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Abstract: Extra virgin olive oil (EVOO) is a major component of the Mediterranean diet and is
appreciated worldwide because of its nutritional benefits in metabolic diseases, including type 2
diabetes (T2D). EVOO contains significant amounts of secondary metabolites, such as phenolic
compounds (PCs), that may positively influence the metabolic status. In this study, we investigated
for the first time the effects of several PCs on beta-cell function and survival. To this aim, INS-1E
cells were exposed to 10 uM of the main EVOO PCs for up to 24 h. Under these conditions,
survival, insulin biosynthesis, glucose-stimulated insulin secretion (GSIS), and intracellular
signaling activation (protein kinase B (AKT) and cAMP response element-binding protein (CREB))
were evaluated. Hydroxytyrosol, tyrosol, and apigenin augmented beta-cell proliferation and
insulin biosynthesis, and apigenin and luteolin enhanced the GSIS. Conversely, vanillic acid and
vanillin were pro-apoptotic for beta-cells, even if they increased the GSIS. In addition, oleuropein,
p-coumaric, ferulic and sinapic acids significantly worsened the GSIS. Finally, a mixture of
hydroxytyrosol, tyrosol, and apigenin promoted the GSIS in human pancreatic islets. Apigenin
was the most effective compound and was also able to activate beneficial intracellular signaling. In
conclusion, this study shows that hydroxytyrosol, tyrosol, and apigenin foster beta-cells’ health,
suggesting that EVOO or supplements enriched with these compounds may improve insulin
secretion and promote glycemic control in T2D patients.

Keywords: extra virgin olive oil; phenolic compounds; diabetes; pancreatic beta-cells; insulin;
apigenin

1. Introduction

Diabetes mellitus describes a group of metabolic disorders characterized by
chronically elevated glycemia. It represents one of the fastest-growing health challenges
of the 21st century, with the number of adults living with diabetes having more than
tripled over the past 20 years [1]. The International Diabetes Federation estimated 451
million (age 18-99 years) people with diabetes worldwide in 2017, with the estimation
going up to 693 million for 2045 [1].

In its two main forms, diabetes is caused by immune-mediated beta-cell destruction
(type 1diabetes (T1D)) or by the loss of physiological beta-cell functional mass, often
concomitant to reduced insulin sensitivity in peripheral insulin-dependent tissues (type 2
diabetes (T2D)).
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The loss of beta-cell functional mass is a necessary and early condition in the
development of T2D [2]. Accordingly, beta-cell restoration or regeneration should be
strongly considered for the treatment, and possible cure, of T2D. Indeed, a truly efficient
anti-diabetes therapeutic strategy capable of preventing the onset and progression of T2D
should possess the capacity to stop beta-cell loss and/or promote the restoration of the
fully functional beta-cell mass [2].

According to recommendations for the management of hyperglycemia in T2D from
the American Diabetes Association and the European Association for the Study of
Diabetes [3], lifestyle interventions, including the adoption of a healthy Mediterranean
eating pattern, are effective and safe for improving glucose control in T2D and are
recommended as first-line therapies from the time of diagnosis and as co-therapy for
patients on glucose-lowering medications.

Extra virgin olive oil (EVOO) is a major component of the Mediterranean diet
(MedDiet) and is appreciated worldwide because of its nutritional benefits in metabolic
diseases, including T2D [4]. In the Prevencién con Dieta Mediterranea (PREDIMED)
study, a multicenter, randomized, parallel-group primary prevention trial conducted in
Spain, participants were randomly assigned to receive MedDiet supplemented with
EVOO, MedDiet supplemented with nuts, or a control low-fat diet, without
interventions, to increase physical activity or lose weight [5,6]. After a median follow-up
of 4.1 years, a statistically significant 40% relative risk reduction of new-onset T2D was
observed in the group that received MedDiet supplemented with EVOO, but not in the
group that received MedDiet supplemented with nuts, compared to the control diet [6],
suggesting an important role of EVOO in diabetes prevention.

Traditionally, the high content of monounsaturated fatty acids (MUFAs),
particularly oleic acid (C18:1, 55-83%), was considered to be responsible for the beneficial
effects of EVOO [4]. Indeed, recent meta-analyses of randomized controlled trials have
reported beneficial effects on metabolic parameters in T2D patients after replacing
carbohydrates (~5-10% of total energy intake) with MUFAs [7-9]. It has been suggested,
however, that most of the metabolic benefits of EVOO could be due to its minor
components, particularly phenolic compounds (PCs) [4]. Accordingly, consuming EVOO
rich in PCs (25 mL/day, 577 mg of PCs/kg) for a total of 4 weeks improved metabolic
control in T2D patients compared to the consumption of refined olive oil with no PCs
[10]. The phenolic content of EVOO consists of various phenolic classes, including
phenolic acids (e.g., caffeic, vanillic, coumaric, ferulic, and sinapic acids), phenolic
alcohols (e.g., tyrosol and hydroxytyrosol), secoiridoids (e.g., oleuropein), lignans (e.g.,
pinoresinol), and flavones (e.g., luteolin and apigenin) [11].

Although increasing data support the beneficial role of MedDiet and its
components, especially PCs of EVOO, in T2D, the exact mechanisms responsible for these
effects are not yet fully understood. Accordingly, in this study we investigated, for the
first time, simultaneously but individually, the effects of the main EVOO PCs on beta-cell
function and survival.

2. Results
2.1. Effects of EVOO PCs on Beta-Cell Survival

To evaluate the impact of PCs on beta-cell survival, INS-1E cells were treated for 24
h with 10 uM of the most important PCs identified in EVOO. To simplify the presentation
of data, each compound was assigned an alphanumeric code (Table 1).
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Table 1. Each phenolic compound was assigned an alphanumeric code.

Compound Code
Hydroxytyrosol C1
Tyrosol C2
Caffeic acid C3
Vanillic acid C4
Vanillin C5
p-Coumaric acid Cé6
Ferulic acid c7
Sinapic acid C8
Luteolin C9
(+)-Pinoresinol C10
Oleuropein Cl11
Apigenin C12

Beta-cell survival was assessed by measuring both mRNA levels of the marker of
proliferation Ki67 (Figure 1A) and apoptosis levels (Figure 1B).
Hydroxytyrosol (C1), tyrosol (C2), vanillic acid (C4), and apigenin (C12)
significantly increased Ki67 mRNA levels by approximatively 30—70% (Figure 1A; * p <
0.004 vs. DMSO). Surprisingly, caffeic acid (C3), vanillic acid (C4), and vanillin (C5) also
increased apoptosis levels (1.5-, 1.4-, and 2-fold, respectively; Figure 1B; * p < 0.004 vs.

DMSO).
A 25 4
2.0
<~ J
zg 15
=R
ER
<8 10
N
o .8 4
g€ 05
0.0 4
Q
B 300 1
250 A
200 A
To
2 g 150 A
L g
@ O
C O
2% 100 4
22
[
<= 54
0

SRS
&

IR I G SG S R R

Lo oSS
o

Figure 1. Effects of extra virgin olive oil (EVOO) phenolic compounds (PCs) (C1-C12, see Table 1)
on beta-cell proliferation (A) and survival (B). INS-1E cells were treated for 24 h with 10 uM of each
PC. Control cells were stimulated with DMSO only. (A) Ki67 gene expression was evaluated by

qRT-PCR analysis and normalized to Gusb gene expression. (B) Apoptosis was evaluated by

measuring cytoplasmic oligonucleosomes with ELISA (data expressed as a percentage of controls).

At least three independent experiments were performed. Data are expressed as means + SD.

Statistical significance was determined by one-way ANOVA (p < 0.05) followed by
Bonferroni-corrected t-test (* p < 0.004 vs. DMSO). Ki67, a proliferation marker; Gusb, glucuronidase

beta.
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2.2. Effects of EVOO PCs on Insulin Biosynthesis

Hydroxytyrosol (C1), tyrosol (C2), and apigenin (C12) also increased insulinl (Ins1)
mRNA levels by approximatively 40-50% (Figure 2A; * p < 0.004 vs. DMSO) without
inducing changes in insulin2 (Ins2) mRNA levels. Furthermore, hydroxytyrosol (C1),
tyrosol (C2), p-coumaric acid (C6), ferulic acid (C7), sinapic acid (C8), (+)-pinoresinol
(C10), oleuropein (C11), and apigenin (C12) significantly augmented insulin content
levels to varying extents, ranging from 1.3- to 2.4-fold (Figure 2B; * p < 0.004 vs. DMSO).
In addition, 24 h exposure to PCs did not induce any change in insulin release in the
culture medium (Figure 2C).
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Figure 2. Effects of EVOO PCs (C1-C12, see Table 1) on insulin1 (Ins1, white bars) and insulin2
(Ins2, dark bars) mRNA levels (A), insulin content (B), and insulin release (C). INS-1E cells were
treated for 24 h with 10 uM of each PC. Control cells were stimulated with DMSO only. (A) Ins1
and Ins2 gene expression was evaluated by qRT-PCR analysis and normalized to Gusb gene
expression. (B) Insulin content was normalized to protein concentration and is expressed as a
percentage of untreated controls. (C) Insulin release was measured in culture medium of INS-1E
cells from (B), normalized to protein concentration and expressed as a percentage of untreated
controls. At least three independent experiments were performed. Data are expressed as means +
SD. Statistical significance was determined by one-way ANOVA (p < 0.05) followed by
Bonferroni-corrected t-test (* p < 0.004 vs. DMSO). Ins1, insulin1; Ins2, insulin2; Gusb, glucuronidase
beta.

2.3. Effects of EVOO PCs on Glucose-Stimulated Insulin Secretion

For evaluation of glucose-stimulated insulin secretion (GSIS), INS-1E cells were
treated for 1 h with 10 pM of each PC, cultured with 3 mM (basal) of glucose Krebs—
Ringer bicarbonate HEPES buffer (KRBH) for 1 h and then cultured with 25 mM
(stimulatory) of glucose KRBH for another hour. Interestingly, vanillic acid (C4), vanillin
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(C5), luteolin (C9), and apigenin (C12) enhanced the GSIS by ~1.9-, 1.4-, 1.3-, and 1.3-fold,
respectively (Figure 3A; * p < 0.004 vs. 3 mM glucose; # p < 0.004 vs. DMSO). In contrast,
p-coumaric acid (C6), ferulic acid (C7), sinapic acid (C8), and oleuropein (C11) reduced
the ability of beta-cells to secrete insulin in response to stimulatory concentrations of
glucose (Figure 3A). In addition, insulin content was measured in the same cells used for
the GSIS assay (Figure 3B). Interestingly, unlike prolonged treatment (24 h, Figure 2B),
short exposure to PCs (1 h) did not induce any changes in insulin content. Only a slight,
not-significant reduction was observed in cells treated with vanillic acid (C4), vanillin
(C5), luteolin (C9), and apigenin (C12), probably due to enhanced glucose-stimulated
insulin release.

Furthermore, we evaluated the ability of a mixture of three PCs (ie., 10 pM
hydroxytyrosol (C1), 10 uM tyrosol (C2), and 10 pM apigenin (C12)) to promote the GSIS
in human pancreatic islets. The components of the mixture were chosen for different
reasons: while apigenin was the only PC to enhance all observed biological effects in
INS-1E cells without influencing apoptosis, hydroxytyrosol and tyrosol, in addition to
inducing beta-cell proliferation and insulin biosynthesis, are the only two PCs in EVOO
to have already been included in a health claim by the European Food Safety Authority
(EFSA) for their ability to protect blood lipids from oxidative stress [12]. Interestingly, we
found that the mixture enhanced the GSIS by ~1.5-fold (Figure 3C; *p < 0.025 vs. 3 mM
glucose; #p < 0.025 vs. DMSO).
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Figure 3. Effects of EVOO PCs (C1-C12, see Table 1) on the glucose-stimulated insulin secretion
(GSIS) in INS-1E cells and human pancreatic islets. (A) INS-1E cells were treated for 1 h with 10 uM
of each PC. Control cells were stimulated with DMSO only. (C) Human pancreatic islets were
treated for 1 h with a mixture of 10 uM C1, 10 uM C2, and 10 uM C12. Control islets were
stimulated with DMSO only. (A,C) GSIS was measured after 1 h at 3 mM glucose (white bars =
basal secretion) followed by 1 h at 25 mM glucose (dark bars = stimulated secretion). Secretion was
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normalized to protein concentration and is expressed as a percentage of untreated controls. (B)
Insulin content was measured in INS-1E cells from (A) after GSIS assay, normalized to protein
concentration and expressed as a percentage of untreated controls. At least three independent
experiments were performed. Data are expressed as means + SD. Statistical significance was
determined by one-way ANOVA (p < 0.05) followed by Bonferroni-corrected t-test (* p < 0.004 vs. 3
mM glucose; # p <0.004 vs. DMSO for 3A; * p < 0.025 vs. 3 mM glucose; # p <0.025 vs. DMSO for 3C).

2.4. Apigenin Activates Beta-Cell Intracellular Signaling

As mentioned above, apigenin was the only phenolic compound to enhance all
observed biological effects without influencing apoptosis (Table 2).

Table 2. Effects of EVOO PCs on the function and survival of INS-1E cells.

Compound Proliferation Apoptosis Insulinl mRNA Level Insulin GSIS
Content

Hydroxytyrosol T - T ™ -
Tyrosol T - 0 0 -
Caffeic acid - ™ - - -
Vanillic acid 0 T - - T
Vanillin - T - - T
p-Coumaric acid - - - T N2
Ferulic acid - - - ™ N
Sinapic acid - - - ™ N2
Luteolin - - - - T
(+)-Pinoresinol - - - ™ -
Oleuropein - - - ™ N
Apigenin ™ _ 2 N PN

1, increased; |, reduced; -, no effect.

We, therefore, investigated whether apigenin is able to promote the
phosphorylation/activation of protein kinase B (AKT) and cAMP response
element-binding protein (CREB), which are key in the regulation of beta-cell mass and
function [13,14]. Apigenin significantly induced both AKT and CREB phosphorylation,
starting from 5 and 15 min of stimulation, respectively (Figure 4; * p < 0.017 vs. no
apigenin).
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Figure 4. Effects of apigenin on beta-cell intracellular signaling. INS-1E cells were treated with 10
uM apigenin for 5, 15, and 30 min. Control cells were stimulated with DMSO only. Protein kinase B
(AKT) and cAMP response element-binding protein (CREB) phosphorylation was measured by
immunoblotting and quantified by densitometry. Densitometric analysis of the related bands was
expressed as relative optical density, normalized using total AKT or CREB and expressed as a
percentage of untreated controls. 3-actin was used as a loading control. At least three independent
experiments were performed. Data are expressed as means + SD. Statistical significance was
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determined by one-way ANOVA (p < 0.05) followed by Bonferroni-corrected t-test (* p < 0.017 vs.
no apigenin).

3. Discussion

In this study, we investigated, for the first time, the effects of the main EVOO
phenolic compounds on beta-cell function and survival. We found that hydroxytyrosol,
tyrosol, and apigenin foster beta-cell health by promoting proliferation and improving
insulin biosynthesis (hydroxytyrosol, tyrosol, and apigenin; Figures 1A and 2), as well as
by enhancing the GSIS (apigenin only; Figure 3A), without affecting apoptosis levels
(Figure 1B). Interestingly, we also found that a mixture of hydroxytyrosol, tyrosol, and
apigenin promotes the GSIS in human pancreatic islets (Figure 3C). Other PCs have
shown beneficial properties in relation to single biological effects—proliferation (vanillic
acid), insulin content (p-coumaric acid, ferulic acid, sinapic acid, (+)-pinoresinol, and
oleuropein), and the GSIS (vanillic acid, vanillin, and luteolin). Surprisingly, several PCs
also exerted detrimental effects. This was the case for caffeic acid, vanillic acid, and
vanillin, which induced beta-cell apoptosis (Figure 1B), as well as p-coumaric acid, ferulic
acid, sinapic acid, and oleuropein, which reduced the ability of beta-cells to secrete
insulin in response to stimulatory concentrations of glucose (Figure 3A).

Recently, the ability of EVOO to improve metabolic control in T2D patients has been
attributed to PCs, since the consumption of EVOO rich in PCs (25 mL/day, 577 mg of
PCs/kg) reduced fasting plasma glucose, hemoglobin Alc (HbAlc) levels, and body mass
index (BMI) in overweight T2D patients compared to the consumption of refined olive oil
with no PCs [10]. The exact mechanisms responsible for these effects remain unclear,
however.

Until now, only a few studies have examined the effects of EVOO PCs on beta-cell
function and survival. Tyrosol was found to inhibit endoplasmic reticulum (ER)-induced
beta-cell apoptosis [15], and caffeic acid enhanced the GSIS and glucose sensitivity in
INS-1E cells [16]. Ferulic acid reportedly reduced beta-cell apoptosis in rats with
streptozotocin (STZ)-induced diabetes [17] and prevented methylglyoxal-induced
protein glycation, DNA damage, and apoptosis in pancreatic beta-cells [18]. Luteolin
prevented cytokine- and uric-acid-induced pancreatic beta-cell dysfunction [19,20], likely
by reducing ER stress [21], and oleuropein promoted insulin secretion and protected
beta-cells from amyloid-, cytokine-, and H:0:-induced cytotoxicity [22-25]. Finally,
apigenin attenuated pancreatic beta-cell damage in STZ-, 2-deoxy-D-ribose-, or
cytokine-treated pancreatic beta-cells [20,26-28] through its protective effects on cellular
antioxidant defense. To the best of our knowledge, our study is the first to evaluate
simultaneously but individually the effects of the main EVOO PCs on both beta-cell
function and survival.

Importantly, in our study, we used commercial standard PCs instead of PCs
extracted directly from EVOO. This choice was driven by the need to reveal the specific
effect of each individual PC on beta-cell function. In fact, while the ability of EVOO to
improve metabolic control in T2D patients is already known [4-6], the further
anti-diabetes properties of PC-enriched EVOO are still controversial [10,29]. Therefore, to
identify both the ideal EVOO PCs mixture against diabetes and the valid criteria to
evaluate the real anti-diabetes potential of a specific EVOO, it is crucial to understand
whether and to what extent each PC contributes to these beneficial metabolic effects. For
this purpose, the use of commercial standards has the advantage of being readily
available in large quantities, of being not contaminated, and of ensuring reproducible
data. On the other hand, PCs extracted directly from EVOO may have some
disadvantages, such as (i) a low extraction yield, insufficient to perform experiments on
cell lines; (ii) the retention of the solvents used for extraction or the mobile phases used
for the separation, which could be cytotoxic; and (iii) difficulty in standardizing the
extraction procedure and quantifying the real amount of extracted PCs [30]. Of course,
the current study is not a point of arrival, while it is preparatory to further studies on PCs
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extracted directly from different varieties of EVOO, creating a knowledge base to
appreciate a possible synergistic action of the PCs.

Relevant to this concept, it was recently demonstrated that the consumption of a diet
rich in EVOO improves metabolic control and beta-cell survival and function in
high-fat-diet-induced diabetes in mice; however, no additional beneficial effects were
observed from EVOO containing higher levels of PCs [29]. According to our results, it is
possible that the beneficial effects of some PCs (especially hydroxytyrosol, tyrosol, and
apigenin) on beta-cell survival and function are counteracted by the detrimental effects of
other PCs on apoptosis (caffeic acid, vanillic acid, and vanillin) and the GSIS (p-coumaric
acid, ferulic acid, sinapic acid, and oleuropein). Indeed, we have shown that the same
compound can exert both positive and negative effects. For example, vanillic acid and
vanillin enhance the GSIS but increase apoptosis levels; similarly, p-coumaric acid, ferulic
acid, sinapic acid, and oleuropein increase insulin content but reduce the GSIS. This
could be due to the clonal heterogeneity of pancreatic beta-cells. In fact, it has recently
emerged that different subpopulations of beta-cells may be differently targeted by insults
or treatments, yielding potentially different responses in terms of function, proliferation,
and survival [31].

Most studies agree that the beneficial effects of PCs are due to their antioxidant
action. Here, we have also shown that apigenin, the only PC able to enhance all observed
biological effects without influencing apoptosis, is able to phosphorylate and activate
AKT and CREB (Figure 4), which are important positive regulators of beta-cell mass and
function [13,14]. Previous studies have shown the ability of apigenin to activate AKT in
numerous cellular systems [32]. Importantly, these protein intermediates are usually
intracellular mediators of G-protein-coupled receptor or tyrosine kinase receptor
signaling pathways. It could therefore be possible that apigenin acts through a specific
receptor on the beta-cell surface. Further studies are required to shed light on the
mechanisms of action through which PCs act on beta-cells.

Our study has some limitations. First, PCs undergo changes through intestinal and
hepatic metabolism, in which they are hydrolyzed and later conjugated into their
glucuronidated, methylated, or sulphated forms in order to be absorbed and become
biologically active [33]. In our study, we tested only the effects of unmetabolized PCs, so
we may have underestimated their biological effects. Second, in our study, the first
effective dose of PCs on INS-1E cells was 10 uM. This concentration, although the lowest
among those used in the literature, is apparently supra-physiological [34]. We have also
tested lower doses of PCs without finding any biological effects (i.e., insulin secretion;
data not shown). Since the ability to induce insulin secretion is a necessary condition for a
compound to exert an anti-diabetes effect, we chose the dose of 10 uM regardless of the
possible cytotoxicity that some PCs showed at that concentration (e.g., caffeic acid,
vanillic acid, and vanillin). Phenolic concentration in EVOO ranges from 50 to 800 mg/kg,
depending on variety, climate, area of growth, latitude, and ripeness of the olive [11]. In
general, bioavailability studies in humans show that the absorption of olive oil phenols is
likely larger than 55-66 mol% [35]. In particular, after ingestion of 30 mL of EVOO
enriched with PCs, the maximum concentrations in plasma reached by hydroxytyrosol,
tyrosol, and apigenin metabolites (hydroxytyrosol sulphate, tyrosol sulphate, and
apigenin glucuronide) are approximatively 0.86, 0.95, and 0.09 uM, respectively [36],
which are lower than the doses used in vitro. Nevertheless, it is difficult to predict the
amount of PCs actually delivered to the beta-cells [2]. Third, more experiments on human
beta-cells or human pancreatic islets, as well as targeted dietary intervention studies in
animal models of T2D, are required to confirm our results, with the final goal of using
specific EVOO PCs, alone or in combination, in preventive or therapeutic strategies
against T2D.

In summary, this study shows that hydroxytyrosol, tyrosol, and apigenin, both
alone and in combination, may preserve both function and survival of beta-cells,
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suggesting that EVOO or supplements enriched with these compounds may improve
insulin secretion and promote glycemic control in T2D patients.

4. Materials and Methods
4.1. Cell Culture

Rat insulin-secreting INS-1E cells (passage 15-30; a kind gift from C. B. Wollheim,
University of Geneva, Geneva, Switzerland) were grown in RPMI-1640 medium with
11.1 mM glucose supplemented with 10% fetal bovine serum (FBS), 100 IU/mL of
penicillin, 100 pug/mL of streptomycin, and 1% nonessential amino acids (all from Thermo
Fischer Scientific, Waltham, MA, USA). Cultures were kept in a monolayer at 37 °C in a
humidified incubator gassed with 5% COz. For experiments, cells were seeded in 6-well
dishes up to 80% confluence.

4.2. Human Pancreatic Islets

Human pancreatic islets were isolated by collagenase digestion from pancreatic
biopsies of non-obese, non-diabetic patients undergoing duodenocefalopancreasectomy
(dpc) for Vater’'s ampulla tumors. Biopsies were excised and processed with the approval
of the regional ethics committee, and informed consent was obtained from each patient.
Baseline characteristics of islets donors are reported in Table 3. Human pancreatic islets
were cultured in Medium 199 with Earle’s salts (Sigma-Aldrich Inc., St. Louis, MO, USA)
containing 5 mM glucose and supplemented with 10% FBS, 1% penicillin and
streptomycin, 50 pug/mL of gentamicin (all from Thermo Fisher Scientific, Waltham,
Massachusetts, USA), and 0.25 pg/mL of amphotericin (Aurogene s.r.l, Roma, Italy).

Table 3. Baseline characteristics of islet donors.

(ytag:s) Sex  BMI (kg/m?) FPG (mg/dL) Source
Islet preparation 1 66 F 19.38 82 dpc
Islet preparation 2 64 F 22.43 93 dpc
Islet preparation 3 61 M 18.38 82 dpc

BMI, body mass index; dpc, duodenocefalopancreasectomy; FPG, fasting plasma glucose.

4.3. Chemicals and Treatments

Standards of hydroxytyrosol, tyrosol, caffeic acid, vanillic acid, vanillin, p-coumaric
acid, ferulic acid, sinapic acid, luteolin, (+)-pinoresinol, oleuropein, and apigenin were all
purchased from Sigma-Aldrich (St. Louis, MO, USA). Stock solutions of PCs were
prepared in DMSO and stored at —20 °C. Cells were treated with 10 uM PCs, or a mixture
thereof, for various times, as indicated. Under control conditions, cells were treated with
DMSO only.

4.4. Immunoblotting and Measurement of Apoptosis

For protein analysis, cells were lysed in lysis buffer (50 mM HEPES pH 7.4, 1% Triton
x 100, 150 mM NaCl, 1 mM MgCL, 1 mM CaClz, 10% glycerol, 10 mM NaPP, 10 mM NaF,
and 4 mM EDTA) supplemented with protease and phosphatase inhibitors (Complete Mini
Protease Inhibitor Cocktail Tablets and PhosStop Phosphatase Inhibitor Cocktail Tablets,
Roche Diagnostic, Indianapolis, IN, USA). Protein concentration was determined using the
Bradford assay (Biorad, Hercules, California, USA). Equal amounts of protein (40 pg)
were separated by SDS-PAGE and blotting on polyvinylidene fluoride (PVDF)
membranes was performed using a Trans-Blot Turbo Transfer System (Biorad, Hercules,
CA, USA). Membrane blocking and incubation with primary antibodies were performed
with 5% skim milk in Tris-buffered saline with Tween, and then membranes were
incubated with primary antibodies overnight at 4 °C, followed by washing with
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tris-buffered saline (TBS) and incubating with a horseradish-peroxidase-conjugated
secondary antibody for 1 h at room temperature. Clarity Western ECL Substrate (Biorad,
Hercules, CA, USA) was used for visualization of proteins with a Model 3000 VersadDoc
Imaging System (Biorad, Hercules, CA, USA). The signal intensity of each protein band
was then measured using Quantity One Software (Biorad, Hercules, CA, USA) and
normalized to the corresponding total protein band. Anti-phosphorylated (p)AKT
antibody (phosphorylation at Ser473 site; cat. no. 4060), anti-Akt antibody (4691),
anti-pCREB antibody (phosphorylation at Ser133 site; 9198), and anti-CREB antibody
(9197) were purchased from Cell Signaling Technology.

Apoptosis was measured using the Cell Death Detection ELISAMUS Kit (Roche
Biochemicals, Indianapolis, IN, USA) according to the manufacturer” instructions.

4.5. Gene Expression by Quantitative Reverse-Transcription Polymerase Chain Reaction
(gqRT-PCR)

Total RNA was isolated using the RNeasy Mini Kit (Qiagen, Hilden, Germany), with
genomic DNA contamination eliminated via DNase digestion (Qiagen, Hilden,
Germany). Total RNA (500 ng) was used as a template for cDNA synthesis using the
High-Capacity ¢cDNA Reverse Transcription Kit (Applied Biosystems, Weiterstadt,
Germany). Primers were designed using Primer Express 3.0 (Applied Biosystems; see
Table 4), and real-time PCR was carried out in a Biorad CFX Connect Real-Time System
(Biorad, Hercules, California, USA). Relative gene expression levels were determined by
analyzing the changes in SYBR green fluorescence during PCR using the AACq method.
The mRNA level of each gene was then normalized using Gusb (glucuronidase beta) as an
internal control.

Table 4. Primers used for qRT-PCR analysis.

Primer Sequence (5" 2 3) Direction
rattus_Insulinl (Ins1) CTGCCCAGGCTTTTGTCAA Forward
rattus_Insulinl (Ins1) TCCCCACACACCAGGTACAGA Reverse
rattus_Insulin2 (Ins2) GCAAGCAGGTCATTGTTCCA Forward
rattus_Insulin2 (Ins2) GGTGCTGTTTGACAAAAGCC Reverse

rattus_Mki67 GGACCCCAAAGAAGTGTTGA Forward
rattus_Mki67 GCTTCTCACCTGTTGCTTCC Reverse
rattus_Gusb GACGTTGGGCTGGTGAACTAC Forward
rattus_Gusb CACGGGCCACAATTTTGC Reverse

4.6. Measurement of Insulin Content and Glucose-Stimulated Insulin Secretion (GSIS)

To measure insulin content, INS-1E cells were lysed in non-denaturing lysis buffer
(50 mM Tris HCl pH 74, 150 mM NaCl, 1 mM EDTA, and 1% Triton X-100,
supplemented with protease and phosphatase inhibitors). Cell lysates were then cleared
by centrifugation and frozen at -70 °C for subsequent determination of insulin
concentrations (dilution factor 1:1000).

For GSIS assessment, INS-1E cells and human pancreatic islets were treated for 1 h
with 10 uM PCs or a mixture of 10 uM C1, 10 uM C2, and 10 uM C12. Cells and islets
were then cultured for 1 h in 3 mM glucose Krebs—Ringer bicarbonate HEPES buffer
(KRBH; 136 mM NaCl, 4.7 mM KCl, 1.25 mM CaClz, 1.25 mM MgClz, 5 mMK H2POq, 25
mM NaHCOs, 10 mM HEPES, and 0.5% BSA (pH 7.4)) in the presence of PCs and finally
cultured for 1 h in 3 mM glucose KRBH buffer and for another hour in 25 mM glucose
KRBH buffer. Supernatants were collected and frozen at -70°C for subsequent
determination of insulin concentrations (dilution factor 1:10).

Insulin concentration was assessed using a High-Range Rat Insulin ELISA kit
(Mercodia AB, Sylveniusgatan, Uppsala, Sweden; detection range 3-150 pg/L; detection
limit <1.5 pg/L).
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4.7. Statistical Analysis

Data are expressed as means + standard deviation (SD). At least three independent
experiments were performed. Statistical significance was determined by one-way ANOVA
(p-value < 0.05 was considered statistically significant) followed by Bonferroni-corrected
paired t-test.
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