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HIGHLIGHTS

e We have explored the effects of dioxin exposure on isolated rat and human pancreatic islets.

e Our results on isolated rat and human pancreatic islets show that pancreatic beta cells

represent not only a sensitive but also a specific target of the toxic action of dioxin.

e These results could help to better understand the role of POPs in the pathogenesis of

diabetes.
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ABSTRACT

An association between exposure to environmental pollutants and diabetes risk has been repeatedly
shown by epidemiological studies. However, the biological basis of this association still need to be
clarified. In this research we explored the effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
exposure on isolated pancreatic islets. After 1, 6 and 24 h exposure of isolated islets to different
concentrations (1-50 nM) of TCDD we assayed: i) cell survival; ii) ultrastructure; iii) glucose-
stimulated insulin secretion (GSIS); iv) expression of selected genes. A significant, dose-related
increase of both necrosis and apoptosis was observed isolated rat islets after 24 h exposure to
TCDD. The electron microscopic analysis revealed, at the same time point, the presence of several
ultrastructural alterations (mitochondrial swelling, increased mitophagy, dilation of the endoplasmic
reticulum) that, very interestingly, were exclusively observed in beta cells and not in other
endocrine cells. Similar results were obtained in isolated human islets. GSIS was rapidly (1 h) and
persistently (6 and 24 h) decreased by TCDD exposure even at the smallest concentration (1 nM).
TCDD exposure significantly affected gene expression in isolated islets: Glut2, Gek, Bel-xL, MafA,
Pdx1 FoxO1 and IREI gene expression was significantly decreased, whereas Puma, DPS5, iNOS and
Chop gene expression was significantly increased after 6 h exposure to TCDD. In conclusion, our
results clearly indicated that pancreatic beta cells represent not only a sensitive but also a specific

target of the toxic action of dioxin.

Key words: diabetes; dioxin; environmental pollutants: insulin secretion; isolated pancreatic islets.
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INTRODUCTION

Diabetes mellitus represents one of the most common chronic diseases, and its prevalence
dramatically increased over the last several decades reaching almost pandemic proportions (1).
However, genetic and nutritional factors, which are known to be major risk factors for this disease,
are not able to fully account for the worldwide increase of diabetes prevalence, nor for the observed
different geographical rates. Thus, the idea that environmental contaminants could represent
“nontraditional” cofactors in the pathogenesis of diabetes mellitus received a growing support in the
last years (2). At this regard, it might be worthy to mention that in the U.S. in the last 60 years,
diabetes rates and the national production of synthetic organic chemicals have increased in parallel
(2). Dioxins and other persistent organic pollutants (POPs) are generally regarded as the most likely
candidates as potential risk factors for diabetes (3). Although most of these pollutants were banned
in several Western countries since the 1970s (4), POPs, including organochlorine pesticides and
polychlorinated biphenyls, can still be found in the environment because of their persistence and
ability to bioaccumulate. As a consequence, human exposure to POPs occurs prevalently through
contaminated food consumption (5).

Several epidemiological evidences have highlighted a quite clear relationship between dioxin and
other POPs exposure and diabetes incidence, firstly for occupationally exposed people and
subsequently also in the general population (6). However, association does not necessarily imply a
causal link and the need of additional mechanistic studies to clarify the role of POPs in metabolic
disease development has been authoritatively recommended (7).

In previous researches, we have demonstrated that exposure to very low doses (in the nanomolar
range) of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, or dioxin) can be highly toxic for insulin-
secreting INS-1E beta cell line, suggesting that pancreatic beta cells should be viewed as a relevant

and sensitive target for dioxin toxicity (8-10).



84  To extend these observations to a more physiological experimental model, the aim of the present
85  study was to explore several aspects of TCDD toxicity on isolated pancreatic islets.
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MATERIALS AND METHODS

Isolation and incubation of rat pancreatic islets. Pancreatic islets were isolated from male Wistar

rats of 200-250 g b.w. (Envigo Italy) by using the procedure of pancreatic duct cannulation and
density gradient purification described elsewhere (11). Rats were kept at a constant temperature of
24-25°C and were subjected to a controlled 12h light-dark cycle; they had free access to water and
diet. The experimental protocol followed the European Directive 2010/63/EU for the protection of
animals used for scientific purposes and Italian law DL n.26 of 04/03/2014 and was approved by
the Animal welfare Committee (OPBA) of the University of Pisa. Freshly isolated islets were
resuspended in RPMI culture medium (containing 5,5 mM glucose, antibiotics and 10 % adult
bovine serum) and cultured at 37°C in 5 % CO, for 24 h, before use.

Human islets isolation_and culture. Human islets were isolated from the pancreata of nondiabetic

multiorgans donors (whose relevant characteristics are reported in Supplemetary Table 1) (with the
approval of the Ethics Committee of the University of Pisa. Human pancreata were collected from
brain-dead organ donors after informed consent was obtained in writing form from family
members. Human islets were isolated by enzymatic digestion and density gradient purification as
detailed elsewhere (12, 13). Isolated islets were then cultured in M199 medium at 5.5 mM mmol/l
glucose until experiments were performed.

Evaluation of apoptosis and necrosis. Batches of 10—15 rat islets were incubated in 1 ml of RPMI

medium containing 10 % FCS and various concentrations of TCDD (Ultra Scientific Italia,
Bologna, Italy) (1, 5, 10, 25 and 50 nM) for 6 or 24 h. At the end of this period, culture medium
was used for necrosis and the cell lysate for apoptosis determinations, simultaneously assessed
following the instructions of the Cell Death Detection ELISAP™ kit (Roche, Basel, Switzerland)
(based on the measurement of the amount of both released and intracellular (cytoplasmic) histone-
associated DNA fragments) (13).

Ultrastructural and morphometric_analysis. After 24 h exposure to different concentrations of
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TCDD (1-25 nM), thirty isolated rat islets were fixed in 2.5 % glutaraldehyde in 0.1 M phosphate
buffer (pH 7.3) for 2 h at 4 °C, washed in 0.1 M phosphate buffer (pH 7.4), post-fixed in 0.1 %
osmium tetroxide in the same buffer and dehydrated in a graded series of ethanol. Then, the islets
were transferred to propylene oxide and embedded in PolyBed 812 (Polyscience Inc., Warrington,
Pa, USA). Ultrathin sections were stained with uranyl acetate and lead citrate and observed under a
Jeol 100 SX transmission electron microscope. Morphometric analysis was performed by using
stereological techniques, as previously described (14). At the ultrastructural level, beta cells of
isolated islets were considered dead on the basis of any of the following criteria: loss of plasma
membrane integrity, fragmentation into discrete bodies, engulfment of cell corpse or fragments by
adjacent cells. The presence of marked chromatin condensation and/or blebs was considered to be a
sign of apoptosis (14).

Functional studies. Isolated rat islets were incubated in 6-well plates for 1, 6 or 24 h in fresh RPMI

medium, containing 10 % FCS and different concentration of TCDD (1, 6 and 12 nM). Then,
batches of 10—15 islets/well in 24-well plates, after 60-min pre-incubation, were incubated for 1 h in
Krebs-Ringer-Bicarbonate-Hepes buffer containing 2.8 or 16.7 mM glucose. The insulin released
and that extracted from the islets by acidified ethanol was measured by radioimmunoassay, as
described (11).

RNA isolation and real-time quantitative RT-PCR. Batches of 250 rat islets were incubated in 0.8

ml of RPMI, containing 5 % FCS and different concentrations of TCDD (6, 12,5 and 25 nM) for 6
h. Total RNA was extracted, purified and processed as previously described (12). Determinations of
the relative expression levels of mRNAs were performed by real-time quantitative RT-PCR (RT-
qPCR), as detailed (13). Expression values were corrected for the housekeeping gene
glyceraldehydes-3-phosphate dehydrogenase.

Primer sequences used for RT-qPCR are reported in the Supplementary Table S2.

Data_expression_and statistical analysis. Data are expressed as means + standard error of mean

(SEM) of the indicated number of independent experiments. A significant difference between
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experimental conditions was assessed using factorial analysis of variance followed by Tukey—
Kramer multiple comparison test as the post hoc test (InStat 3; GraphPad software, San Diego, CA,

USA). A P value <0.05 was considered statistically significant.
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RESULTS

1) Cytotoxic effects of TCDD on isolated rat pancreatic islets. First of all, we assayed the cytotoxic
effect of TCDD on isolated rat pancreatic islets by evaluating the levels of cell necrosis and
apoptosis after 6 and 24 h exposure to different TCDD concentrations. After 6 h exposure, the only
observed effect was a moderate increase of apoptosis in rat islets treated with the highest TCDD
concentration, i.e. 50 nM (data not shown). However, after a more prolonged exposure (24 h), both
necrosis and apoptosis were significantly increased in isolated rat islets exposed to TCDD, and that
these effects were clearly dose-related (Fig. 1). The presence of necrotic and apoptotic beta cells
(but not alpha cells) in TCDD-treated pancreatic islets can be also detected by microscopic
observation (Fig. 2).

2) Ultrastructural alterations of beta cells induced by TCDD exposure. The electron microscopic
analysis of isolated rat pancreatic islets after 24 h TCDD exposure highlighted several alterations
that were further validated by the subsequent quantitative morphometric analysis. Overall, the main
conclusion that can be derived from our observations was that the observed ultrastructural
alterations were practically visible only in the beta cells, while alpha cells ultrastructure appeared to
be substantially unmodified after TCDD exposure (Fig. 3). Further support to the beta-cell
specificity of dioxin toxicity is provided by the results of quantitative morphometry shown in Table
1. Similar ultrastructural alterations were also observed in isolated human islets, and, very
interestingly, the beta-cell specificity of dioxin toxicity was confirmed (Fig. 4).

In beta cells, our results showed that mitochondrial ultrastructure was significantly affected by
TCDD exposure. Indeed, many mitochondria were markedly enlarged, round-shaped, with
dispersed matrix and dilated cristae (Fig. 5A). Quantitative morphometry further confirmed a
significant, dose-related increase of mitochondria volume density (Fig. 5B). Very interestingly, we
observed an increased occurrence of mitophagy, i.e. the presence of damaged mitochondria inside

autophagic vacuoles (Fig. 5C), whose number was also significantly increased in beta cells after 24
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h TCDD exposure (Fig. 5D). Another likely target of TCDD cytoxicity is represented by the rough
endoplasmic reticulum. Our results showed that 24 h exposure to TCDD clearly induced a
significant expansion of RER (Fig. 5E), further confirmed by the significant, dose-related increased
RER volume density as assessed by quantitative morphometry (Fig. 5F). The induction of ER stress
by TCDD exposure was also indicated by the observed increase of CHOP gene expression (see
below).

3) Effect of TCDD on glucose-stimulated insulin secretion (GSIS). In order to investigate whether
TCDD could also impair the function of isolated rat islets, we assayed GSIS after 1, 6 or 24 h
exposure to 1, 6 and 12 nM TCDD. TCDD exposure induced no significant modification of islet
insulin content (data not shown). After 1 h exposure GSIS of isolated islets resulted significantly

decreased with respect to controls even in the presence of the smallest TCDD concentration, in

10
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agreement with results previously obtained with INS-1E cells (8) (Fig. 6, upper panel). After 6 (not
shown) and 24 h (Fig. 6, lower panel) exposure to TCDD a significant impairment of GSIS was still
evident in isolated islets.

3) Effect of TCDD on rat pancreatic islets gene expression. In order to better understand the
mechanism(s) of the toxic effect of TCDD, we investigated the changes of the expression of
selected genes in isolated rat islets after 6 h exposure (when the cytotoxic effect of TCDD exposure
was not yet detectable) to different concentrations of TCDD (from 6 to 25 nM) (Fig. 7). A first set
of the examined genes was composed of three genes critically involved in the specific function of
pancreatic beta cells. In particular we assayed by real-time quantitative RT-PCR the expression of
Ins1, the gene encoding insulin, Glut2, the gene for the transmembrane glucose transporter 2, and
Gck, the gene encoding for glucokinase, the enzyme that catalyzes the initial step in utilization of
glucose by the beta-cell and liver at physiological glucose concentration. After 6 h exposure to
TCDD, no significant variations in Ins1 gene expression were detected in isolated islets. This result
was in agreement with our observation that islet insulin content was not modified by TCDD
exposure (data not shown).

TCDD exposure dose-dependently decreased Glut2 gene expression, but this decrease attained
statistical significance only after exposure to the highest TCDD concentration, i.e. 25 nM. On the
other hand, Gck gene expression was significantly reduced (70-85% decrease) in isolated rat islets
after 6 h exposure to all TCDD doses.

The effect of TCDD exposure on the expression of several genes critically involved in the
regulation of apoptosis was also explored. In particular we assayed either the expression of anti-
apoptotic (Bcl-2 and Bcl-xL) and pro-apoptotic (Bim, Bad, Bak, Bax, PUMA and DP5) genes in
isolated rat islets. With regard to anti-apoptotic genes, whereas Bcl-2 gene expression was not
modified by TCDD exposure, Bel-xL gene expression was significantly decreased but only by the
highest TCDD concentration (i.e. 25 nM). With regard to pro-apoptotic genes, Bim, Bad, Bax and

Bak gene expression in isolated islets was not significantly modified by TCDD exposure. On the
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contrary, PUMA and DP5 gene expression in isolated islets resulted significantly increased in
isolated islets only after 6 h exposure to 25 nM TCDD.

Another set of genes whose expression was explored in isolated rat islets upon TCDD exposure
included genes playing important regulatory functions in pancreatic islets. Our results show that
whereas PTNP2 gene expression was unmodified upon TCDD exposure, MafA gene expression
was significantly decreased at all TCDD concentrations. On the other hand, Pdx1 gene expression
was significantly decreased after 6 h exposure to both 12 and 25 nM TCDD, whereas FoxO1 gene

expression significantly decreased only upon exposure to the highest TCDD concentration (25 nM).
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Finally, we explored the effect of TCDD exposure on the expression of iNOS, CHOP and IRE1
genes in rat pancreatic islets. iNOS is the most relevant isoform of the enzyme nitric oxide synthase
(NOS), that produces nitric oxide (NO), a possible mediator of immune-mediated pancreatic beta-
cell damage. iNOS gene expression was significantly increased in isolated rat islets upon TCDD
exposure and this increase was inversely related to TCDD concentration. CHOP (C/EBP
homologous protein) represents a key executioner of ER stress-mediated apoptosis and its gene
expression was significantly increased by both 12 and 25 nM TCDD exposure. IRE1 pathway, on
the contrary, provide protection against the deleterious effects of ER stress. IRE1 gene expression

was significantly decreased upon exposure to 25 nM TCDD.
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DISCUSSION

Beta cell dysfunction is actually recognized to play a key role in type 2 diabetes pathophysiology
(15). Therefore, the study of the mechanisms that can damage beta-cell function is increasingly
considered of particular relevance. In previous researches, in the attempt to clarify the biological
basis of the diabetogenic action of dioxin, we utilized the INS-1E cell line, which was established
from an X-ray-induced rat insulinoma and whose cells conserve the ability to dose-dependently
secrete insulin in response to increasing glucose concentrations (16,17). By using this experimental
model, we demonstrated that 1 h exposure to 12.5-25 nM TCDD caused a sharp decline of cell
survival (below 20%) (8). These concentrations could be considered quite elevated when compared
with the mean body burden for TCDD in the general population (estimated to be around 13 ng
TEQ/kg body weight). However, in particular conditions (such as after industrial accidents), the
body burden can remarkably increase (up to 7000 ng TEQ/kg b.w.) (18,19). Thus, at least in
conditions of high environmental exposure or as a consequence of specific dietary habits, pancreatic
B-cells can likely be significantly affected. On the other hand, for comparison, it is worth to
mention that well-known (-cytotoxic agents, such as alloxan, can produce similar effects on beta-
cell survival only upon prolonged exposure to much higher concentrations (0.5 mM for 24 h) (20).
Further investigations revealed that dioxin acute toxicity in INS-1E cell line was associated with
mitochondrial dysfunction (as indicated by rapid mitochondrial membrane depolarization) (8,10),
activation of autophagy (8,10) and alteration of several signal transduction pathways (10,21).
Moreover, we have previously shown that the exposure to very low doses of TCDD significantly
impaired glucose stimulated insulin secretion both ex vivo (22) and in vitro (8).

Taken together, the above mentioned results clearly demonstrated that pancreatic beta cells can be
considered a relevant and sensitive target of dioxin toxicity. Although insulin-secreting INS-1E
cells are generally considered to be a reliable beta-cell surrogate (16,17), in this research our aim

has been to corroborate our results in a more physiological model by using isolated pancreatic
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islets, which can be considered as a real endocrine micro-organ (23). The coexistence of different
types of endocrine cells in pancreatic islets (o, B and & cells) involves the possibility of complex
“social interactions” of component cells (23).

Our results on cell survival after TCDD exposure clearly indicate that isolated pancreatic islets, not
quite surprising being cell aggregates, are remarkably more resistant to the toxic effects of TCDD
with respect to INS-1E cells (see ref. 8 for comparison). Indeed, both cell apoptosis and necrosis
significantly increased with respect to controls only after 24 h exposure. The electron microscopic
observation of both rat and human pancreatic islets indicates that TCDD exposure caused several
ultrastructural alterations that, very interestingly, affected beta cells almost exclusively. This
observation represents the first demonstration of a cell-specific toxicity of TCDD and, together with
our previous results (8,10), helps reinforce the idea that beta cells represent not only a sensitive but
also a specific target of the toxic action of dioxin. At this regard, it is interesting to mention that
very recently it has been reported that the acute treatment of mice with a single injection 20 png/kg
TCDD was associated, after 4 weeks, with a significant decrease of pancreatic beta-cell mass,
whereas alpha- and delta-cell masses remained unchanged (24). The beta-cell specific
ultrastructural alterations caused by TCDD exposure affect different cellular components. We have
previously reported that mitochondria can be considered one of the major targets of TCDD
cytotoxicity in pancreatic beta cells, as indicated by the very early induction of mitochondrial
depolarization (8-10). In agreement with these observations, our results showed that in beta cells
after TCDD exposure mitochondria show significant changes in both their shape and dimensions.
Accordingly, quantitative morphometry demonstrated a significant increase of mitochondria
volume density in TCDD-treated beta cells. In INS-1E cell line, we have previously shown that one
of the most characteristic ultrastructural alterations induced by dioxin is a diffuse and relevant
activation of autophagy (8,10). Here, quantitative morphometry confirms this observation by
showing a significant increase of the number of autophagic vacuoles. Autophagy, like other cell

defence mechanisms, can be viewed as a double-edged sword. On the one hand, it is known that
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autophagy plays a crucial role in the maintenance of beta cell homeostasis (25). On the other hand,
autophagy can have either pro-survival or pro-death functions, depending on the context (26). In
pancreatic beta cells several evidences indicate that autophagy is a cell survival pathway, but can
also mediate cell death under particular conditions, such as in response to ER stress (26) or to
severe organelle damage (9). Very interestingly our results showed that many of the observed
autophagic vacuoles contain mitochondria, in a more or less advanced stage of degradation, but still
clearly recognizable, providing further support to the idea that mitochondria represent one of the
main targets of the cytotoxic action of dioxin.

In relation to its eventual diabetogenic action, the study of the effects of dioxin on the secretory
function of beta cells is of particular relevance. At this regard, it must be noted that the experiments
described above showed that either 1 and 6 nM TCDD were devoid of significant cytotoxic effects
on isolated islets after both 6 and 24 exposure, whereas 12 nM TCDD induced a significant increase
of necrosis and apoptosis only after 24 h exposure. Despite this, even the exposure to the smallest
TCDD concentration (1 nM) for the shortest time (1 h) was able to significantly impair glucose-
stimulated insulin secretion of isolated rat pancreatic islets, in agreement with previous results (22).
Recently, Lai et al. (21) reported that dioxin, either ex vivo or in vitro, was able to significantly
increase basal insulin secretion of pancreatic beta cells and, as a consequence, to decrease the
glucose-stimulated secretory index (i.e. the ratio GSIS/basal insulin secretion). On the contrary, we
found no changes in basal secretion and insulin content but a significant decrease of glucose-
stimulated insulin secretion of dioxin-treated rat islets. The apparent discrepancy between these
results could be due to several factors such as (among the others) the differences in the animal
species (rat vs mouse), cell line (INS-1E vs Min-6), the different basal glucose concentration (2.8 vs
1.7 mM) and so on. On the other hand, our results on insulin secretion are in good agreement with
those recently reported by Ibrahim et al. (27).

Several in vivo observations seems to indicate that dioxin is able to hinder the utilization of the

available nutrients, including glucose (28). Indeed, one of the most peculiar alterations induced by

23



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

TCDD is a remarkable decrease in glucose uptake by adipose tissue, liver and pancreas (29). We
have previously explored the secretory response to 2-ketoisocaproate (2-KIC), which is one of the
few available non-glucose insulin secretagogues (30), and we found that 2-KIC-induced insulin
secretion was better preserved in pancreatic islets isolated from TCDD-treated rats, indicating that
the TCDD-caused secretory defect was likely linked to the failure of glucose to induce insulin
secretion in beta cells (21). Glucose utilization in beta cells is mainly regulated by glucokinase, a
glucose-specific high-Km enzyme that, when glucose concentrations exceeds 5.5 mM, catalyzes the
rate limiting step for glucose metabolism and, consequently, for glucose-induced insulin release
(31). Under these conditions, glucose transport, whose capacity largely exceeds glucose
phosphorylation and metabolism, does not play a major role in determining the secretory response
(32). Accordingly, our results on the effect of dioxin exposure on gene expression clearly showed
that, while the expression of the Glut2 gene was only slightly modified, that of the Geck gene was
instead remarkably reduced (70-85% decrease) by dioxin treatment in isolated rat pancreatic islets.
It has been reported that ROS generated by Src kinase activation can play a key role in impaired
glucose-stimulated insulin secretion in islets isolated from diabetic Goto-Kakizaki rats (33) and that
the suppression of Src activation by exendin-4 is able to restore the high glucose-induced ATP
production which is impaired in Goto-Kakizachi rats (34). Similarly, it has been reported that
overproduction of ROS secondary to Src activation can play an important role in the impairment od
GSIS caused by chronic exposure to palmitate in INS-1E cells (35). Recently, it has been also
shown that Src can regulate insulin secretion by modulating glucokinase activity and subcellular
localization in pancreatic beta cells (36). On the basis of these reports and in relation to the
mechanism by which dioxin can negatively influence Gek expression and GSIS in pancreatic beta
cells, it is very interesting to mention that it has been repeatedly demonstrated that dioxin can
rapidly activate Src kinase in different cell types (37-39).

With regard to the anti- and pro-apoptotic genes, our results showed that the main effect of dioxin

exposure was an increase of the expression of the pro-apoptotic genes PUMA and DP-5 in isolated
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rat islets. Overall, the increased expression of PUMA and DP-5 coupled with the slight reduction of
Bcel-xL gene expression induced an imbalance between anti- and pro-apoptotic signals which is in
agreement with our results on cell survival. Interestingly, it has been recently reported that the
exposure of human islets and INS-1E cells to the cytokines IL-1B and INF-y caused a
downregulation of some mRNAs which were found to regulate the expression of the proapoptotic
Bcl-2 proteins DP5 and PUMA and consequent human B-cell apoptosis (40,41).

The cytotoxic effect of dioxin was further supported by the results showing that dioxin exposure
induces significant modifications of CHOP (increased) and IRE1 (decreased) gene expression. Both
genes are linked to the induction of RE stress in pancreatic beta cells (42) and substantial evidence
has been provided for the presence of ER stress in beta cells in both type 1 and type 2 diabetes (43).
Our results on gene expression are in agreement with the ultrastructural observations showing a
significant expansion of RER in rat and human islets after dioxin exposure. Indeed, the dilation of
RER cisternae is generally considered as the morphological counterpart of endoplasmic reticulum
stress, which represent an early and relevant aspect of the cellular stress response (44,45).

Finally, our results on the expression levels of MafA, Pdx1 and FoxOl in rat pancreatic islets,
which are all decreased, further support the beta-cell specificity of dioxin toxicity. MafA is a
transcription factor which is exclusively expressed in beta cells in the adult pancreas where it
activates insulin gene expression (46,47). Human studies revealed that in islets from type 2 diabetes
patients the impairment of GSIS is related to compromised MafA expression (48). Pdx1 is a
transcription factor whose expression is required for the embryonic development of the pancreas
and for the differentiation of pancreatic lineages (49). In adult beta cells, depletion of Pdx1 induces
glucose intolerance, suggesting a key role in the maintenance of beta-cell function (50). In islets
from type 2 diabetes patients, Pdx1 expression in beta cells is also reduced (48). FoxOl is a
transcription factor which is crucially involved in insulin signaling (51). Altered FoxO1 expression
has been related to glucose intolerance and diabetic complications (49). Interestingly, it has been

recently demonstrated that pFoxO1 localization and FoxO1 expression are inversely regulated
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between alpha and beta cells under hyperglycemic stress (53).

In conclusion, our results provide further support to the hypothesis of a diabetogenic action of
dioxin by clarifying some possible mechanisms of its toxic action on isolated islets and by
indicating that pancreatic beta cells represent not only a sensitive but also a specific target of dioxin

toxicity.
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FIGURE LEGEND

Figure 1. Cell apoptosis and necrosis in isolated rat pancreatic islets after 24 h exposure to different
TCDD concentrations (1-50 nM). Both apoptosis and necrosis were calculated as % of controls (C)
as detailed in Material and methods. Data are expressed as mean of 3-4 separate experiments +

SEM. Statistical analysis: * p<0.05 vs C.

Figure 2. Consecutive semithin (left) and ultrathin (right) sections of an isolated rat pancreatic islet
after 24 h exposure to 50 nM TCDD showing the presence of necrotic and apoptotic beta cells.
Scale bars correspond to 10 pum in the left panel and to 1 um in the right panel.

(APO = apoptosis; IG = insulin granules; M = mitochondria)

Figure 3. Representative electron micrographs of isolated rat pancreatic islets: A) control beta cell;
B) control alpha cell; C) beta cell after 24 h exposure to 50 nM TCDD; D) alpha cell after 24 h

exposure to 50 nM TCDD. Scale bars correspond to 1 um.

Figure 4. Representative electron micrographs of isolated human pancreatic islets: A) control beta
cell; B) control alpha cell; C) beta cell after 24 h exposure to 50 nM TCDD; D) alpha cell after 24 h

exposure to 50 nM TCDD. Scale bars correspond to 1 um.

Figure 5. On the left: representative electron micrographs of (A) mitochondria, (B) rough
endoplasmic reticulum and (C) autophagic vacuoles in beta cells of isolated rat pancreatic islets
after 24 h exposure to 50 nM TCDD. Scale bars correspond to 1 pm. On the right: quantitative
morphometric analysis of mitochondria (B) and rough endoplasmic reticulum (D) volume density

and autophagic vacuoles (F) number in isolated pancreatic islets after 24 h exposure to different
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TCDD concentrations. Data are expressed as mean of 3-4 separate experiments + SEM. Statistical

analysis: * p<0.05 vs controls.

Figure 6. Effect of 1 h (upper panel) and 24 h (lower panel) exposure to different TCDD
concentrations on glucose stimulated insulin secretion of isolated rat pancreatic islets. White bars:
2.8 mM glucose. Black bars: 16.7 mM glucose. Data are expressed as mean of 3-4 separate

experiments + SEM. Statistical analysis: * p<0.05 vs 2.8 mM glucose; § p<0.05 vs control islets.

Figure 7. Effects TCDD on mRNA expression of different genes in isolated rat pancreatic islets.
After 24-h exposure of islets to different TCDD concentrations, total cell RNA was extracted,
analysed by RT-qPCR and normalized for the reference gene GAPDH. Data are given as the fold
variations of the gene/GAPDH expression ratio of corresponding controls (set at 1.0). Means +
SEM of 3 independent experiments for each gene. Statistical analysus: * p < 0.05 at least, versus

controls.

29



434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

REFERENCES

1)

2)

3)

4)

3)

6)

7)

8)

9)

Shaw, J.E.; Sicree, R.A.; Zimmet, P.Z. Global estimates of the prevalence of diabetes for
2010 and 2030. Diabetes Res Clin Pract 2010, 87(1), 4-14.

Neel BA, Sargis RM. The paradox of progress: environmental disruption of metabolism and
the diabetes epidemic. Diabetes 2011; 60: 1838-1848.

Remillard RB, Bunce NJ. Linking dioxins to diabetes: epidemiology and biologic
plausibility. Environ Health Perspect 2002, 110 (9), 853-8.

UNEP (United Nations Environmental Programme). 2003. Master List of Actions: On the
Reduction and/or Elimination of the Releases of Persistent Organic Pollutants. 5th ed.

Geneva:UNEDP, http://pops.int/documents/meetings/inc7/mastlist5/ml5.pdf.

WHO (World Health Organization). 2014. Dioxins and Their Effects on Human Health.

Fact sheet N° 225. Updated June 2014. http://www.who.int/mediacentre/factsheets/fs225/en.

De Tata, V. Association of dioxin and other persistent organic pollutants (POPs) with
diabetes: epidemiological evidence and new mechanisms of beta cell dysfunction. Int J Mol
Sci 2014, 15 (5), 7787-781.

Taylor, K.W.; Novak, R.F.; Anderson, H.A.; Birnbaum, L.S.; Blystone, C.; Devito, M.;
Jacobs, D.; Kéhrle, J.; Lee, D.H.; Rylander, L.; Rignell-Hydbom, A.; Tornero-Velez, R.;
Turyk, M.E.; Boyles, A.L.; Thayer, K.A.; Lind, L. Evaluation of the association between
persistent organic pollutants (POPs) and diabetes in epidemiological studies: a national
toxicology program workshop review. Environ Health Perspect 2013, 121 (7), 774-83.
Piaggi, S.; Novelli, M.; Martino, L.; Masini, M.; Raggi, C.; Orciuolo, E.; Masiello, P.;
Casini, A.; De Tata, V. Cell death and impairment of glucose-stimulated insulin secretion
induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) in the beta-cell line INS-1E.
Toxicol Appl Pharmacol 2007, 220 (3), 333-340.

Martino, L.; Novelli, M.; Masini, M.; Chimenti, D.; Piaggi, S.; Masiello, P.; De Tata, V.

30



460

461

462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

Dehydroascorbate protection against dioxin-induced toxicity in the beta-cell line INS-1E.
Toxicol Lett 2009, 189 (1), 27-34.

10) Martino, L.; Masini, M.; Novelli, M.; Giacopelli, D.; Beffy, P.; Masiello, P.; De Tata, V.
The aryl receptor inhibitor epigallocatechin-3-gallate protects INS-1E beta-cell line against
acute dioxin toxicity. Chemosphere 2013, 93 (8), 1447-1455.

11) Novelli, M.; Fabregat, M.E.; Fernandez-Alvarez, J.; Gomis, R.; Masiello, P. Metabolic and
functional studies on isolated islets in a new rat model of type 2 diabetes. Mol Cell
Endocrinol 2001, 175 (1-2), 57-66.

12) Masini, M.; Martino, L.; Marselli, L.; Bugliani, M.; Boggi, U.; Filipponi, F.; Marchetti, P.;
De Tata, V. Ultrastructural alterations of pancreatic beta cells in human diabetes mellitus.
Diabetes Metab Res Rev 2017, 33 (6), doi:10.1002/dmrr.2894.

13) Novelli, M.; Beffy, P.; Menegazzi, M.; De Tata, V.; Martino, L.; Sgarbossa, A.; Porozov, S.;
Pippa, A.; Masini, M.; Marchetti, P.; Masiello, P. St. John's wort extract and hyperforin
protect rat and human pancreatic islets against cytokine toxicity. Acta Diabetol 2014, 51 (1),
113-121.

14) Martino, L.; Masini, M.; Novelli, M.; Beffy, P.; Bugliani, M.; Marselli, L.; Masiello, P.;
Marchetti, P.; de Tata, V. Palmitate activates autophagy in INS-1E B-cells and in isolated rat
and human pancreatic islets. PLoS One 2012, 7, e36188.

15) Prentki, M.; Nolan, C.J. Islet beta cell failure in type 2 diabetes. J Clin Invest 2006; 116:
1802-1812.

16) Asfari, M.; Janjic, D.; Meda, P.; Li, G.; Halban, P.A.; Wollheim, C.B. Establishment of 2-
mercaptoethanol-dependent differentiated insulin-secreting cell lines. Endocrinology 1992;
130: 167-178.

17) Merglen, A.; Theander, S.; Rubi, B.; Chaffard, G.; Wollheim, C.B.; Maechler, P. Glucose
sensitivity and metabolism-secretion coupling studied during two-year continuous culture in

INS-1E insulinoma cells. Endocrinology 2004; 145: 667—678.

31



486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

18) Arisawa, K.; Takeda, H.; Mikasa, H. Background exposure to PCDDs/PCDFs/PCBs and its
potential health effects: A review of epidemiologic studies. J. Med. Investig. 2005; 52: 10—
21.

19) Mitrou, P.L; Dimitriadis, G.; Raptis, S.A. Toxic effects of 2,3,7,8-tetrachlorodibenzo-p-
dioxin and related compounds. Eur. J. Intern. Med. 2001; 12: 406—411.

20) Sakurai, K.; Katoh, M.; Someno, K.; Fujimoto, Y. Apoptosis and mitochondrial damage in
INS-1 cells treated with alloxan. Biol. Pharm. Bull. 2001; 24: 876-882.

21)Lai KP, Wan HT, Ng AH, Li JW, Chan TF, Wong CK. Transcriptomic and Functional
Analyses on the Effects of Dioxin on Insulin Secretion of Pancreatic Islets and B-Cells.
Environ Sci Technol 2017; 51: 11390-11400.

22) Novelli, M, Piaggi, S, De Tata, V. 2,3,7,8-Tetrachlorodibenzo-p-dioxin-induced impairment
of glucose-stimulated insulin secretion in isolated rat pancreatic islets. Toxicol Lett 2005;
156: 307-314.

23)Misler S. The isolated pancreatic islet as a micro-organ and its transplantation to cure
diabetes: celebrating the legacy of Paul Lacy. Islets 2010; 2: 210-224.

24)Hoyeck MP, Blair H, Ibrahim M, Solanki S, Elsawy M, Prakash A, Rick KRC, Matteo G,
O'Dwyer S, Bruin JE. Long-term metabolic consequences of acute dioxin exposure differ
between male and female mice. Sci Rep 2020; 10: 1448.

25)Bugliani M, Mossuto S, Grano F, Suleiman M, Marselli L, Boggi U, De Simone P, Eizirik
DL, Cnop M, Marchetti P, De Tata V. Modulation of Autophagy Influences the Function
and Survival of Human Pancreatic Beta Cells Under Endoplasmic Reticulum Stress
Conditions and in Type 2 Diabetes. Front Endocrinol (Lausanne) 2019; 10: 52.

26) Levine, B.; Kroemer, G. Autophagy in the pathogenesis of disease. Cell 2008, 132, 27-42.

27) Ibrahim M, MacFarlane EM, Matteo G, Hoyeck MP, Rick KRC, Farokhi S, Copley CM,
O'Dwyer S, Bruin JE. Functional cytochrome P450 1A enzymes are induced in mouse and

human islets following pollutant exposure. Diabetologia 2020; 63: 162-178

32



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

536

537

28) Lindén, J.; Lensu, S.; Tuomisto, J.; Pohjanvirta, R. Dioxins, the aryl hydrocarbon receptor
and the central regulation of energy balance. Front. Neuroendocrinol 2010, 31, 452-478.

29) Enan, E.; Matsumura, F. 2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD)-induced changes in
glucose transporting activity in guinea pigs, mice, and rats in vivo and in vitro. J. Biochem.
Toxicol. 1994, 9, 97-106.

30) Panten, U.; Kriegstein, E.; Poser, W.; Schonborn, J.; Hasselblatt, A. Effects of L-leucine and
alpha-ketoisocaproic acid upon insulin secretion and metabolism of isolated pancreatic
islets. FEBS Lett. 1972, 20, 225-228.

31) Matschinsky FM. Glucokinase as glucose sensor and metabolic signal generator in
pancreatic beta-cells and hepatocytes. Diabetes. 1990; 39: 647-652.

32) Efrat, S.; Tal, M.; Lodish, H.F. The pancreatic beta-cell glucose sensor. Trends Biochem.
Sci. 1994, 19, 535-538.

33)Kominato R, Fujimoto S, Mukai E, Nakamura Y, Nabe K, Shimodahira M, Nishi Y,
Funakoshi S, Seino Y, Inagaki N. Src activation generates reactive oxygen species and
impairs metabolism-secretion coupling in diabetic Goto-Kakizaki and ouabain-treated rat
pancreatic islets. Diabetologia 2008; 51: 1226-1235.

34) Mukai E, Fujimoto S, Sato H, Oneyama C, Kominato R, Sato Y, Sasaki M, Nishi Y, Okada
M, Inagaki N. Exendin-4 suppresses SRC activation and reactive oxygen species production
in diabetic Goto-Kakizaki rat islets in an Epac-dependent manner. Diabetes 2011; 60: 218-
226.

35)Sato Y, Fujimoto S, Mukai E, Sato H, Tahara Y, Ogura K, Yamano G, Ogura M,
Nagashima K, Inagaki N. Palmitate induces reactive oxygen species production and B-cell
dysfunction by activating nicotinamide adenine dinucleotide phosphate oxidase through Src
signaling. J Diabetes Investig 2014; 5: 19-26.

36) Sato H, Nagashima K, Ogura M, Sato Y, Tahara Y, Ogura K, Yamano G, Sugizaki K, Fujita

N, Tatsuoka H, Usui R, Mukai E, Fujimoto S, Inagaki N. Src regulates insulin secretion and

33



538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

glucose metabolism by influencing subcellular localization of glucokinase in pancreatic -
cells. J Diabetes Investig 2016; 7: 171-178.

37)Kohle C, Gschaidmeier H, Lauth D, Topell S, Zitzer H, Bock KW. 23)78-
Tetrachlorodibenzo-p-dioxin (TCDD)-mediated membrane translocation of c-Src protein
kinase in liver WB-F344 cells. Arch Toxicol 1999; 73: 152-158.

38) Park S, Dong B, Matsumura F. Rapid activation of ¢-Src kinase by dioxin is mediated by the
Cdc37-HSP90 complex as part of Ah receptor signaling in MCF10A cells. Biochemistry
2007; 46: 899-908.

39) Dong B, Matsumura F. Roles of cytosolic phospholipase A2 and Src kinase in the early
action of 2,3,7,8-tetrachlorodibenzo-p-dioxin through a nongenomic pathway in MCF10A
cells. Mol Pharmacol 2008; 74: 255-263.

40) Grieco FA, Sebastiani G, Juan-Mateu J, Villate O, Marroqui L, Ladriére L, Tugay K,
Regazzi R, Bugliani M, Marchetti P, Dotta F, Eizirik DL. MicroRNAs miR-23a-3p, miR-
23b-3p, and miR-149-5p Regulate the Expression of Proapoptotic BH3-Only Proteins DP5
and PUMA in Human Pancreatic B-Cells. Diabetes 2017; 66: 100-112.

41)Novelli M, Menegazzi M, Beffy P, Porozov S, Gregorelli A, Giacopelli D, De Tata V,
Masiello P. St. John's wort extract and hyperforin inhibit multiple phosphorylation steps of
cytokine signaling and prevent inflammatory and apoptotic gene induction in pancreatic f
cells. Int J Biochem Cell Biol 2016; 81(Pt A): 92-104.

42)Kennedy J, Katsuta H, Jung MH, Marselli L, Goldfine AB, Balis UJ, Sgroi D, Bonner-Weir
S, Weir GC. Protective unfolded protein response in human pancreatic beta cells
transplanted into mice. PLoS One 2010; 5: e11211.

43) Cnop M, Toivonen S, Igoillo-Esteve M, Salpea P. Endoplasmic reticulum stress and elF2a
phosphorylation: The Achilles heel of pancreatic B cells. Mol Metab 2017; 6: 1024-1039.

44) Marciniak SJ, Ron D. Endoplasmic reticulum stress signalling in disease. Physiol Rev 2006;

86: 1133-1149.

34



564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

586

587

588

589

45)Marchetti P, Bugliani M, Lupi R, Marselli L, Masini M, Boggi U, Filipponi F, Weir GC,
Eizirik DL, Cnop M. The endoplasmic reticulum in pancreatic beta cells of type 2 diabetes
patients. Diabetologia 2007; 50: 2486-2494.

46) Matsuoka TA, Artner I, Henderson E, Means A, Sander M, Stein R. The MafA transcription
factor appears to be responsible for tissue-specific expression of insulin. Proc Natl Acad Sci
U S A 2004; 101: 2930-2933.

47) Zhang C, Moriguchi T, Kajihara M, Esaki R, Harada A, Shimohata H, Oishi H, Hamada M,
Morito N, Hasegawa K, Kudo T, Engel JD, Yamamoto M, Takahashi S. MafA is a key
regulator of glucose-stimulated insulin secretion. Mol Cell Biol 2005; 25: 4969-4976.

48) Guo S, Dai C, Guo M, Taylor B, Harmon JS, Sander M, Robertson RP, Powers AC, Stein R.
Inactivation of specific B cell transcription factors in type 2 diabetes. J Clin Invest 2013;
123: 3305-3316.

49)Zhu Y, Liu Q, Zhou Z, Ikeda Y. PDXI1, Neurogenin-3, and MAFA: critical transcription
regulators for beta cell development and regeneration. Stem Cell Res Ther. 2017; 8: 240.

50) Holland AM, Hale MA, Kagami H, Hammer RE, MacDonald RJ. Experimental control of
pancreatic development and maintenance. Proc Natl Acad Sci U S A 2002; 99: 12236-
12241.

51)Kitamura T. The role of FOXOI1 in B-cell failure and type 2 diabetes mellitus. Nat Rev
Endocrinol 2013; 9: 615-623.

52) Tsuchiya K, Ogawa Y. Forkhead box class O family member proteins: The biology and
pathophysiological roles in diabetes. J Diabetes Investig 2017; 8: 726-734.

53)Kim MK, Shin HM, Jung H, Lee E, Kim TK, Kim TN, Kwon MJ, Lee SH, Rhee BD, Park
JH. Comparison of pancreatic beta cells and alpha cells under hyperglycemia: Inverse

coupling in pAkt-FoxO1. Diabetes Res Clin Pract 2017; 131: 1-11.

35



590

36



Declaration of interests

X The authors declare that they have no known competing financial interests or personal relationships
that could have appeared to influence the work reported in this paper.

OThe authors declare the following financial interests/personal relationships which may be considered
as potential competing interests:




