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Abstract

Published: July 19, 2018

Fas/Fas ligand system was shown to be related to insulin resistance and type 2 diabetes
mellitus (T2DM). However, the role of soluble Fas ligand (sFasL) in functioning of immune
cells in type 2 diabetes mellitus (T2DM) has not been studied yet. The aim of the present
study was to determine in vitro effects of sFasL on neutrophil activation and apoptosis. We
demonstrate here that sFasL exhibited proinflammatory effect and induced mRNA levels of
caspase-1, NF-κB, IL-1β and CD18 expression. At the same time, sFasL induced reactive
oxygen species (ROS) production. Activation of caspase-1 activity abolished sFasL-dependent apoptosis, and suppressed Fas expression and mRNA levels of caspase-3 in neutrophils from T2DM patients. Collectively, our findings identify a novel proinflammatory role of
sFasL in T2DM neutrophils that is dependent of caspase activity. Thus, sFasL enhances
inflammatory response of neutrophils from T2DM patients without increasing apoptosis suggesting its triggering role in T2DM inflammation.
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Type 2 diabetes mellitus (T2DM) is characterized by chronic insulin resistance and a progressive decline in β-cell function. It is recognized that obesity and low-grade chronic inflammation are risk factors for T2DM [1–3]. A number of animal models have demonstrated loss of
β-cell mass. It was proposed that increased apoptosis rather than decreased neogenesis or replication may be the main mechanism leading to reduced β-cell mass [4]. The molecular mechanisms lying behind deregulated apoptosis in the human β-cell are not fully clear. Several
reports indicate that high glucose concentrations and free fatty acids among others are factors
of altered β-cell proliferation, apoptosis and function [5]. Recently, Fas/FasL pathway was
shown to be related to insulin resistance and type 2 diabetes mellitus (T2DM) [6]. It was
shown that increased Fas expression contributes to impaired insulin sensitivity and adipose
tissue dysfunction in obesity, while weight loss reduces its expression. Moreover, adipocyte-
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specific deletion of Fas improved insulin sensitivity and relieved adipose tissue inflammation
in high fat diet-fed mice [7, 8].
FasL (CD178) is a type II homotrimeric transmembrane protein that belongs to the TNF
gene family. It is well known that FasL and Fas receptor interaction play an important role in
the control of immune cell homeostasis [9]. The diverse activities of FasL arise from functional
differences in membrane-bound (mFasL) and soluble (sFasL) forms of the molecule. The overall function of FasL is the result of the separate contributions of mFasL and sFasL, which have
opposing functions in apoptosis and inflammation. Soluble FasL can be released from the cell
surface by metalloproteinase-mediated cleavage of membrane-bound FasL [10]. Upon stimulation by mFasL, cells expressing Fas receptor causes apoptosis by recruiting different adaptor
proteins which cleavage of procaspase-8, the most upstream caspase in the Fas apoptotic pathway. Molecular details underlying proinflammatory signaling induced by sFasL are not
completely understood. It is believed that sFasL does not efficiently induce apoptosis; it blocks
mFasL-mediated apoptosis and induce proinflammatory and chemotactic activity of immune
cells [11, 12]. The studies evaluating the correlation between diabetic complications and apoptosis have shown that Fas/FasL axis plays role in development of diabetic retinopathy,
nephropathy and neuropathy [13–15]. Conflicting results were obtained regarding serum levels of FasL. Several studies, including ours (unpublished), have detected increased levels of
sFasL in the serum of T2DM patients [15, 16], while another demonstrated its decreased levels
compared to healthy subjects [17]. The aim of the present study was to define in vitro the biological effects of sFasL on neutrophil activation and apoptosis.

Material and methods
Patients
Peripheral blood samples of 17 subjects (mean age 45.4 ± 10.1) diagnosed with T2DM were
recruited from the “Surb Astvatsamayr” Medical Center (Yerevan, Armenia). Patients met the
criteria established by an expert committee on the diagnosis and classification of diabetes mellitus: i) random venous plasma glucose 11.1mmol/L, ii) fasting plasma glucose 7mmol/L,
iii) laboratory HbA1c >48mmol/mol (6.5%). All the patients with T2DM were treated with
diet therapy and oral hypoglycemic agents. No patients received insulin therapy and were
without any diabetic complications. Patient characteristics are summarized in Table 1. A total
of 15 healthy controls (mean age 34.6 ± 5.3) with similar ethnic background, neither suffering
from obesity, T2DM, nor from other medical disorders (including acute infection and metabolic diseases), were recruited as well. Healthy controls were not perfectly age-matched with
the patients which remains a limitation of our study. The study was approved by the Ethical
Table 1. Clinical and demographic data of T2DM patients.
Male/Female

7/10

Age (years)

45.4 ± 10.1

Duration of diabetes (years)

9.3 ± 5.8

BMI (kg/m2)

27.3 ± 2.4

Fasting glucose (mmol/L)

10.4 ± 3.2

HbA1C (%)

7.2 ± 0.6

LDL cholesterol (mmol/L)

2.9 ± 0.33

HDL cholesterol (mmol/L)

1.1 ± 0.25

Treatment
gliclazide/metformin containing medicines

5/12

https://doi.org/10.1371/journal.pone.0201087.t001
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Committee of the Institute of Molecular Biology of the National Academy of Sciences of the
Republic of Armenia (IRB IORG0003427) and all participants gave written informed consent.

Sampling
Peripheral blood samples were collected in tubes containing EDTA and processed within 2
hour after collection. Neutrophils were isolated by density centrifugation using the Histopaque-1077 gradient technique (Sigma, St. Louis, MO) according to the manufacturer’s protocol.
Contaminating erythrocytes were removed from the granulocyte fraction by brief hypotonic
lysis. Granulocyte purity, as determined by counting of cytospin preparations stained with
May-Grundwald Giemsa, was always greater than 95%. Viability of neutrophils, assessed by
trypan blue exclusion, was greater than 95% immediately after purification.
Neutrophils (5x106 cells/ml) were cultured at 37˚C in RPMI 1640 (Sigma, St. Louis, MO)
supplemented with 10% fetal calf serum, 2 mmol/L L-glutamine and 1 mM sodium pyruvate
in the absence or presence of 150 ng/ml FasL (Biolegend, UK) in a total volume of 1 ml for 3
hours at 37˚C. After stimulation or directly after isolation, neutrophils were washed once with
cold PBS, and stored in 150 μl RNAlater (Sigma, St. Louis, MO) at -20˚C until use.

RNA extraction and RT-PCR
Total RNA was extracted from frozen cells using the Qiagen RNeasy Mini Kit (Qiagen, Germany) according to the manufacturer’s protocol. The RNA concentration was determined
spectrophotometrically. Quality of the RNA was checked spectrophotometrically and also by
visualization of the 28S:18S ribosomal RNA ratio on a 2% agarose gel. Immediately after isolation the 500 ng of total RNA was reverse transcribed with the High Capacity RNA–to-cDNA
kit (AppliedBiosystems, Thermo Fisher Baltics, Vilnus, LT)).
The mRNA levels of human IL-1β, NF-kB, caspase-1, Ncf-1, catalase, caspase-3, Bax, and
Bcl-2 mRNA were determined using the following assays:Hs01555410_m1, Hs01042014_m1,
Hs00354836_m1, Hs00165362_m1, Hs00156308_m1, Hs00234387_m1, Hs00180269_m1,
Hs00608023_m1, respectively (AppliedBiosystems, Foster City CA, USA). As reference gene
β2M was used with applying of Pre-developed TaqMan Assay Reagents Human β2M. All of
the samples were assayed in duplicate on the ViiA 7 Real Time PCR System (AppliedBiosystems, USA). The results were calculated according to the ΔCt method [18].

In vitro stimulation of whole blood with FasL
To investigate the in vitro effect of sFasL, aliquots of whole blood were diluted 1:10 with
RPMI-1640 medium. The blood was distributed in 24-well plates and stimulated with 150 ng/
ml sFasL for 3 hours at 37˚C. To determine the dose-effect curves for sFasL, kinetic studies
were performed (data not shown). Following culturing, the supernatants were collected and
frozen at -70˚C until determination of cytokines concentrations, and the cells were taken for
the cytometric analyses.

Antibodies used for flow cytometry
APC/Cy7 anti-human CD15 (Biolegend, UK) was used to discriminate neutrophils in whole
blood staining. FITC anti-human CD62L, PE anti-human CD18, and APC anti-human
CD11b (Biolegend, UK) were used to detect surface expression of adhesion molecules. Irrelevant antibodies of the same isotypes were used as negative controls.
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Flow cytometric analysis
At the end of stimulations, cells were washed and harvested. Afterwards, the cells were incubated with fluorescent mAb toward CD14, CD16, CD11b, CD18, and CD62L for 30 minutes.
Labeled cells, after further washing, were resuspended in PBS supplemented with 1% BSA.
Antigen expression was analyzed on a Partec CyFlow Space (Partec, Germany). 10 000 events
were collected from each sample. The neutrophil population in peripheral blood was distinguished by side scatter, CD16bright positivity and CD14 negativity. The monocyte population
was determined as CD14++/CD16- cells. Gating and determination the median fluorescence
intensity (MFI) were done by FlowJo software (FlowJo, Ashland, OR, USA).

Oxidative burst assay
Neutrophil oxidative stress capacity was analyzed using dihydrorhodamine 123 (DHR-123)
(Sigma-Aldrich), a nonfluorescent compound which accumulates in mitochondria and is converted to the highly fluorescent rhodamine-123 by the action of oxidative stress. Briefly, the
tubes with whole blood were prelabeled with CD15 and incubated with 20 μM DHR-123 in the
dark at 37˚C for 20 min. Then 150 ng/ml sFasL was added and the cell suspensions were incubated in the dark at 37˚C for further 20 min. For the negative control, whole blood cells were
incubated with DMSO. After lysis of erythrocytes, remaining cells were resuspended in PBS,
placed on ice and analyzed with flow cytometry similarly to the analysis of surface antigens.

Annexin V binding assay
After culturing of whole blood from T2DM patients and healthy controls, the cells were lysed
to remove erythrocytes, washed in annexin-binding buffer, stained with 5 μL of Annexin V–
FITC conjugate for 20 minutes, followed by staining with 1 μg/mL of propidium iodide (PI),
and analyzed by flow cytometry.

IL-1β and IL-8 protein quantification by ELISA
Cytokine release in supernatants was measured with specific immunoassays according to the
manufacturer’s instructions. Cytokine production was analyzed using Human IL-1β and IL-8
ELISA MAX Deluxe kits (Biolegend, UK). The samples were read at 450 nm in a 96-well plate
reader (HumaReader HS, Human Diagnostics Worldwide, Germany). Results were calibrated
with serial dilutions of known quantities of recombinant cytokines.

Statistics
Statistical analyses were carried out using the Statsoft Statistica package (http://www.statsoft.
com). All values are given as means ± standard errors of the means. Normal distribution was
checked visually from distributions and with Shapiro-Wilk’s W test. For continuous variables,
groups were compared using the paired Student’s t-test. P values  0.05 were considered as
significant.

Results
Baseline mRNA levels of studied molecules in T2DM neutrophils are
unchanged
Baseline gene expression was evaluated in peripheral blood neutrophils from healthy subjects
and T2DM patients using qRT-PCR. Freshly isolated neutrophils from T2DM patients did not
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Fig 1. Baseline mRNA levels of candidate genes in neutrophils from T2DM patients (T2DM) and healthy controls (healthy) measured by quantitative RT-PCR.
All gene expressions are relative to β2M. Data are represented as scatterplots. Error bars are means ± SEM for each group.
https://doi.org/10.1371/journal.pone.0201087.g001

exhibit significant differences in mRNA expression of investigated genes (caspase-1, IL-1β,
NF-κB, Ncf-1, catalase, caspase-3, Bax, and Bcl-2) as compared to healthy subject (Fig 1).

Induction of sFasL-mediated levels of pro-inflammatory mediators in
T2DM
We have investigated the possibility whether sFasL is able to activate proinflammatory signaling pathways in neutrophils from T2DM patients. As illustrated in Fig 2, sFasL significantly
increased mRNA levels of NF-κB (P<0.01), IL-1β (P<0.05) and caspase-1 (P<0.05) in neutrophils from T2DM patients, while healthy cells were less responsive to the inducer. In response

Fig 2. Relative mRNA levels of candidate genes in neutrophils T2DM patients (T2DM) and healthy controls (healthy) after 3-hour culture with media alone as a
control (Ctl) or sFasL (150ng/ml) measured by quantitative RT-PCR. All gene expressions are relative to β2M. Data are represented as scatterplots. Error bars are
means ± SEM for each group ( P<0.05,  P<0.01).
https://doi.org/10.1371/journal.pone.0201087.g002
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to sFasL, only mRNA of NF-κB increased significantly in healthy cells (P<0.05), what
occurred in the absence of changes in the mRNA levels of IL-1β and caspase-1 (Fig 2).
The expression of CD62L (L selectin) and CD18 (integrin beta-2) was analyzed by flow
cytometry on the surface of resting and treated with sFasL neutrophils. sFasL exposure dramatically reduced the percentage of CD62L expressing cells from both T2DM patients and
healthy controls (P<0.001). The percentage of CD62L positive cells were also reduced in cells
from T2DM patients if compare with those from healthy individuals (for untreated cells
P<0.05, for sFasL-treated P = 0.06) (Fig 3A). The intensity of CD18 expression was slightly
up-regulated only in T2DM group after exposure of the cells with sFasL (P<0.05) (Fig 3A).

Effect of sFasL on cell apoptosis and the expression of apoptosis-related
gene expression
Spontaneous apoptotic rates of circulating neutrophils were not different in both investigated
groups (Fig 1). It is noteworthy that 3h incubation with sFasL did not affect neutrophil apoptosis evaluated by the percentage of neutrophils displaying the typical morphological features of
apoptosis (data not shown) and flow cytometric analysis of Annexin V-FITC binding. Cell survival evaluated as cell viability was slightly decreased in the group of diabetic patients. sFasL
treatment of the cells has led to the increased number of dead cells in both investigated groups
(Fig 3B).
Besides, we initially analyzed cell surface expression of Fas by FACS method. Fas transmit
apoptotic signals into susceptible cells, therefore we tested whether the Fas receptor expression
on the surface of neutrophils corresponds to the cell death upon ligation with sFasL. Fas receptors were constitutively expressed and were not significantly modulated by the treatment with
sFasL on neutrophils from healthy subjects, while in T2DM patients the percentage of Fas
expressing cells was lower after the induction (P<0.05) (Fig 3C). However, when we analyzed
the intensity of Fas expression, it was not different neither in cultivated nor in resting cells in
both investigated groups (data not shown).
In parallel, we have analyzed mRNA expression levels of caspase-3, Bax, and Bcl-2. Constitutive transcriptional levels of these genes were not different in studied healthy and diseased
groups (Fig 1). sFasL exposure resulted in down-regulated levels of caspase-3 in neutrophils
from T2DM patients (P<0.05), which occurred in the absence of changes in the levels of proapoptotic Bax and anti-apoptotic Bcl-2. In neutrophils from T2DM patients, Bcl-2 mRNA
expression was significantly increased compared to neutrophils from healthy controls in both
stimulated with sFasL and unstimulated cultures (Fig 2).

Reactive oxygen species production by sFasL-induced whole blood
neutrophils
Having observed the influence of sFasL on inflammation-related gene expression, we aimed to
measure the production of reactive oxygen species (ROS) as well as the levels of Ncf-1 and catalase transcripts. The production of ROS at basal level was 2-fold higher in neutrophils from
T2DM compared to controls, albeit the difference was not significant (data is not shown).
sFasL-treated cells from T2DM patients demonstrated the tendency (P = 0.05) towards
increased production of ROS compared to the control cells (Fig 3D). In concordance with
ROS production, the catalase mRNAs in the cells from T2DM were slightly reduced after
sFasL treatment (P = 0.05). In contrast, Ncf-1 mRNAs were not influenced by the inducer,
however, treated and untreated neutrophils from healthy subjects demonstrated higher expression of Ncf-1 then in diseases affected cells (P <0.05 and P<0.01, respectively) (Fig 2).
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Fig 3. The influence of sFasL on neutrophils from T2DM patients (T2DM) and healthy controls (H) after 3-hour culture with media alone as a
control (Ctl) or sFasL (150ng/ml) measured by flow cytometry: A) Percentage of CD62L and expression levels of CD18; B) Apoptotic rates of
circulating neutrophils measured using Annexin V and Propidium iodide (PI); C) Percentage of Fas positive cells; D) Median fluorescence intensity
(MFI) of ROS measured using dihydrorhodamine 123.
https://doi.org/10.1371/journal.pone.0201087.g003
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Fig 4. Secreted levels of cytokines IL-1β and IL-8 from T2DM patients (T2DM) and healthy controls (H) after 3-hour culture of isolated neutrophils with media
alone as a control (Ctl) or sFasL (150ng/ml) measured by ELISA. Data are represented as scatterplots. Error bars are means ± SEM for each group ( P<0.05,

P<0.01).
https://doi.org/10.1371/journal.pone.0201087.g004

Increased production of IL-8 following sFasL exposure by whole blood cells
in T2DM
Having established that exposure of human neutrophils to sFasL induced upregulation of IL1β at the mRNA level, we examined whether this mRNA was translated into protein. Unexpectedly, protein levels of IL-1β were not affected by the sFasL treatment (P>0.05). The reasons for the delay in IL-1β mRNA translation are unclear. The impaired translation of IL-1β
could be due to the lack of cultivation time or translation defects in the cells from T2DM
patients.
As flow cytometry data have shown significant impact of sFasL on selectin and integrin levels, we analyzed whether IL-8 protein levels correspond to the altered expression of these molecules. In T2DM, sFasL stimulation resulted in significant increased production of IL-8
compared to control cultivation (P<0.01), and compared to sFasL-induced cultivation in
healthy group (P<0.05) (Fig 4).

Discussion
T2DM is an inflammatory disease with a chronic low-grade activation of the innate immune
system [19, 20]. Growing evidences suggest neutrophils as active players in obesity-induced
inflammation and insulin resistance [21]. Moreover, increased neutrophil count was shown to
be associated with insulin resistance, β-cell dysfunction [22], hyperglycemia and what is more
it is proposed as a predictor of the incidence of T2DM [23]. Our main goal was to define the
role of sFasL in neutrophil activation in T2DM patients.
sFasL exhibited proinflammatory effect and induced increased activation of circulating
neutrophils from T2DM patients. Following stimulation with sFasL, neutrophils release a
proinflammatory cytokine IL-1β, which synthesized as a precursor after NF-κB-mediated transcriptional induction. Secretion of bioactive IL-1β depends on activation of caspase-1 by a
multi-protein complex termed the inflammasome [24, 25]. Despite of increased mRNA levels
of NF-κB after sFasL exposure in both groups, our findings show that the mRNA expression of
IL-1β and caspase-1 was upregulated only in neutrophils from the patients. This fact may suggest the involvement of inflammasome assembly in the process of neutrophils activation in
T2DM patients in the presence of sFasL. The activation of the NLRP3 inflammasome was
shown to be positively associated with the prevalence of T2DM [26, 27]. Despite, the
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constitutive expression of inflammation-related genes was not different from those of healthy
subjects, increased ability of neutrophils to activate inflammasome-related molecules in the
presence of sFasL may represent an important pathogenic mechanism responsible for chronic
inflammation in T2DM.
Activation of proinflammatory pathways in neutrophils exposed to sFasL was further confirmed by the increased ROS production, expression of CD18 and decreased number of
CD62L+ cells (shedding effect). ROS play a crucial role in the progression of inflammatory disorders and its increased production may contribute to alterations of insulin/insulin receptor
substrate signaling pathways leading to insulin resistance and inflammatory settings [28]. Consistent with previous observations of changes in ROS production [29], slightly increased
sFasL-induced ROS levels were detected. Fas ligation is well known to induce a cell-intrinsic
apoptotic pathway resulting in mitochondrial damage. In line with our data, depletion of
hepatic Fas expression enhanced mitochondrial respiration and the abundance of respiratory
complexes [30]. Oxidative stress activates several inflammatory pathways such as inflammasome assembly, increased expression of adhesion molecules and cytokines as well as alters
phospholipase activity, activate MAP kinase, STAT and TLR signaling pathways [31].
Together, these data demonstrate that redox imbalance and increased proinflammatory activity of T2DM neutrophils in response to sFasL may contribute to the maintenance of the
inflammatory processes in T2DM.
It is well accepted that apoptosis is a cause of a relative β-cell deficiency in T2DM [4]. It was
shown that β-cells exposed to high glucose levels secrete IL-1β, thus activating NF-κB and Fas
signaling and consequently triggering apoptosis [32]. Being critical mediator of β-cell death in
type 1 diabetes [33], NF-κB/IL-1β signaling pathway was implicated in β-cell death in both
types of diabetes [34]. The factors such as hypoxia [35, 36], nitric oxide [37] stimulate the
release of soluble FasL into the circulation. In another study, failing myocytes were proposed
to be responsible for the increased circulating levels of sFasL [38]. Whether pancreatic β-cell
damage may contribute to the release of sFasL into the circulation is unknown. This fact has
not been proven yet and data available on the serum levels of sFasL point to the increased
sFasL levels in T2DM patients with hypertension, vascular complications [39], and neuropathy
[15]. Neutrophils in both healthy and T2DM groups were resistant to the sFasL-mediated apoptosis which further confirms proinflammatory properties of this molecule. Moreover, sFasLinduced activation of neutrophils was associated with decreased caspase-3 mRNA levels and
the percentage of Fas expressed cells. Downregulation of Fas may be involved in antiapoptotic
action induced by sFasL and trigger signaling pathways which cause activation of survival factors [35]. It is well known that caspase 8 (FLICE)-like inhibitory protein (cFLIP) suppresses
apoptosis by forming heterodimers with pro-caspase 8 to inhibit its activation, and divert Fasmediated death signals into those for cell proliferation [40, 41]. Moreover, a pivotal role cFLIP
was illustrated by showing its capability to protect β cells from glucose-induced apoptosis,
restor β cell proliferation, and improve β cell function [42]. The detailed molecular mechanism
of regulatory role cFLIP for survival signaling from sFasL in neutrophils needs to be addressed
further in future studies.
sFasL-induced upregulation of IL-8 production observed here is highly consistent with previous findings showing chemoattractant properties of sFasL at doses insufficient to induce
apoptosis [43]. Additional support to our data was provided earlier by Hatanaka et al, who
demonstrated excessive basal and LPS-induced release of cytokines by neutrophils, including
IL-8 [44]. In tissues, activated neutrophils may lead to the tissue injury as it was shown recently
by Talukdar et al, who showed increased neutrophil content in adipose tissue and liver in high
fat diet obese mice. It was suggested that neutrophils play essential role in the onset of the disease as neutrophil recruitment into adipose tissue might be the initial event of T2DM
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inflammation [21, 45]. Increased production of IL-8 by neutrophils may create a gradient
between adipose tissue and circulation, promoting chemotaxis of macrophages and other
immune cells. Besides, IL-8 shifts the balance between metalloproteinases and their inhibitors
in favor of the former [46], which may further contribute to the tissue damage.
Our study was not powered to assess the impact of different therapy (gliclazide/metformin)
on activation status of neutrophils, which should be addressed in a larger cohort of T2DM
patients.
In conclusion, sFasL has potent proinflammatory and chemotactic effect on neutrophils in
T2DM. Our results provide new mechanistic insights into understanding the molecular activation of the neutrophils mediated by sFasL which may ultimately contribute to the sustaining
inflammation in T2DM. Our data raise new questions on the involvement of sFasL in the
events leading to increased concentrations of active IL-1β and/or IL-8 in T2DM.

Author Contributions
Data curation: Gayane Manukyan.
Formal analysis: Arsen Arakelyan.
Funding acquisition: Lidia Karabon, Gayane Manukyan.
Investigation: Sona Margaryan, Gayane Manukyan.
Methodology: Sona Margaryan, Agata Witkowicz, Anna Partyka.
Project administration: Lidia Karabon.
Resources: Lidia Karabon.
Software: Arsen Arakelyan.
Supervision: Gayane Manukyan.
Validation: Sona Margaryan, Agata Witkowicz, Anna Partyka.
Writing – original draft: Sona Margaryan, Gayane Manukyan.
Writing – review & editing: Lidia Karabon, Gayane Manukyan.

References
1.

Engström G, Stavenow L, Hedblad B, Lind P, Eriksson KF, Janzon L, et al. Inflammation-sensitive
plasma proteins, diabetes, and mortality of myocardial infarction and stroke: a population-based study.
Diabetes. 2003; 52(2):442–447. PMID: 12540619

2.

Pickup JC. Inflammation and activated innate immunity in the pathogenesis of type 2 diabetes mellitus.
Diabetes Care. 2004; 27(3):813–823. PMID: 14988310

3.

Esser N, Legrand-Poels S, Piette J, Scheen AJ, Paquot N. Inflammation as a link between obesity, metabolic syndrome and type 2 diabetes. Diabetes Res Clin Pract. 2014; 105(2):141–150. https://doi.org/
10.1016/j.diabres.2014.04.006 PMID: 24798950

4.

Butler AE, Janson J, Bonner-Weir S, Ritzel R, Rizza RA, Butler PC. Beta-cell deficit and increased
beta-cell apoptosis in humans with type 2 diabetes. Diabetes. 2003; 52(1):102–110. PMID: 12502499

5.

Mandrup-Poulsen T. beta-cell apoptosis: Stimuli and signaling. Diabetes. 2001; 50 Suppl 1:S58–63.

6.

Tomita T. Apoptosis in pancreatic β-islet cells in Type 2 diabetes. Bosn J Basic Med Sci. 2016; 16
(3):162–179. https://doi.org/10.17305/bjbms.2016.919 PMID: 27209071

7.

Wueest S, Rapold RA, Schumann DM, Rytka JM, Schildknecht A, Nov O, et al. Deletion of Fas in adipocytes relieves adipose tissue inflammation and hepatic manifestations of obesity in mice. J Clin Invest.
2010; 120(1):191–202. https://doi.org/10.1172/JCI38388 PMID: 19955656

8.
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is involved in pancreatic beta cell secretory function. Proc Natl Acad Sci U S A. 2007; 104(8):2861–
2866. https://doi.org/10.1073/pnas.0611487104 PMID: 17299038

13.

Joussen AM, Poulaki V, Mitsiades N, Cai WY, Suzuma I, Pak J, et al. Suppression of Fas-FasL-induced
endothelial cell apoptosis prevents diabetic blood retinal barrier breakdown in a model of streptozotocin-induced diabetes. FASEB J. 2003; 17(1):76–78. https://doi.org/10.1096/fj.02-0157fje PMID:
12475915

14.

Bamri-Ezzine S, Ao ZJ, Londoño I, Gingras D, Bendayan M. Apoptosis of tubular epithelial cells in glycogen nephrosis during diabetes. Lab Invest. 2003; 83(7):1069–1080. PMID: 12861046

15.

Guillot R, Bringuier AF, Porokhov B, Guillausseau PJ, Feldmann G. Increased levels of soluble Fas in
serum from diabetic patients with neuropathy. Diabetes Metab. 2001; 27(3):315–321. PMID: 11431596

16.

Ristić T, Djordjević VB, Deljanin-Ilić M, Cosić V, Kundalić S. Serum Fas/FasL levels in dependence on
clinical presentations of coronary disease and their relationship with risk factors. Vojnosanit Pregl.
2010; 67(7):537–542. PMID: 20707047

17.

Mondal A, Sen S, Chanda D, Kundu S, Chatterjee M, Mukherjee S. Evaluation of diabetic polyneuropathy in Type 2 diabetes mellitus by nerve conduction study and association of severity of neuropathy with
serum sFasL level. Indian J Endocrinol Metab. 2012; 16 Suppl 2:S465–467. https://doi.org/10.4103/
2230-8210.104133 PMID: 23565468

18.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR
and the 2(-Delta Delta C(T)) Method. Methods. 2001; 25(4):402–408. https://doi.org/10.1006/meth.
2001.1262 PMID: 11846609

19.

Donath MY and Shoelson SE. Type 2 diabetes as an inflammatory disease. Nat Rev Immunol. 2011; 11
(2):98–107. https://doi.org/10.1038/nri2925 PMID: 21233852

20.

Keane KN, Calton EK, Carlessi R, Hart PH, Newsholme P. The bioenergetics of inflammation: insights
into obesity and type 2 diabetes. Eur J Clin Nutr. 2017; 71(7):904–912. https://doi.org/10.1038/ejcn.
2017.45 PMID: 28402325

21.

Talukdar S, Oh DY, Bandyopadhyay G, Li D, Xu J, McNelis J, et al. Neutrophils mediate insulin resistance in mice fed a high-fat diet through secreted elastase. Nat Med. 2012; 18(9):1407–1412. https://
doi.org/10.1038/nm.2885 PMID: 22863787

22.

Lee CT, Harris SB, Retnakaran R, Gerstein HC, Perkins BA, Zinman B, et al. White blood cell subtypes,
insulin resistance and β-cell dysfunction in high-risk individuals—the PROMISE cohort. Clin Endocrinol
(Oxf). 2014; 81(4):536–541. https://doi.org/10.1111/cen.12390 PMID: 24372524

23.

Zhang H, Yang Z, Zhang W, Niu Y, Li X, Qin L, et al. White blood cell subtypes and risk of type 2 diabetes. J Diabetes Complications. 2017; 31(1):31–37. https://doi.org/10.1016/j.jdiacomp.2016.10.029
PMID: 27863973

24.

Martinon F, Burns K, Tschopp J. The inflammasome: a molecular platform triggering activation of
inflammatory caspases and processing of proIL-beta. Mol Cell. 2002; 10(2):417–426. PMID: 12191486

25.

Schroder K, Tschopp J. The inflammasomes. Cell. 2010; 140(6):821–832. https://doi.org/10.1016/j.cell.
2010.01.040 PMID: 20303873

26.

Masters SL, Dunne A, Subramanian SL, Hull RL, Tannahill GM, Sharp FA, et al. Activation of the
NLRP3 inflammasome by islet amyloid polypeptide provides a mechanism for enhanced IL-1β in type 2
diabetes. Nat Immunol. 2010; 11(10):897–904. https://doi.org/10.1038/ni.1935 PMID: 20835230

27.

Jourdan T, Godlewski G, Cinar R, Bertola A, Szanda G, Liu J, et al. Activation of the Nlrp3 inflammasome in infiltrating macrophages by endocannabinoids mediates beta cell loss in type 2 diabetes. Nat
Med. 2013; 19(9):1132–1140. https://doi.org/10.1038/nm.3265 PMID: 23955712

28.

Maechler P, Jornot L, Wollheim CB. Hydrogen peroxide alters mitochondrial activation and insulin
secretion in pancreatic beta cells. J Biol Chem. 1999; 274(39):27905–27913. PMID: 10488138

29.

Hou HW, Petchakup C, Tay HM, Tam ZY, Dalan R, Chew DE, et al. Rapid and label-free microfluidic
neutrophil purification and phenotyping in diabetes mellitus. Sci Rep. 2016; 6:29410. https://doi.org/10.
1038/srep29410 PMID: 27381673

PLOS ONE | https://doi.org/10.1371/journal.pone.0201087 July 19, 2018

11 / 12

Neutrophil activation by sFasL in type 2 diabetes mellitus

30.

Item F, Wueest S, Lemos V, Stein S, Lucchini FC, Denzler R, et al. Fas cell surface death receptor controls hepatic lipid metabolism by regulating mitochondrial function. Nat Commun. 2017; 8(1):480.
https://doi.org/10.1038/s41467-017-00566-9 PMID: 28883393

31.

Mittal M, Siddiqui MR, Tran K, Reddy SP, Malik AB. Reactive oxygen species in inflammation and tissue
injury. Antioxid Redox Signal. 2014; 20(7):1126–1167. https://doi.org/10.1089/ars.2012.5149 PMID:
23991888

32.

Donath MY, Størling J, Maedler K, Mandrup-Poulsen T. Inflammatory mediators and islet β-cell failure:
a link between type 1 and type 2 diabetes. J Mol Med (Berl). 2003; 81(8):455–470.

33.

Eizirik DL, Mandrup-Poulsen T. A choice of death: the signal-transduction of immune-mediated β-cell
apoptosis. Diabetologia. 2001; 44(12):2115–2133. https://doi.org/10.1007/s001250100021 PMID:
11793013

34.

Cnop M, Welsh N, Jonas JC, Jörns A, Lenzen S, Eizirik DL. Mechanisms of pancreatic beta-cell death
in type 1 and type 2 diabetes: many differences, few similarities. Diabetes. 2005; 54 Suppl 2:S97–107.

35.

Mogi M, Fukuo K, Yang J, Suhara T, Ogihara T. Hypoxia stimulates release of the soluble form of fas
ligand that inhibits endothelial cell apoptosis. Lab Invest. 2001; 81(2):177–184. PMID: 11232639

36.

Shimizu M, Fukuo K, Nagata S, Suhara T, Okuro M, Fujii K, et al. Increased plasma levels of the soluble
form of Fas ligand in patients with acute myocardial infarction and unstable angina pectoris. J Am Coll
Cardiol. 2002; 39(4):585–590. PMID: 11849855

37.

Niinobu T, Fukuo K, Yasuda O, Tsubakimoto M, Mogi M, Nishimaki H, et al. Negative feedback regulation of activated macrophages via Fas-mediated apoptosis. Am J Physiol Cell Physiol. 2000; 279(2):
C504–509. https://doi.org/10.1152/ajpcell.2000.279.2.C504 PMID: 10913017

38.

Yamaguchi S, Yamaoka M, Okuyama M, Nitoube J, Fukui A, Shirakabe M, et al. Elevated circulating
levels and cardiac secretion of soluble Fas ligand in patients with congestive heart failure. Am J Cardiol.
1999; 83(10):1500–1503. PMID: 10335772

39.

Cosson E, Bringuier AF, Paries J, Guillot R, Vaysse J, Attali JR, et al. Fas/Fas-Ligand pathway is
impaired in patients with type 2 diabetes. Influence of hypertension and insulin resistance. Diabetes
Metab. 2005; 31(1):47–54. PMID: 15803113

40.

Budd RC, Yeh WC, Tschopp J. cFLIP regulation of lymphocyte activation and development. Nat Rev
Immunol. 2006; 6(3):196–204. https://doi.org/10.1038/nri1787 PMID: 16498450

41.

O’Donnell JA, Kennedy CL, Pellegrini M, Nowell CJ, Zhang JG, O’Reilly LA, et al. Fas regulates neutrophil lifespan during viral and bacterial infection. J Leukoc Biol. 2015; 97(2):321–326. https://doi.org/10.
1189/jlb.3AB1113-594RR PMID: 25473101

42.

Maedler K, Fontana A, Ris F, Sergeev P, Toso C, Oberholzer J, et al. FLIP switches Fas-mediated glucose signaling in human pancreatic beta cells from apoptosis to cell replication. Proc Natl Acad Sci U S
A. 2002; 99(12):8236–8241. https://doi.org/10.1073/pnas.122686299 PMID: 12060768

43.

Ottonello L, Tortolina G, Amelotti M, Dallegri F. Soluble Fas ligand is chemotactic for human neutrophilic
polymorphonuclear leukocytes. J Immunol. 1999; 162(6):3601–3606. PMID: 10092820

44.

Hatanaka E, Monteagudo PT, Marrocos MS, Campa A. Neutrophils and monocytes as potentially
important sources of proinflammatory cytokines in diabetes. Clin Exp Immunol. 2006; 146(3):443–447.
https://doi.org/10.1111/j.1365-2249.2006.03229.x PMID: 17100763

45.

Elgazar-Carmon V, Rudich A, Hadad N, Levy R. Neutrophils transiently infiltrate intra-abdominal fat
early in the course of high-fat feeding. J Lipid Res. 2008; 49(9):1894–1903. https://doi.org/10.1194/jlr.
M800132-JLR200 PMID: 18503031

46.

Khokha R, Murthy A, Weiss A. Metalloproteinases and their natural inhibitors in inflammation and immunity. Nat Rev Immunol. 2013; 13(9):649–665. https://doi.org/10.1038/nri3499 PMID: 23969736

PLOS ONE | https://doi.org/10.1371/journal.pone.0201087 July 19, 2018

12 / 12

