that there were significant relation-
ships between most of the traditional cardiovascular factors
and betweenmost of inflammatory cytokines. However, there
were seldom significant relationships between the traditional
cardiovascular factors and inflammatory cytokines (Tables 2–
4; Tables S1–S6), which indicated that complex interactions

could exist between these inflammatory cytokines or between
cardiovascular factors [1–3, 20, 21].

Results of our study extend other evidences linking
inflammatory cytokines to insulin resistance and risk of dia-
betes based on a larger sample of cross-sectional study design.
Our findings further lend support to the hypothesis that some
specific inflammatory factors may play an important role in
the pathogenesis of T2DM and also offer new insights into
the potential clinical value of these inflammatory factors as
biomarkers for T2DMearly prediction and treatment [13–17].

Our study has several limitations.We assessed the associ-
ations between few inflammatory cytokines and prediabetes
and T2DM by means of plasma or serum biomarker only
based on cross-sectional study design and cannot demon-
strate that altered plasma or serum levels of inflammatory
biomarkers are predictors of incident diabetes by large
prospective cohort study. Our comprehensive assessment of
diabetes risk factors allowed statistical control for important
confounding factors in the pathogenesis of diabetes, but
residual confounding could remain in the analysis. In par-
ticular, we did not consider potential inflammation-related
diseases, such as RA or OA, which widely exist in the senior,
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Table 5: ORs of prediabetes and T2DM according to the inflammatory markers.

OR (95% CI)
PDG versus NGG 𝑃 DMG versus NGG 𝑃 DMG versus PDG 𝑃

IgE
Model 1 (unadjusted)† 1.34 (0.89–2.03) 0.166 3.05 (1.93–4.84) <0.001 2.28 (1.45–3.28) <0.001
Model 2 (age and sex)‡ 1.35 (0.89–2.65) 0.156 3.11 (1.95–4.95) <0.001 2.29 (1.46–3.59) <0.001
Model 3 (multivariable)§ 1.41 (0.89–2.24) 0.147 3.51 (1.96–6.29) <0.001 2.55 (1.52–4.25) <0.001
Model 4 (multivariable + CRP) 1.36 (0.85–2.19) 0.198 3.79 (1.89–7.73) <0.001 2.58 (1.49–4.46) 0.001
Model 5 (multivariable + tryptase) 1.40 (0.88–2.23) 0.156 3.48 (1.94–6.25) <0.001 2.52 (1.51–4.23) <0.001
Model 6 (multivariable + IL-6) 1.40 (0.88–2.22) 0.158 3.51 (1.96–6.29) <0.001 2.54 (1.52–4.25) <0.001
Model 7 (multivariable + TNF-𝛼) 1.42 (0.89–2.89) 0.146 3.49 (1.95–6.26) <0.001 2.55 (1.52–4.25) <0.001
Model 8 (multivariable + IL-4) 1.32 (0.83–2.11) 0.244 3.44 (1.91–6.18) <0.001 2.55 (1.53–4.26) <0.001
Model 9 (multivariable + IL-10) 1.30 (1.81–2.07) 0.283 2.72 (1.45–5.10) 0.002 2.33 (1.38–3.93) 0.002
Model 10 (multivariable + Foxp3) 1.39 (0.87–2.21) 0.167 3.46 (1.92–6.23) <0.001 2.57 (1.54–4.30) <0.001

CRP
Model 1 (unadjusted)† 2.35 (1.57–3.52) <0.001 11.76 (6.90–20.03) <0.001 5.01 (3.00–8.37) <0.001
Model 2 (age and sex)‡ 2.32 (1.55–3.49) <0.001 11.70 (6.84–20.02) <0.001 5.11 (3.04–8.57) <0.001
Model 3 (multivariable)§ 2.34 (1.49–3.67) <0.001 16.14 (7.99–32.59) <0.001 5.73 (3.19–10.29) <0.001
Model 4 (multivariable + IgE) 2.31 (1.47–3.64) <0.001 17.23 (8.17–36.33) <0.001 5.81 (3.19–10.59) <0.001
Model 5 (multivariable + tryptase) 2.31 (1.47–3.63) <0.001 16.17 (7.99–32.70) <0.001 5.81 (3.23–10.48) <0.001
Model 6 (multivariable + IL-6) 2.34 (1.49–3.68) <0.001 16.30 (7.99–32.59) <0.001 5.79 (3.21–10.43) <0.001
Model 7 (multivariable + TNF-𝛼) 2.36 (1.50–3.72) <0.001 17.30 (8.43–35.52) <0.001 5.75 (3.20–10.34) <0.001
Model 8 (multivariable + IL-4) 2.23 (1.41–3.51) 0.001 17.34 (8.39–35.86) <0.001 5.87 (3.24–10.61) <0.001
Model 9 (multivariable + IL-10) 2.25 (1.42–3.54) 0.001 17.35 (8.24–35.74) <0.001 5.79 (3.16–10.59) <0.001
Model 10 (multivariable + Foxp3) 2.30 (1.46–3.62) <0.001 16.24 (7.99–33.02) <0.001 5.93 (3.29–10.72) <0.001

Tryptase
Model 1 (unadjusted)† 1.53 (1.01–2.32) 0.044 1.15 (0.70–1.88) 0.588 0.75 (0.46–1.21) 0.237
Model 2 (age and sex)‡ 1.55 (0.99–2.29) 0.055 1.21 (0.68–1.85) 0.653 0.75 (0.46–1.21) 0.236
Model 3 (multivariable)§ 1.57 (0.99–2.50) 0.057 1.35 (0.73–2.47) 0.336 0.75 (0.44–1.29) 0.305
Model 4 (multivariable + IgE) 1.56 (0.98–2.45) 0.06 1.32 (0.66–2.36) 0224 0.78 (0.45–1.36) 0.485
Model 5 (multivariable + CRP) 1.52 (0.95–2.44) 0.082 1.34 (0.66–2.73) 0.417 0.71 (0.40–1.25) 0.235
Model 6 (multivariable + IL-6) 1.22 (0.74–2.00) 0.436 1.39 (0.74–2.61) 0.306 0.83 (0.47–1.47) 0.527
Model 7 (multivariable + TNF-𝛼) 1.47 (0.90–2.38) 0.126 1.28 (0.68–2.41) 0.440 0.71 (0.40–1.27) 0.246
Model 8 (multivariable + IL-4) 1.63 (1.02–2.61) 0.041 1.26 (0.67–2.30) 0.484 0.73 (0.42–1.26) 0.263
Model 9 (multivariable + IL-10) 1.36 (0.84–2.19) 0.213 0.93 (0.47–1.84) 0.841 0.64 (0.37–1.12) 0.117
Model 10 (multivariable + Foxp3) 1.50 (0.92–2.44) 0.107 1.21 (0.58–2.51) 0.612 0.77 (0.41–1.43) 0.399

IL-6
Model 1 (unadjusted)† 1.37 (0.91–2.08) 0.136 0.85 (0.51–1.42) 0.534 0.62 (0.37–1.03) 0.062
Model 2 (age and sex)‡ 1.36 (0.90–2.07) 0.146 0.86 (0.51–1.44) 0.560 0.62 (0.37–1.03) 0.062
Model 3 (multivariable)§ 1.37 (0.86–2.19) 0.188 0.97 (0.51–1.85) 0.922 0.68 (0.39–1.18) 0.169
Model 4 (multivariable + IgE) 1.36 (0.85–2.18) 0.202 1.01 (0.52–1.96) 0.985 0.68 (0.40–1.20) 0.188
Model 5 (multivariable + CRP) 1.37 (0.85–2.22) 0.193 0.99 (0.46–2.11) 0.977 0.64 (0.36–1.18) 0.159
Model 6 (multivariable + tryptase) 1.22 (0.74–2.00) 0.436 0.88 (0.45–1.73) 0.720 0.72 (0.40–1.29) 0.264
Model 7 (multivariable + TNF-𝛼) 1.41 (0.88–2.27) 0.157 0.95 (0.50–1.82) 0.876 0.67 (0.38–1.17) 0.161
Model 8 (multivariable + IL-4) 1.25 (0.77–2.02) 0.374 0.85 (0.43–1.65) 0.624 0.62 (0.35–1.12) 0.111
Model 9 (multivariable + IL-10) 1.19 (0.73–1.93) 0.483 0.68 (0.33–1.39) 0.287 0.56 (0.31–1.00) 0.05
Model 10 (multivariable + Foxp3) 0.68 (0.39–1.20) 0.183 0.91 (0.47–1.75) 0.769 0.68 (0.39–1.20) 0.183

TNF-𝛼
Model 1 (unadjusted)† 1.29 (0.85–2.97) 0.239 1.24 (0.76–2.02) 0.390 0.96 (0.59–1.53) 0.866
Model 2 (age and sex)‡ 1.31 (0.85–2.00) 0.218 1.26 (0.77–2.07) 0.358 0.96 (0.59–1.55) 0.867
Model 3 (multivariable)§ 1.43 (0.89–2.29) 0.140 1.29 (0.70–2.38) 0.420 1.04 (0.60–1.81) 0.883
Model 4 (multivariable + IgE) 1.42 (0.89–2.89) 0.146 1.26 (0.67–2.38) 0.480 1.04 (0.59–1.83) 0.885
Model 5 (multivariable + CRP) 1.46 (0.90–2.37) 0.127 1.83 (0.87–3.85) 0.111 0.94 (0.52–1.68) 0.829
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Table 5: Continued.

OR (95% CI)
PDG versus NGG 𝑃 DMG versus NGG 𝑃 DMG versus PDG 𝑃

Model 6 (multivariable + tryptase) 1.27 (0.77–2.09) 0.347 1.20 (0.63–2.28) 0.572 1.19 (0.66–2.15) 0.570
Model 7 (multivariable + IL-6) 1.41 (0.88–2.27) 0.157 1.29 (0.70–2.40) 0.414 1.10 (0.63–1.91) 0.751
Model 8 (multivariable + IL-4) 1.35 (0.84–2.18) 0.218 1.20 (0.64–2.25) 0.568 1.02 (0.58–1.78) 0.944
Model 9 (multivariable + IL-10) 1.27 (0.77–2.05) 0.352 1.24 (0.56–2.14) 0.652 0.89 (0.51–1.58) 0.694
Model 10 (multivariable + Foxp3) 1.06 (0.61–1.85) 0.840 1.24 (0.66–2.30) 0.504 1.06 (0.61–1.85) 0.840

IL-4
Model 1 (unadjusted)† 1.90 (1.27–2.86) 0.002 2.26 (1.42–3.59) 0.001 1.19 (0.76–1.85) 0.456
Model 2 (age and sex)‡ 1.93 (1.28–2.92) 0.002 2.27 (1.41–3.63) 0.001 1.19 (0.76–1.86) 0.457
Model 3 (multivariable)§ 1.73 (1.09–2.75) 0.020 2.06 (1.15–3.68) 0.015 1.13 (0.68–1.87) 0.649
Model 4 (multivariable + IgE) 1.67 (1.05–2.66) 0.030 1.98 (1.10–3.58) 0.023 1.14 (0.68–1.90) 0.630
Model 5 (multivariable + CRP) 1.58 (1.00–2.52) 0.057 2.47 (1.22–4.98) 0.012 0.86 (0.50–1.50) 0.601
Model 6 (multivariable + tryptase) 1.53 (1.02–2.61) 0.041 2.01 (1.02–3.60) 0.019 1.18 (0.71–1.99) 0.522
Model 7 (multivariable + IL-6) 1.67 (1.04–2.66) 0.033 2.11 (1.17–3.80) 0.013 1.29 (0.76–2.21) 0.350
Model 8 (multivariable + TNF-𝛼) 1.68 (1.06–2.67) 0.026 2.03 (1.13–3.63) 0.017 1.12 (0.67–1.87) 0.663
Model 9 (multivariable + IL-10) 1.46 (0.90–2.36) 0.125 1.58 (0.84–2.97) 0.158 0.88 (0.52–1.51) 0.645
Model 10 (multivariable + Foxp3) 1.68 (1.05–2.69) 0.031 1.94 (1.10–3.53) 0.023 1.15 (0.69–1.92) 0.601

IL-10
Model 1 (unadjusted)† 1.99 (1.32–2.99) 0.001 5.76 (3.57–9.29) <0.001 2.90 (1.84–4.58) <0.001
Model 2 (age and sex)‡ 1.03 (1.00–1.06) 0.060 6.07 (3.72–9.91) <0.001 2.92 (1.84–4.62) <0.001
Model 3 (multivariable)§ 2.17 (1.37–3.46) 0.001 8.61 (4.51–16.41) <0.001 3.03 (1.79–5.12) <0.001
Model 4 (multivariable + IgE) 2.11 (1.32–3.37) 0.002 7.56 (3.92–14.57) <0.001 2.82 (1.65–4.81) <0.001
Model 5 (multivariable + CRP) 2.07 (1.29–3.31) 0.002 7.33 (3.27–13.68) <0.001 3.06 (1.73–5.39) <0.001
Model 6 (multivariable + tryptase) 2.05 (1.28–3.29) 0.003 8.70 (4.52–16.73) <0.001 3.21 (1.18–5.48) <0.001
Model 7 (multivariable + IL-6) 2.11 (1.32–3.38) 0.002 8.79 (4.12–16.04) <0.001 3.28 (1.92–5.60) <0.001
Model 8 (multivariable + TNF-𝛼) 2.10 (1.31–3.36) 0.002 8.66 (3.99–15.86) <0.001 3.07 (1.81–5.22) <0.001
Model 9 (multivariable + IL-4) 1.98 (1.23–3.20) 0.005 8.86 (4.11–15.06) <0.001 3.11 (1.81–5.33) <0.001
Model 10 (multivariable + Foxp3) 2.13 (1.33–3.41) 0.002 8.62 (4.50–16.49) <0.001 3.04 (1.79–5.13) <0.001

Foxp3+
Model 1 (unadjusted)† 1.35 (0.89–2.06) 0.162 1.10 (0.67–1.81) 0.702 0.82 (0.50–1.33) 0.415
Model 2 (age and sex)‡ 1.33 (0.87–2.03) 0.190 1.07 (0.65–1.77) 0.788 0.81 (0.50–1.33) 0.410
Model 3 (multivariable)§ 1.31 (0.81–2.17) 0.270 1.69 (0.91–3.12) 0.097 0.90 (0.52–1.57) 0.720
Model 4 (multivariable + IgE) 1.35 (0.84–2.17) 0.211 1.61 (0.85–3.04) 0.148 0.84 (0.48–1.48) 0.551
Model 5 (multivariable + CRP) 1.19 (0.73–1.95) 0.478 150 (0.65–3.24) 0.241 0.73 (0.40–1.31) 0.293
Model 6 (multivariable + tryptase) 1.17 (0.71–1.93) 0.544 1.61 (0.85–3.04) 0.144 1.01 (0.56–1.83) 0.977
Model 7 (multivariable + IL-6) 1.24 (0.76–2.02) 0.395 1.70 (0.92–3.17) 0.093 0.98 (0.56–1.73) 0.947
Model 8 (multivariable + TNF-𝛼) 1.26 (0.78–2.04) 0.349 1.66 (0.89–3.07) 0.111 0.90 (0.51–1.56) 0.701
Model 9 (multivariable + IL-4) 1.17 (0.72–1.92) 0.525 1.57 (0.84–2.93) 0.161 0.88 (0.50–1.54) 0.659
Model 10 (multivariable + IL-10) 1.13 (0.69–1.86) 0.624 1.68 (0.86–3.28) 0.132 0.88 (0.50–1.55) 0.651

ORs: odd ratios; T2DM: type 2 diabetes mellitus; TC: total cholesterol; TG: triglyceride; BMI: body mass index; WHR: waist hip ratio; SBP: systolic blood
pressure; DBP: diastolic blood pressure; IgE: immunoglobulin E; hs-CRP: hypersensitivity C-reactive protein; IL-4: interleukin-4; IL-6: interleukin-6; IL-10:
interleukin-10; Foxp3+: forkhead/winged helix transcription factor 3+; TNF-𝛼: tumor necrosis factor.
Data are OR (95% CI) unless otherwise indicated.
†Model 1 was not adjusted for any variable.
‡Model 2 was adjusted for age and sex.
§
Model 3 was adjusted for age, sex, BMI, WHR, SBP, DBP, TC, TG, level of physical activity, dietary intake, alcohol intake, smoking status, presence or absence
of family history of diabetes, hypertension, heart disease, stroke, and hypercholesterolemia.
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or allergies which are also very common among individuals,
and these unmeasured residual confounding factors might
result in discrepancies.

In conclusion, circulating inflammatory mediators, hs-
CRP, IgE, IL-4, IL-10, and tryptase, were positively associated
with prediabetes or T2DM. Further large prospective studies
are warranted to assess a temporal relation between baseline
levels of inflammatory biomarkers and incidence of predia-
betes or T2DM and its associated chronic diseases.
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