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The health-promoting effects of various constituents of the olive tree (Olea europaea) are mainly associated with hypoglycaemic and insulin-
sensitising activities and have been widely demonstrated in the metabolic syndrome and type 2 diabetes. However, their biological activity in
autoimmune type 1 diabetes (T1D) is poorly characterised. Therefore, the influence of O. europaea-derived components present in dry olive
leaf extract (DOLE) was examined in two established preclinical models of human T1D, which differ in some aspects of diabetogenesis: multiple
low-dose streptozotocin-induced diabetes in susceptible C57BL/6 and CBA/H mouse strains; cyclophosphamide-accelerated diabetes in non-obese
diabetic mice. In both T1D models, in vivo administration of DOLE significantly reduced clinical signs of diabetes (hyperglycaemia and body
weight loss) and led to complete suppression of histopathological changes in pancreatic islets. In line with these, insulin expression and release
were restored in DOLE-treated mice. Interestingly, inducible NO synthase expression and NO production were significantly elevated in
peripheral tissues but were down-regulated within the local environment of the endocrine pancreas. This interference was reflected in NO-mediated
suppression of T lymphocyte proliferation and lower production of the proinflammatory cytokines interferon-y, IL-17 and TNF-« in the spleen,
with subsequent blockade of (-cell destruction. The results suggest that DOLE interferes with development of autoimmune diabetes by down-
regulating production of proinflammatory and cytotoxic mediators. Therefore, the potential use of a DOLE-enriched diet for prophylaxis/treatment
of human T1D, and possibly other autoimmune diseases, is worthy of further investigation.

Type 1 diabetes: Olea europaea leaves: Cytokines: Nitric oxide

The term diabetes mellitus is used to describe a variety of
chronic metabolic disorders characterised by elevated blood
glucose levels now afflicting 3 % of the world population(l’z).
Diabetes mellitus can broadly be classified into two main
types based on individual aetiologies. Type 1 diabetes (T1D)
that accounts for approximately 5-10% of all cases of
diabetes, is an inflammatory autoimmune disease in which
pancreatic insulin-producing (-cells are selectively destroyed
by cells of the immune system(3) culminating in a state of
hypoinsulinaemia and hyperglycaemia®. Type 2 diabetes
(T2D) that is estimated to represent 90—95 % of all cases is
due to B-cell failure or various degrees of insulin resistance®™.
The only possible cure for T1D is control of the T cell
autoimmunity against (-cells together with recovery and/or
replacement of the destroyed (-cell mass. Over many
years, various immunomodulatory regimens were tested
with the aim of blocking autoimmunity against 3-cell mass
and promoting [(-cell preservation. Despite considerable
progress in the management of T1D with conventional

drugs, a single effective immune-based therapeutic approach
has not been identified so far'>®~%. This provides an impetus
for the development of new therapeutic strategies using
various animal models""®'". However, any single animal
model is unlikely to address the issue of population hetero-
geneity, so the application of different models has been
instructive about many diverse scenarios that might occur in
human T1D"?.

Benefits of the Mediterranean-style diet have been known
for centuries, and it has been traditionally used to prevent
and treat different metabolic disorders. Phenolic components
of commonly consumed foods, such as red wine and virgin
olive oil, or components of other olive (Olea europaea)
organs, such as leaves, rich in these constituents, have been
shown to possess strong antioxidant and anti-inflammatory
properties’”. The chemical composition of dry olive
leaf extract (DOLE) is very complex, comprising oleuropein,
caffeic acid, luteolin, luteolin-7-O-glucoside, apigenin-
7-O-glucoside, quercetin, chrysoeriol and others"®. Due to
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nodes; IFN, interferon; Spl, splenocytes; T1D, type 1 diabetes; T2D, type 2 diabetes.
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all these useful active ingredients, olive oil and olive
leaf constituents have been used increasingly as comple-
mentary and alternative medicine to improve metabolic
disorders">~'?. Some of these beneficial effects include reac-
tive oxygen species scavenge, inhibition of LDL oxidation,
production of NO, down-regulation of adhesion molecules
and inhibition of inflammatory cytokines(zo_zz). It has also
been reported that constituents of olive leaves have anti-
hyperglycaemic and insulin-sensitising activities, suggesting
a beneficial metabolic effect in T2D?3~29, However, the
development of therapeutic approaches for T1D has been
neglected in favour of efforts to advance therapies for the
larger T2D population.

In view of the increasing prevalence, there is a growing
need to develop integrated approaches towards prevention
and treatment of T1D by exploring potentials offered by
traditional phytotherapies as alternative and/or supplementary
therapy. Recently, we have shown that DOLE-enriched diet
ameliorated central nervous system autoimmunity in rats
through reduction of proinflammatory cytokine production,
which implied that this extract had a potent immunomodula-
tory effect®”. Therefore, in the present study we investigated
the effects of commercially available standardised DOLE on
pancreatic islet (Panc)-directed autoimmunity. For this pur-
pose, we used two models of T1D: cyclophosphamide (CY)-
accelerated diabetes in non-obese diabetic (NOD) mice®®;
multiple low-dose streptozotocin (MLDS)-induced diabetes
in susceptible mouse strains®”, because hyperglycaemia and
insulitis can be easily induced in a relatively short period of
time in a high percentage of animals. In both the disease
models, inflammatory autoreactive T cells and macrophages
mediate the autoimmune status, causing islet B-cell destruc-
tion either directly or through secretion of proinflammatory
cytokines and free radicals®?. However, in contrast to
MLDS-induced diabetes, CY-induced diabetes in NOD mice
is based on selective elimination of inhibitory cells that
would otherwise prevent development of the disease®®.
Therefore, the ultimate translational objective is to use both
of these animal models to test the hypothesis that DOLE pro-
tects against T1D development and to determine potential
mechanisms involved in this protective effect.

Materials and methods

Reagents

Standardised to 18—26 % of oleuropein, DOLE EFLA® 943
was purchased from Frutarom Switzerland Ltd (Wédenswil,
Switzerland). The extract was manufactured from the dried
leaves of O. europaea L., applying an ethanol (80 % m/m)
extraction procedure. After a patented filtration process
(EFLA® Hyperpure), the crude extract was dried. Further-
more, stability and microbiological purity were confirmed by
the manufacturer. The extract was standardised to 19-8 % of
oleuropein content by the manufacturer. It was further phyto-
chemically analysed for the presence of various components in
the previous report of Dekanski and collaborators. There it
was detected that the extract contained oleuropein (19-8 %),
total flavonoids (0-29 %), including luteoline-7-O-glucoside
(0-04 %), apigenine-7-O-glucoside (0-07 %) and quercetin
(0-04 %), as well as tannins (0-52%) and caffeic acid

(0-02 %), All other reagents were purchased from Sigma
(St Louis, MO, USA) unless otherwise noted.

Type 1 diabetes induction and in vivo treatment protocols

All experimental procedures were approved by the Insti-
tutional Animal Care and Use Committee at the Institute
for Biological Research ‘Sinisa Stankovi¢’, University of
Belgrade and run in accordance to the requirements of the
European Union regarding handling of experimental animals.
Specific pathogen-free inbred C57BL/6, CBA/H and NOD/
Shil.t] mice were provided by the Central Animal House
Facility of our institute. Mice were maintained under conven-
tional conditions with free access to a standard laboratory
chow and potable water. Animals and feed were regularly
checked by appropriate microbiological examinations, which
showed that the animals were not infected with common
mouse pathogens and that the feed was free of microbiological
contamination.

Immunoinflammatory T1D was induced in male mice of
the C57BL/6 and CBA/H strains with multiple low doses
of streptozotocin (MLDS, 40mg/kg body weight (b.wt.),
intraperitoneal (i.p.) for five consecutive days) as described
previouslym). The mice were age-matched (8—12 weeks of
age) with b.wt. ranging from 25 to 30g. Treatment with
DOLE was per oral (p.o.) by gavage in 0-2ml of PBS
(100 mg/kg b.wt. per d, divided into two daily doses), or
ip. (40mg/kg b.wt per d), given as a prevention regimen
(days —5-21 of diabetes post induction (p.i.)) or as a reversal
regimen (days 5-21 p.i.). Control MLDS-induced mice were
treated with an equivalent amount of vehicle. A group of
non-diabetic control mice were treated i.p. with DOLE only.
The mice subjected to morphological examination of pancrea-
tic glands and ex vivo analyses were sacrificed on day 15 p.i.,
unless otherwise stated. Each experimental group used for
in vivo analyses consisted of six to seven mice per group,
whereas for ex vivo analyses each experimental group had
four to five mice per group.

For induction of T1D with CY, nulliparous non-pregnant
non-diabetic female NOD mice, 8—10 weeks old (b.wt.
range 20-25 g) were injected twice with the drug at a dose
of 300mg/kg b.wt., i.p., with a 2-week interval between
the injections. DOLE was administered i.p. (40 mg/kg b.wt.
per d), or p.o. (100 mg/kg b.wt. per d, divided into two daily
doses) as a continuous treatment until the end of the exper-
iments, starting 1d after the first diabetogenic challenge
with CY. Control mice were i.p. administered with an equiv-
alent amount of vehicle or left untreated. The number of mice
used for every experiment was seven to sixteen per group.

Both in MLDS- and CY-induced diabetes, blood
samples were taken from the tail tip of non-fasting mice for
blood glucose determination, with a handheld glucometer
(GlucoSure Plus; ApexBio, Hsinchu, Taiwan, ROC). Mice
were considered hyperglycaemic when blood glucose
concentration exceeded 10 mmol/l (for MLDS induction) and
8-8 mmol/l (for CY induction).

The dose of DOLE used in the present study was calculated
according to a clinical study in which DOLE at 1000 mg daily
(divided in two doses) effectively reduced blood pressure™*?.
We used the metabolic body size or food intake rather than
b.wt. as the criterion for extrapolation of the dosage from
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human subjects to mice®®. The estimated quantity of

DOLE expressed per unit of human diet was 20mg/g of
dry food. For the mouse, this consumption corresponded to
a DOLE dose of 100 mg/kg. Moreover, our previous results
indicated that a similar amount (80 mg/kg) was very effective
in experimentally induced gastric lesions in rats'¥, as well
as for preventing experimental autoimmune encephalomyelitis
in rats'??.

Histology and immunohistochemistry

For histological analysis, pancreases were placed in formalin
and embedded in paraffin. Five-micrometer sections were
prepared from different levels (200 wm apart), stained with
haematoxylin and eosin and examined for the presence of
mononuclear cell infiltration by light microscopy. Multiple
independent sections were analysed at varying depths for
each pancreas in a blind fashion. At least twenty islets per
pancreas were graded for insulitis according to an arbitrary
scale as follows: O, intact islets; 1, area of mononuclear cell
infiltration within an islet <25 %; 2, 25-50 %; 3, >50 %; 4,
small retracted islets with some residual infiltrates. The
mean score for each group was calculated by dividing
the total score by the number of islets examined. Repre-
sentative islets were photographed using a Zeiss microscope
at 200 X magnification.

Immunohistochemical analyses were performed on 5 pm
paraffin thick transverse sections of pancreas. After deparaffi-
nisation, tissue sections were treated using a microwave anti-
gen retrieval procedure in 0-01 M sodium citrate buffer. After
blocking endogenous peroxidase, slides were incubated for
1h with the appropriate dilution of primary antibodies,
followed by the Rabbit ExtrAvidin peroxidase staining kit
according to the manufacturer’s instructions. Primary anti-
bodies were rabbit anti-nitrotyrosine (1:500), and rabbit anti-
inducible NO synthase (iNOS; 1:400). Staining was developed
with diaminobenzidine (DakoCytomation, Carpinteria, CA,
USA), and sections were counterstained with haematoxylin.
A minimum of twenty islets per animal were analysed for
each marker.

Cell preparations and culture

Pancreatic lymph nodes (PLN), spleens, resident peritoneal
cells (PC) and pancreata were collected from individual
MLDS-induced mice or from CY-induced NOD mice treated
with DOLE or its vehicle, on day 15 of diabetes p.i. Resident
PC were collected by peritoneal lavage with cold PBS. To
isolate PLN cells and splenocytes (Spl), organs were mechani-
cally disrupted, passed through 40 wm nylon mesh filter and
collected by centrifugation. Erythrocytes from single cell
suspensions were lysed using erthrocytes lysis buffer
(eBioscience, San Diego, CA, USA). Pancreata were used
for isolation of the Panc by collagenase digestion, as pre-
viously described'?, followed by handpicking. Cell culture
supernatants, used for detection of cytokine and NO pro-
duction were obtained by culturing the cells (1 X 10° PC,
5% 10° Spl or 3 x 10° PLN cells) in twenty-four-well culture
plates in 1ml of Roswell Park Memorial Institute-1640
containing 5% fetal calf serum, 2mm-glutamine, 0-01 %
sodium pyruvate, 5 X 10> M-2-mercaptoethanol and antibiotics

(culture medium). After 48h incubation at 37°C in a
humidified atmosphere with 5% CO,, media were harvested
for cytokine and NO assay.

In vitro suppression assay

The in vitro interaction between PC and Spl was assessed
by co-culture. To measure proliferation, Spl (5 X 10° per
well) were co-cultured with different numbers of PC
(1 X 10°~1 x 10%). Cells were plated in ninety-six-well flat-
bottom plates in culture medium and stimulated with
1 pg/ml concanavalin A. After 48h in co-culture, 37-5kBq
(1 pCi) of & H]thymidine (ICN, Costa Mesa, CA, USA)
was added to each well, and cells were harvested 18 h later.
Incorporated radioactivity was measured in a liquid scintil-
lation counter (Beckman Coulter, Fullerton, CA, USA).

Assessment of insulin and cytokines

For estimation of insulin concentration, non-fasted mice
were bled from the orbital plexus. Serum was obtained
and examined for mouse insulin using an ELISA kit
(Mercodia, Uppsala, Sweden) according to the manufacturer’s
instructions. Cytokines in both serum and cell culture
supernatants were determined by sandwich ELISA using
MaxiSorp plates (Nunck, Rochild, Denmark) and anti-
mouse paired antibodies according to the manufacturer’s
instructions. Samples were analysed in duplicate for murine
IL-17, IL-1B8, TNF-a (BD Pharmingen, San Diego, CA,
USA), IL-6, IL-10 (eBioscience), interferon (IFN)-y and
IL-4 (R&D, Minneapolis, MN, USA). The results were
calculated using standard curves made on the basis of known
concentrations of the appropriate recombinant cytokines.

Assay of nitric oxide release

Nitrite accumulation, as an indirect measure of NO release,
was determined in cell culture supernatants using the Griess
reaction. In brief, triplicate aliquots of cell-free supernatants
were mixed with an equal volume of Griess reagent (a 1:1
mixture of 0-1 % naphthylethylenediamine dihydrochloride
and 1% sulphanilamide in 5% H;PO,). The absorbance
at 570nm was determined in a microplate reader (LKB
5060-006; LKB, Vienna, Austria) and compared to a standard
curve for NaNO,.

RNA isolation and real-time PCR

Total RNA was extracted from a pool of freshly isolated
Spl, PLN cells and PC (5 X 10°) or Panc from each exper-
imental group using a mi-Total RNA Isolation Kit (Metabion,
Martinsried, Germany) according to the manufacturer’s
instructions. RNA (1 pg) was reverse transcribed using
Moloney murine leukaemia virus RT and random hexamer
primers (both from Fermentas, Vilnius, Lithuania). PCR
amplification of cDNA (1wl per 20 ul of PCR) was carried
out in an ABI PRISM 7000 Sequence Detection System
(Applied Biosystems, Warrington, UK) using SYBRGreen
PCR master mix (Applied Biosystems) as follows: 10 min at
50°C for deoxy-uridine triphosphate activation; 10min at
95°C for initial denaturation of cDNA followed by forty
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cycles (15s of denaturation at 95°C and 60s for primer
annealing and chain extension step). Primer pairs (Metabion,
Munich, Germany) were: IL-17, 5-GGG AGA GCT TCA
TCT GT-3' and 5'-GAC CCT GAA AGT GAA GGG-3' (Gen-
Bank accession no. NM 010552.3); IFN-vy, 5-CAT CAG CAA
CAA CAT AAG CGT CA-3’ and 5-CTC CTT TTC CGC
TTC CTG A-3' (GenBank accession no. NM 008337.2);
TNF-o, 5-CCA CGT AGC AAA CCA C-3 and 5-TGG
GTG AGG AGC ACG TAG T-3' (GenBank accession no.
NM 013693.2); IL-4, 5-ATC CTG CTC TTC TTT CTC
G-3' and 5'-GAT GCT CTT TAG GCT TTC C-3' (GenBank
accession no. NM 021283.1); IL-10, 5-TGT GAA AAT
AAG AGC AAG GCA GTG-3' and 5-CAT TCA TGG
CCT TGT AGA CAC C-3' (GenBank accession no. NM
010548-1); 1L-1B, 5-TGT CGT TGC TTG GTT CTC
CTT-3' and 5-GCT GAA AGC TCT CCA CCT CAA TG-3
(GenBank accession no. NM 008361.3); iNOS, 5-CCA
TAA TAC TGG TTG ATG AAC T-3' and 5-AAG CTA
AAT CCT ACC AAA GTG A-3' (GenBank accession no.
NM 010927.2); insulin, 5-CCA TCA GCA AGC AGG TTA
T-3' and 5-GGG TGT GTA GAA GAA GCC A-3' (GenBank
accession no. NM 008386.3); B-actin, 5-GGA CCT GAC
AGA CTA CC-3 and 5-GGC ATA GAG GTC TTT ACG
G-3' (N\M 007393.2). Data were quantitatively analysed
using SDS 2.1 software (Applied Biosystems). The expression
of these genes was calculated according to the formula:
277w where Cy is the cycle threshold of the gene
of interest and Cy, is the cycle threshold value of [-actin.
The obtained values of the samples from MLDS group were
arbitrarily attributed a value of one (an arbitrary unit).
The efficiency of real time PCR was in the optimal range of
90-110% (slope of standard curves 3-1-3-6) for all of the
primer pairs used.

Flow cytometry

Cells (3 x 10° per sample) were stained for surface markers
with 0-5 g of fluorescein isothiocyanate conjugate-labelled
anti-CD4, anti-CD8 or F4/80 antibody (eBioscience). Treg
cells were detected by a Mouse Regulatory T cell Staining
Kit (PE-Cy5 Foxp3 FJK-16s, fluorescein isothiocyanate
conjugate CD4, PE CD25) according to the manufacturer’s
instructions (eBioscience). Appropriate isotype controls with
the same fluorophore were used (eBioscience). Stained cells
were detected on FACSCalibur and analysed by CellQuest
Pro software (BD Biosciences, San Diego, CA, USA).

Statistical analysis

The results are provided as means and standard deviations.
Statistical analysis of differences was made using one-way
ANOVA, followed by Student—Newman-—Keuls test for
multiple comparisons, or Student’s t-test, as appropriate.
The Spearman p value was calculated to determine the type
of correlation (—1-0 = inverse correlation). Differences
in diabetes incidence were analysed by Fisher’s exact prob-
ability test. The statistical package used was Primer, version
1.0 (McGraw-Hill, Columbus, OH, USA). P<<0-05 was
considered to be significant.

Results

Treatment with dry olive leaf extract reduces clinical signs of
multiple low-dose streptozotocin-induced diabetes

Diabetes was induced with MLDS in two T1D-susceptible
inbred mouse strains, C57BL/6 and CBA/H. In order to
avoid direct interference with the initial streptozotocin
action upon f-cells by DOLE, i.p. treatment with the extract
was started 24h after completion of MLDS administration
(reversal regimen). Control mice that were challenged with
MLDS and received vehicle i.p., developed persistent late
onset hyperglycaemia over a 2-week period after MLDS injec-
tions (Fig. 1(a) and (b)). Although MLDS induced different
degrees of hyperglycaemia in the two mouse strains,
DOLE treatment (40mg/kg b.wt.) led to a clear reduction
in blood glucose levels in both strains (Fig. 1(a) and (b)).
The extract showed a similar protective effect when given
p.o. (100mg/kg b.wt. per d, divided into two daily doses;
Fig. 1(a)). Moreover, in mice treated with DOLE by a preven-
tive regimen, diabetes was avoided (not shown). In addition,
when a control non-diabetic group of mice was treated with
DOLE i.p. for 5 weeks, the animals remained normoglycaemic
for the entire period of observation (not shown), indicating
that DOLE acts via the immune system, rather than through
metabolic pathways. Importantly, prolonged treatment (for
7 weeks) with the extract appeared to be well tolerated
by the mice as judged from their behaviour and general
appearance (data not shown). Moreover, DOLE treatment
did not affect b.wt. gain of treated mice (Fig. 1(c)), suggesting
that the extract does not induce toxicity in mice.

The effects of dry olive leaf extract on pathohistological
changes and insulin gene expression in the pancreas and
on insulin concentration in the serum

Concordant with the clinical status, histological examination
of pancreatic specimens showed that administration of
DOLE abrogated the development of the MLDS-induced
destructive autoimmune process. Whereas most of the islets
of control diabetic mice exhibited insulitis (mean gradel-7 at
day 15 p.i.) and subsequently lost clear margins as a result
of B-cell depletion (mean grade 2-6 at day 42 p.i.; Fig. 2(a)),
at the end of the study the islets of DOLE-treated mice
appeared normal, with no signs of inflammation or destruction
(Fig. 2(b)). The mean histological grade of DOLE-treated
mice did not exceed 0-5 during the whole investigation
period. Also, the total number of islets was reduced in
control diabetic mice, when compared with DOLE-treated
mice (data not shown). In agreement with pathohistological
findings, a decrease in the expression of insulin transcripts,
as well as lower systemic insulin levels were found in
vehicle-treated v. DOLE-treated mice (Fig. 2(c) and (d)).

Dry olive leaf extract counteracts accelerated diabetogenesis
induced by cyclophosphamide challenge in non-obese
diabetic mice

Since CY-induced diabetes in NOD mice differs in many
aspects from MLDS-induced diabetes, mainly due to the selec-
tive effect of the compound on Treg function®®, we further
examined whether DOLE has a beneficial effect in this
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Fig. 1. Effect of dry olive leaf extract (DOLE) treatment on hyperglycaemia
and body weight (b.wt.) of multiple low-dose streptozotocin (MLDS)-treated
mice. (a) Plasma glucose levels in control CBA/H mice or (b) C57BL/6 mice,
receiving MLDS (40 mg/kg per d for five consecutive days), or mice treated
with MLDS and DOLE, administered intraperitoneally (i.p.) or per orally (p.o.)
from days 5 to 21. (c) Percentage change in b.wt. from the start of the exper-
iment determined in the mice described in (a). Results from a representative
experiment are presented as the means and standard deviations for six to
seven mice per group. *P<0-05 refers to corresponding control MLDS
mice. (a) —<&—, MLDS; —l—, MLDS + i.p. DOLE; —A—, MLDS + p.o. DOLE.
(b) —©—, MLDS; —M—, MLDS + i.p. DOLE. (c) —<¢—, MLDS; —l—, MLDS +
i.p. DOLE; —A—, MLDS + p.o. DOLE.

model of autoimmune diabetogenesis, as well. As expected,
approximately 80 % of the control mice treated with vehicle
developed an acute form of diabetes within 2 weeks of the
CY injections (Table 1). In contrast, DOLE treatment, given
either i.p. or by oral gavage every day from day 1 of CY treat-
ment, completely abolished the diabetogenic process, since

none of the DOLE-treated mice developed hyperglycaemia
(Table 1). Concurring with the clinical findings, histological
studies of pancreases showed that DOLE treatment reduced
the extensive leucocyte infiltration observed in mice treated
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Fig. 2. Histopathology and insulin expression of pancreatic islets (Panc) and
serum insulin of multiple low-dose streptozotocin (MLDS)-treated mice.
(a and b) Light micrographs showing morphological profiles of Panc by day 42
after disease induction (haematoxylin and eosin staining): (a) control MLDS-
induced and (b) dry olive leaf extract (DOLE)-treated MLDS-induced C57BL/6
mice. (c) Insulin gene expression and (d) serum insulin concentration in mice
described in Fig. 1(b), sacrificed on day 15 post induction. Gene expression
is presented in arbitrary units, and the actual value (27 (G~ S) for the
gene expression was 0-013. Results from a representative experiment are
presented as the means and standard deviations for four to five mice per
group. *P<0-05 refers to corresponding control MLDS mice.
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Table 1. Inhibition of diabetes by dry olive leaf extract (DOLE) in
cyclophosphamide (CY)-treated non-obese diabetic mice (NOD)*

Diabetes incidence

Treatment with DOLE Diabetic/total % Pt
DOLE p.o.t 0/9 0-0 0-0003
DOLE i.p.§ 0/7 0-0 0-0005
Non-treated|| 11/14 78-6

Vehicle i.p.J 13/16 81.2

p.o., per orally; i.p., intraperitoneally.

* Diabetes was induced in euglycaemic female NOD mice by CY, as described in
‘Materials and methods’, and development of the disease was monitored within
2 weeks post induction of diabetes.

1 The incidence of diabetes in each group was compared using Fisher's exact
probability test.

1 The mice were treated with DOLE p.o. (100mg/kg per d, divided in two daily
doses) from the first injection of CY till the end of the experiment.

§ The mice were treated with DOLE i.p. (40 mg/kg per d) from the first injection of
CY till the end of the experiment.

|| The mice were left untreated.

9 The mice were treated with vehicle i.p. from the first injection of CY till the end of
the experiment.

with vehicle (Fig. 3(a) and (b)). While control mice developed
severe destructive insulitis (Fig. 3(a)), either intact islets
or stationary peri-insulitis were mostly observed in DOLE-
treated mice, as exemplified in Fig. 3(b). Consistent with

(b)

(c) 1671
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1-0F
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021
0-0

CcYy CY+DOLE

Fig. 3. Histopathology of pancreatic islets and serum insulin of cyclo-
phosphamide (CY)-treated mice. (a and b) Representative examples of the
light microscopic evaluation of the islets of Langerhans after 2 weeks of
CY-accelerated diabetes: (a) vehicle-treated and (b) dry olive leaf extract
(DOLE)-treated CY-accelerated non-obese diabetic (NOD) mice. (c) Serum
insulin concentration of the mice described in (a) and (b). Results from a
representative experiment are presented as the means and standard
deviations for four to five mice per group. *P<0-05 refers to corresponding
control CY-accelerated NOD mice.

these findings, DOLE-treated mice retained their capacity
to secrete insulin, as revealed by higher serum insulin
concentrations in these animals (Fig. 3(c)).

In vivo treatment with dry olive leaf extract differentially
modulates systemic and local nitric oxide production

To elucidate the mechanisms by which DOLE treatment
prevents disease onset, functional ex vivo studies were per-
formed during early progression of the disease induced by
CY or MLDS (days 7 and 15 of diabetes induction, respect-
ively) on both peripheral compartments and the pancreas.
First, we examined production of NO. In CY-induced NOD
mice, the production of NO by PC obtained from mice that
had received DOLE treatment p.o. was significantly up-
regulated in comparison with control diabetic mice, as
revealed by nitrite formation by these cells (Fig. 4(a)).
Similarly, peripheral immune cells, present in the peritoneal
cavity, spleen and PLN of DOLE-treated MLDS-induced
mice produced much more NO in comparison with cells
from vehicle-treated animals (Fig. 4(b)). In line with these
results, iNOS expression in peripheral compartments was
also significantly higher in mice that had received DOLE com-
pared with vehicle-treated diabetic control mice (Fig. 4(c)). In
contrast, nitrite accumulation in cell culture supernatants of
the Panc isolated from DOLE-treated mice was significantly
reduced when compared with islets of control diabetic mice
(Fig. 4(b)), whereas local iNOS staining of pancreatic sections
was barely detectable (Fig. 4(d)). Concordantly, immuno-
staining for nitrotyrosine, a collective marker for oxidative
and nitrative stress, was less prominent in pancreata of
DOLE-treated v. vehicle-treated diabetic mice (Fig. 4(e)).

In vivo treatment with dry olive leaf extract induces in vitro
nitric oxide-mediated suppressor function of peritoneal cells

In order to examine whether DOLE-induced up-regulation
of peripheral NO production influences T cell activation,
we performed a suppression assay of the conventional T cell
response to mitogen. To this, different concentrations of PC
isolated from DOLE-treated or vehicle-treated MLDS-treated
mice were co-cultured with normal untreated lymph node-
derived lymphocytes stimulated in vitro with concanavalin
A. In contrast to PC derived from vehicle-treated mice,
PC obtained from DOLE-treated animals displayed dose-
dependent suppressive effects on T cell proliferation
(Fig. 5(a)). Moreover, a clear negative correlation (r —0-81,
P<0-05; linear regression) was observed between the dose-
dependent increase in NO production (Fig. 5(b)) and the
concomitant reduction in [*H]thymidine incorporation
(Fig. 5(a)). To determine whether alteration of the PC subsets
ratio following DOLE treatment might contribute to the
observed suppression of T cell response, phenotype analysis
of cell populations within the peritoneal cavity was performed.
Administration of DOLE did not significantly alter the percen-
tage of CD4" cells (11-0 (sp 3-0) v. 9-1 (sD 2-6) for control
and DOLE-treated mice, respectively) or CD8* cells (83
(sp 1-9) v. 7-7 (sp 2-7) for control and DOLE-treated mice,
respectively), but it significantly increased the frequency of
F4/80™ cells, i.e. macrophages (43-9 (sD 1-6) v. 53-6 (sD 7-0)
for control and DOLE-treated mice, respectively; P=0-040)
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Fig. 4. Effect of dry olive leaf extract (DOLE) treatment on nitric oxide generation in lymphoid tissues and pancreatic islets, inducible nitric oxide synthase
(INOS) expression in lymphoid tissues, presence of iINOS and nitrotyrosine in pancreatic islets (Panc). (a) Peritoneal cells (PC) were isolated from control and
DOLE-treated cyclophosphamide (CY)-accelerated non-obese diabetic (NOD) mice and nitrite accumulation was measured in the 48 h culture supernatants of
cells. (b) Nitrite accumulation in the 48 h culture supernatants of PC, splenocytes (Spl), pancreatic lymph node cells (PLNC) and Panc of control and DOLE-treated
multiple low-dose streptozotocin (MLDS)-induced C57BL/6 mice (O, MLDS; B, MLDS + DOLE). (c) Inducible NO synthase (iNOS) mRNA expression in the cells
of the mice (O, MLDS; B, MLDS + DOLE) described in (b). Gene expression is presented in arbitrary units, and the actual values (27 (G~ Ca)y for INOS gene
expression were 0-00087 for PC, 0-000093 for Spl and 0-000052 for PLNC (d). Immunostaining for iNOS and (e) nitrotyrosine of Panc of the mice described in
(b). (a—c) Results from one of three separate experiments with similar results are given as the means and standard deviations for five mice per group. *P<0-05
refers to corresponding control (a) CY-accelerated NOD mice, or (b and ¢) MLDS mice.

among PC. Although there was no significant increase in
the absolute PC number at the two time points examined,
a trend towards greater absolute cell number was noted in
the DOLE-treated group (Table 2), suggesting immigration
of cells into the peritoneum as an explanation for the increase
in absolute cell number.

In vivo treatment with dry olive leaf extract modulates
cytokine production

Because proinflammatory cytokines contribute to TID
pathogenesis, we examined whether DOLE treatment may
influence MLDS-induced cytokine production in the spleen.
Spleens were collected 15d after diabetes induction, and
cytokine expression and release were assayed ex vivo without
further stimulation. The results clearly showed that Spl
(Fig. 6(a)) isolated from DOLE-treated mice released
significantly reduced amounts of proinflammatory cytokines,
including IFN-v, IL-17 and TNF-a compared with control

diabetic animals. Moreover, we also evaluated cytokine
gene expression in both experimental groups and found that
IFN-y expression in the spleen of DOLE-treated mice was
decreased when compared with that in the vehicle-treated
group, whereas there was no significant difference between
the two groups regarding the other cytokines examined
(Fig. 6(b)). Also, it was important to find out if DOLE had
an effect on Treg cell frequency in peripheral lymphoid
tissues. To that extent the percentage of CD4"CD25 FoxP3+
(i.e. Treg) cells among PLN cells was determined in both
MLDS- and CY-induced diabetes. DOLE did not induce a
significant alteration in Treg percentage in either the
MLDS model (11-5 (sp 1-2) v. 99 (sp 2-2) for control and
DOLE-treated mice, respectively) or the CY model (14-6
(sp 0-6) v. 140 (sD 1-6)). Also, the absolute cellularity of
PLN was not affected by treatment with DOLE in either
MLDS-induced diabetes (Table 2) or CY-accelerated diabetes
in NOD mice (1-88 (sp 0-78) v. 1:92 (sD 0:62), in millions,
for control and DOLE-treated mice, respectively).

ssald Aussanun abplqued Aqg auljuo paysiiqnd ¥6££66605t L L£000S/LL0L'0L/Bio0p//:sdny


https://doi.org/10.1017/S0007114509993394

MS British Journal of Nutrition

1420 T. Cvjeticanin et al.
(a) 60 Table 2. Effect of dry olive leaf extract (DOLE) on peritoneal cell and
pancreatic lymph node cell number
(Mean values and standard deviations)
g Treatment group
x MLDS* MLDS + DOLET
£ - -
oy Mean SD Mean SD
_5 PCt ( x108)/mouse
s Expt 1 3-8 19 5.5 2:3
E Expt 2 3-4 11 4.3 05
5 Expt 3 3-4 26 4.4 1-8
& PLNC# ( x10%)/mouse
Expt 1 5.3 2:4 5.5 0-8
Expt 2 2:2 0-8 3:6 1-4
Expt 3 3.0 1-0 31 1.9
1 ‘25 2'5 5 1'0 MLDS, multiple low doses of streptozotocin; PC, peritoneal cells; PLNC, pancreatic
’ ’ lymph node cells; i.p., intraperitoneally; p.i., post induction.
*MLDS was administered i.p. to C57BL/6 mice at a daily dose of 40 mg/kg per d
for 5d (four mice per group per experiment).
(b) 25 1 DOLE was administered i.p. at a daily dose of 40mg/kg per d from day 5 of
MLDS diabetes p.i. (four mice per group per expt).
1 Cells were obtained after 14d (Expts 1 and 2) or 38d (Expt 3) of diabetes p.i.
20 . . . (16) .
= T2D, due to their antioxidant' ™ and glucose-lowering effects
= associated with insulin-sensitising activity, increased peripheral
S glucose utilisation and improved insulin release®-26-4=37)
5 15 The anti-diabetic properties of O. europaea L. leaf constituents
g were evaluated in several experimental models of ‘toxic’ forms
a *
(8]
©
)
£ (@) 2500
= =
z £
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S
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. . . L 5
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Fig. 5. In vitro suppressor function and nitric oxide generation of peritoneal €
cells (PC). (a and b) PC were collected from dry olive leaf extract (DOLE)- o
treated or vehicle-treated multiple low-dose streptozotocin (MLDS)-induced 0
mice on day 15 of diabetes post induction. These cells were co-cultured at
the indicated concentrations with 3 x 10° cervical lymph node cells (LNC) (b) 2
prepared from healthy untreated mice, along with 1 pg/ml concanavalin A.
(a) Proliferation of LNC was assessed 66h later by incorporation of [°H]- c 15
thymidine over the last 18 h of culture. Data points show the mean thymidine -g 2 T
incorporation counts and standard deviations for triplicate wells (—<&—, MLDS; 3 g
—M—, MLDS + DOLE). (b) Nitrite accumulation in the culture supernatant S >~ 1t
was measured after 48 h of cultivation. Horizontal line: LNC alone. *P<0-05 3 cE
refers to corresponding control MLDS mice. cpm, Cycles per minute. < E
£5 05f
€=

Discussion

The present study is the first demonstration that O. europaea-
derived components, present in DOLE, confer protection
from T1D by interfering with an islet-directed autoimmune
response. This interference was reflected in NO-mediated sup-
pression of T lymphocyte proliferation and lower production
of proinflammatory cytokines (TNF-a, IFN-y and IL-17)
in the peripheral lymphoid compartments as well as less
oxidative and nitrative damage within the pancreas.

Olive tree constituents have long been known as
anti-diabetic herbal agents in the metabolic syndrome and

*

IL-177 IL-6 TNF-o IL-4 IL-10 IL-1B IFN-y

Fig. 6. Effect of dry olive leaf extract (DOLE) treatment on cytokine profile in
splenocytes (Spl). Cytokine concentration in culture supernatants (OJ, MLDS;
B, LDS + DOLE) (a) and cytokine gene expression (b) of Spl from vehicle-
treated and DOLE-treated multiple low-dose streptozotocin (MLDS)-induced
C57BL/6 mice after 48 h of cultivation. Gene expression is presented in arbi-
trary units, and the actual values (2~ (%~ S) for the analysed cytokines were
as follows: 0-000017 for IL-17; 0-000090 for IL-6; 0-0052 for TNF-a;
0-000037 for IL-4; 0-00 045 for IL-10; 0-013 for IL-1B3; 0-0021 for interferon-y
(IFN-y). Data are means and standard deviations of four experiments, each
with four to five mice per group. *P<0-01 refers to corresponding control
MLDS mice.
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or dietary-induced T2D(?3:24.2634.3839) ‘g our knowledge, this
is the first study on the effects of O. europaea-derived
components in T1D in two established mouse models: ML.DS-
induced immunoinflammatory diabetes; CY-accelerated NOD
diabetes. We used the MLDS-induced diabetes model, as the
autoimmune process is initiated by minor chemical destruction
of B-cells and shedding of target autoantigens, in contrast to
the non-immune ‘toxic’ form of diabetes induced by a single
high dose of streptozotocin. As a consequence, immune cells
respond to self 3-cell antigens so progression of hyperglycaemia
and insulitis evolves during a 2-week period''?. Alterna-
tively, CY-induced diabetes was used because it is known that
the autoimmune response directed against pancreatic [3-cells
relies on selective depletion of Treg cells®®. We showed that
in both models, DOLE efficiently counteracted diabetogenesis,
indicating that the suppressive effect on the islet-directed
T cell immune response is most likely mediated by common
events and independently of Treg cells. In support of this is
our finding that there was no difference in the frequency of
Treg cells within PLN in vehicle- and DOLE-treated mice
in which diabetes was induced with CY. The common effect of
DOLE in MLDS- and CY-induced diabetes was an increase of
NO generation in peripheral lymphoid tissues. This finding is
of importance for understanding the beneficial effect of DOLE
in diabetes, as it is well known that NO produced in lymphoid
tissues has immunoregulatory functions, including anti-proli-
ferative, pro-apoptotic and cytokine-shifting effects on T cells
during their activation®®=*?, In addition, PC isolated from
DOLE-treated mice, but not PC isolated from vehicle-treated
mice, were able to inhibit proliferation of mitogen-activated
T cells. Importantly, the observed inhibition was inversely pro-
portional to the level of NO produced in these co-cultures. One
possible explanation for the enhanced capacity of PC to produce
NO is the observed increase in frequency of cells responsible for
its production among PC, i.e. of F4/80" macrophages. Together,
our findings suggest that DOLE acts through up-regulation of
NO in peripheral lymphoid tissues, which consequently leads
to limitation of T cell activation and finally to restriction of the
autoimmune attack upon pancreatic [3-cells. The capacity of
DOLE to up-regulate NO generation by lymphoid cells is in
accordance with the previously reported amplifying effects of
the O. europaea bioactive component, oleuropein, on the release
of NO and the expression of iNOS by macrophages during the
response to endotoxin challenge in vitro *”. However, several
studies showed that O. europaea-derived components, such as
flavonoids and phenols, are capable of inhibiting inflammation
through inhibition of NO production and increasing antioxidant
enzyme activity(22’23’35’36). Although, we do not report inhi-
bition of NO production in peripheral compartments by DOLE
treatment, we do show that DOLE inhibits NO synthesis in pan-
creatic 3-cells. This again is very important for the anti-diabeto-
genic effect of DOLE, as it is recognised that NO released in
Panc is mostly cytotoxic and leads to dysfunction and destruc-
tion of insulin-producing cells@344) Damaging effects of NO
may be attributable to the reaction with superoxide anions to
yield peroxynitrite, a potent nitrating and nitrosylating agent.
Since oxidative stress in diabetes coexists with reduced
antioxidant status of the pancreas, which can further increase
the deleterious effects of free radicals, it is tempting to
speculate that DOLE has a protective effect in diabetes at
least partly, through decreasing local oxidative and nitrative

damage. Indeed, reduced immunostaining of DOLE-treated
Panc for nitrotyrosine, a collective marker for reactive
oxygen species and reactive nitrogen species™, further
supported this assumption.

The other important factor influenced by DOLE is the cyto-
kine profile of Spl. We showed that, under the influence of
the extract, typical pro-inflammatory cytokines IFN-v,
TNF-a and IL-17 were down-regulated in MLDS-induced
diabetes. On the contrary, anti-inflammatory cytokine (IL-4
and IL-10) generation was unaffected by DOLE. Therefore,
it seems that DOLE promotes a profile shift of Spl cytokine
production from pro-inflammatory to anti-inflammatory, or
from Th1/Th17 to Th2. The importance of Thl cells and
IFN-v, as well as of TNF-a for autoimmune diabetes pathol-
ogy has been described in many papers™®. According to the
current understanding of T1D pathogenesis, initial injury to
the islets leads to the presentation of exposed autoantigens
on antigen-presenting cells to autoreactive T cells within the
regional lymph nodes. The antigen-presenting cells stimulate
effector Thl cells which produce IFN-v, and this cytokine
activates additional macrophages and polymorphonuclear
cells. These cells release IL-13, TNF-a and NO, which are
directly toxic to (-cells. Moreover, the antigen-presenting
cells promote CD8'T cells which use FasL, perforin/gran-
zyme and TNF-«a to trigger (-cell apoptosis(“). The role of
Th17 cells and their signature cytokine IL-17 in diabetes is
still not clear. It has been suggested that Th17 cells are import-
ant for the development of diabetes in NOD mice and that
IL-17-directed therapy could be useful in the treatment of
the disease®®. It has also been shown that islet-reactive
Th17 cells primarily function by promoting inflammation,
and that their conversion to Thl cells in lymphopenic hosts
results in diabetes®”. Importantly, IFN-y seems indispensable
for Th17-induced diabetes, whereas Th17 cells play an acces-
sory role by promoting inflammation produced by Thl or
CD8™T cells. In the line with these results, in both MLDS-
induced and human diabetes, inflammatory infiltrates are com-
posed of both IFN-y- and IL-17-producing cells!%4%4%
Moreover, it was suggested that IL-17 cooperates with
TNF-a in inflammation associated with autoimmunity(so).
Having in mind all of the findings mentioned above, inhibition
of IFN-y, TNF-a and IL-17 by DOLE in regional lymphoid
tissue, the place of initiation and perpetuation of the diabeto-
genic process, seem to be a valid explanation for the beneficial
effect of the extract in T1D. Importantly, we have recently
demonstrated the efficiency of DOLE in experimental auto-
immune encephalomyelitis, an animal model of multiple
sclerosis®”. There, the application of the extract also led to
down-regulation of IFN-y and IL-17 production during the
disease course. Thus, it seems that DOLE counteracts
pathogenic autoimmune responses dependent on IFN-y and
IL-17-producing cells.

The increasing interest in olive tree (O. europaea) constitu-
ents is mainly attributed to its antioxidant effects, due to
the high concentration of phenolic compounds. In addition
to their activities as antioxidants, some phenolics have
been shown to possess anti-inflammatory activity®®. This
is supported by experiments in which phenolic compounds
significantly decreased the production of pro-inflammatory
mediators, such as TNF-«, IL-13 and PGE, @L51=-53) Feeding
NOD mice diets rich in polyphenols derived from grape was
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recently found to decrease the autoimmune inflammatory
process associated with TID®®. Here we add that DOLE,
rich in phenolic compound oleuropein inhibits inflammation
in TID and protects mice from disease progression. Two
observations of particular relevance from the clinical point
of view are the apparently low toxicity of DOLE, as demon-
strated by the lack of characteristic b.wt. loss that occurs
in MLDS-induced diabetes, and the equal efficacy of the
extract given either i.p. or p.o. to prevent the disease. There-
fore, our finding that DOLE applied orally to mice suppressed
T1D, show that oral administration of phenolic compounds
could be a feasible way of treating subjects suffering from
diabetes. However, the proper evaluation of DOLE efficiency
in the treatment of patients with newly diagnosed TID
will require preclinical studies in animals with established
disease carried out under a therapeutic regimen of application.
Nonetheless, the capacity of DOLE to counteract the dia-
betogenic effects of MLDS even when applied as a reversal
regimen, started 1d after the last toxin dose had been
given, is encouraging for translation of these findings to a
clinical setting.

Regarding DOLE, it has to be emphasised that it is a
mixture of various chemicals with potential bioreactivity'*.
Therefore, the putative immunomodulating effects of other
primary and secondary compounds of DOLE cannot be
excluded. Indeed, oleanolic, ursolic and maslinic acids, three
main olive leaf triterpenic compounds®® were recently
shown to contribute to the anti-diabetic effect of olive
leaves**>>3%_ Further, although as a consequence of gentle
processing of olive leaf constituents the phenolic component
of DOLE contains almost exclusively oleuropein, it has to
be understood that the extract constituents are extensively
metabolised in the body. As a consequence, the single
phenol products of oleuropein breakdown tyrosol and hydro-
xytyrosol may contribute to its health-promoting properties,
as well. In line with such a possibility, numerous studies
have clearly demonstrated that these compounds exhibit
beneficial health effects in various oxidative stress associated
disorders due to their antioxidant and anti-inflammatory
activities?>33-36:37:38), Therefore, the effect of DOLE on
T1D should not be attributed only to the phenolic fraction —
oleuropein, but also to other components, such as triterpenic
compounds (oleanolic acid, maslinic and ursolic acid), tannins
and flavonoids, as well as to oleuropein metabolites. To that
extent, it is of importance to investigate the individual effect
of each compound on the T1D course. However, the obvious
advantage of DOLE is that it is an easily attainable product
of olive leaves, not requiring purification of any fractions of
the extract before application in T1D models, and possibly
for human subjects.

In conclusion, we have provided evidence that olive
leaf constituents are effective inhibitors of T1D. The results
also suggest that the inhibitory effect of DOLE may be due,
at least in part, to the NO-mediated suppression of T lympho-
cyte proliferation and lower production of proinflammatory
cytokines (IFN-y, IL-17 and TNF-a) in the spleen, and
subsequent blockade of 3-cell destruction. Though the active
components and precise mode of action of DOLE are not
yet ascertained, its powerful anti-diabetogenic activity, along
with the safety profile observed in vivo, suggest that it
would be worth undertaking additional studies to explore

the possibility that DOLE possesses the desired therapeutic
properties applicable to human T1D.
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