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Abstract

Background: Oxidative stress is an imbalance between the levels of reactive oxygen species (ROS), reactive
nitrogen species (RNS) and endogenous antioxidants. The aetiology and pathogenesis of several oral diseases are
attributed to this process. The antioxidant enzymes secreted in the saliva by submandibular glands maintain oral
health through the scavenging of ROS. The objective of this work was to study the capacity of an aqueous extract
of L. divaricata (AE), and its majority compound, nordihydroguariaretic acid (NDGA), to modulate the pro-oxidant/
antioxidant status in submandibular glands in a model of oxidative stress induced by streptozotocin (STZ) in rats.

Methods: To induce oxidative stress with STZ, a group of animals was treated i.p. with 1 X PBS (control group) and
other group was injected i.p. once with STZ (60 mg/kg). Ten days after the treatment, blood samples were taken
from the tail vain to determine the glucose levels. Animals with glucose values =300 mg/ml were selected.

The submandibular glands of control and STZ treated animals were incubated with either the AE (500 pg/ml) or
with NDGA (1.5 ug/ml), and the content of malondialdehyde (MDA), protein carbonyl groups, ROS and RNS, and
the activity and expression of peroxidase (Px), superoxide dismutase (SOD) and inducible nitric oxide synthase
(iNOS) were assayed.

Results: AE decreased the levels of MDA (**P < 0.01) and protein carbonyl groups (*P < 0.05), and modulated the
levels of ROS such as hydrogen peroxide (H,0-)(*P < 0.01), superoxide anion (O,”) (*P < 0.05) and nitric oxide (NO)
(*P < 0.05) in relation to the modulation of Px and iNOS expression. NDGA was found to be involved in these
effects.

Conclusions: The antioxidant activity of the AE in the submandibular glands would allow the maintenance of the
antioxidant pool to prevent oral oxidative diseases.
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Background

Oxidative stress is defined as the imbalance between the
levels of reactive oxygen species (ROS), reactive nitrogen
species and endogenous antioxidants. Any alteration of
the homeostasis leads to an increased production of free
radicals that cannot be counteracted by detoxifying
mechanisms [1]. Free radicals interact with proteins and
genes, which leads to tissue damage. Cardiovascular
diseases, neuronal degeneration, and cancer are the re-
sult of such imbalance. For example, it is known that the
hyperglycaemia observed in diabetes mellitus is respon-
sible for the generation of oxidative stress [2]. Oxidative
stress is also involved in the aetiology and pathogenesis
of several oral diseases, including the development of
dental caries and periodontitis [3]. For example, the
expression of antioxidant genes has been observed in
patients with periodontitis [4]. Moreover, oral pre-can-
cerous lesions such as lichen planus and leukoplakia and
oral squamous cell carcinoma have been found to be as-
sociated with oxidative stress and high levels of malon-
dialdehyde (MDA) in serum, which is a marker of
oxidative stress [5, 6].

The antioxidant enzymes secreted in the saliva play a
major role in the maintenance of oral health through the
scavenging of reactive species such as hydrogen peroxide
and superoxide anion and nitrogen reactive species,
some of which are produced by the oral microflora [7].
The main antioxidant enzymes present in saliva are
superoxide dismutase, catalase, and glutathione peroxid-
ase, which are mainly secreted by the salivary glands
such as the submandibular ones [8]. Submandibular
glands produce approximately 65-70% of saliva, thus
being the main source of the antioxidant enzymes of the
oral cavity. Although the parotid glands are larger than
submandibular glands, they only produce 20% of the
saliva secreted. Therefore, any change in the secretory
capacity of submandibular glands will lead to the devel-
opment of oxidative stress-induced oral diseases. It is
known that the structure and function of salivary glands
is altered in diabetic patients [9]. The amount of micro-
organisms in the oral cavity is controlled through appro-
priate oral hygiene, particularly in diabetic patients who
are prone to infections. In this sense, mouthwashes can
prevent and/or alleviate oral pathologies, acting as de-
odorant, antiseptic, disinfectant, analgesic, astringent
and antioxidant.

It has previously been demonstrated that streptozotocin
(STZ), a drug that induces the development of type 1 dia-
betes mellitus, generates an imbalance between oxidative
and antioxidant systems by decreasing the secretion of
peroxidase in submandibular glands [10, 11] This is then,
a suitable model to test the antioxidant activity of drugs.

Unlike synthetic antioxidants, which are known to
cause severe adverse effects, natural antioxidants, when
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administered locally or systemically, would protect
tissues of the oral cavity from the oxidative stress, acting
as adjuvants in the treatment of oral diseases of oxida-
tive origin.

Larrea divaricata Cav. (Zygophyllaceae) is a bush that
grows in South America and is widely distributed in
Argentina. This plant is used in folk medicine for its
anti-inflammatory properties and is also known to have
antitumoral and immunomodulatory activities and
antimicrobial properties [12—15]. The antioxidant com-
pound nordihydroguaiaretic acid (NDGA) has already
been reported to be present in this plant [16]. It has
previously been demonstrated that the aqueous extract
of Larrea divaricata (AE) stimulates the secretion of
peroxidase in normal rat submandibular glands [17].
The effect of the AE on the pro-oxidant/antioxidant
homeostasis in salivary glands of normal rats has been
studied elsewhere [18]. However, the effect of the AE on
the pro-oxidant/antioxidant homeostasis in subman-
dibular glands subjected to the effects of an oxidantive
stressor such as STZ remains to be studied.

The aim of this work was to determine the antioxidant
activity of the AE prepared with the leaves of L. divari-
cata in a model of oxidative stress induced by STZ in
submandibular glands. The levels of ROS, the degree of
lipid peroxidation and protein oxidation, and the activity
of antioxidant and pro-oxidant enzymes related to the
metabolism of H,O, and NO were determined in sub-
mandibular glands obtained from STZ-treated rats. The
participation of the majority compound of the AE,
namely NDGA, was also studied. It is hypothesized that
the local administration of the AE as either a mouth-
wash or as a systemic antioxidant could control the
damage induced by oxidative stress in soft oral tissues,
particularly in diseases that feature oxidative stress such
as diabetes.

Methods

Plant material

Leaves of Larrea divaricata Cav. used in this study were
collected in the province of Cordoba, Argentina and
identified using morphological, anatomical and histo-
chemical analyses by Dr. Herndn Gerénimo Bach from
the Museum of Pharmacobotany, School of Pharmacy
and Biochemistry, University of Buenos Aires. One
voucher specimen (BAFC no. 38) was deposited at the
Museum of Pharmacobotany. The aqueous extract (AE)
was prepared from air-dried leaves. Briefly, 750 mg were
infused for 20 min with 10 ml of sterilized boiling dis-
tilled water and the supernatant was lyophilised [18].

NDGA quantification by HPLC
The high performance liquid chromatography (HPLC)
analysis was performed in a Varian Pro Star instrument



Peralta et al. BMC Complementary and Alternative Medicine

equipped with a Rheodyne injection valve (20 ul) and a
photodiode array detector set at 260 nm. A reversed-
phase Phenomenex-C18 (2) Luna column (250 mm x 4.6
mm and 5y pd) was used. Samples were eluted with a
gradient of A: water:acetic acid (98:2) and B: methanol:
acetic acid (98:2) from 15% B to 40% B in 30 min; 40% B
to 75% B in 10 min; 75% B to 85% B in 5 min and 100%
B in 5min. Solution B (100%) was run for 10 min and
back to initial conditions. The flow rate was 1.2 ml/min
and the separation was done at room temperature (18—
25°C). The optical density was registered in a Varian
Star 5.5 detector (USA). Lyophilised aqueous extracts
(10 mg/ml) and the pure standard were dissolved in
methanol:water (70:30). The water employed to prepare
the working solution was of ultrapure quality (Milli-Q).
Methanol (J.T. Baker) and acetic acid (Merck, Argentina)
were HPLC grade. A pure standard of NDGA (Sigma,
USA, lot 19C-0504) was employed [18].

Total polyphenol determination

The total polyphenols content was determined by spec-
trophotometry by the Folin-Ciocalteu’s method using
gallic acid as standard. The lyophilised extract was
weighed and dissolved in distilled water. Briefly, 1.0 ml
of the extract was transferred to separate tubes contain-
ing 7.0 ml of distilled water, 0.5 ml of Folin—Ciocalteu’s
reagent, and 1.5ml of a 20% sodium carbonate anhyd-
rous solution. Tubes were allowed to stand at room
temperature for 60 min and the absorbance at 765 nm was
measured in a UV-vis spectrophotometer. The concentra-
tion of polyphenols in the samples was derived from a
standard curve of gallic acid ranging from 10 to 50 pg/ml
(Pearson’s correlation coefficient: 7 = 0.9996) [19].

Animals
Female albino Wistar rats (n = 40) weighing between 150
and 200 g each were used. Animals were acclimatized to
laboratory conditions for 7 days before the experiments
and housed in groups of five in stainless steel cages and
were kept at 22+2°C in an illumination controlled
room (photoperiod: 14 h light and 10h darkness); they
were fed Purina Chow and allowed to have water ad libi-
tum. Twenty four hours before the experiment, animals
were fasted and separated in randomized groups: Twenty
animals were treated ip. with 1 X PBS (control group)
and twenty animals were injected i.p. once with streptozo-
tocin (STZ) (60 mg/kg). The number of animals was
selected taking into account the statistical procedures.
Ten days after the treatment, blood samples were
taken from the tail vain to determine the glucose levels.
Accu-check Performa test strips (Roche) were employed.
For the study, animals with glucose values >300 mg/ml
were selected. Animals were sacrificed by cervical dis-
location and the submandibular glands were dissected.
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Animals were handled according to Ethics Committee
Guidelines from the Faculty of Pharmacy and Biochem-
istry, University of Buenos Aires that approved the ex-
periments under Exp-FFyB 220,612-1 and the Guide to
the Care and Use of Experimental Animals (DHEW
Publication, NIH 80-23).

Submandibular gland preparations

All experiments were performed on submandibular
glands removed from normal and STZ-treated female
rats euthanised by cervical dislocation. Free connective
tissue, fat and lymph nodes were removed under a mag-
nifying glass and the dissected glands were weighed and
incubated in Krebs-Henseleit buffer (pH: 7.4) containing
125NaCl; 4.0mM KCl; 05mM NaH,PO,; 0.1 mM
MgCly; 1.1 mM CaCl, and 5.0 mM glucose; bubbled with
95% O, and 5% CO, at 37 °C.

Upon reaching equilibrium after 10 min, glands were
incubated during 40 min in buffer to allow basal secre-
tion. Glands were treated in vitro as follows: from 5
normal animals, five glands were treated with 500 pg/ml
of AE using the opposite glands as normal controls.
From the other five animals, five glands were treated
with 1.5 pug/ml of NDGA, using the opposite glands as
normal controls. The same procedure was applied to
STZ-treated animals: from five STZ-treated animals, five
glands were treated in vitro with 500 ug/ml of AE and
the opposite glands were used as controls. From the
remaining five animals, five glands were treated with
1.5 pg/ml of NDGA and the opposite glands used as
control. The optimum concentrations of AE and NDGA
had previously been determined [18].

The activity of peroxidase and superoxide dismutase
were determined in the incubation medium and in
glands to determine total activity. For determination of
enzyme activity in glands, tissues were homogenised in a
Sorvall Omni mixer (DuPont Instruments) in Krebs-Hen-
seleit buffer containing 10"*M phenylmethylsulfonyl
fluoride (PMSF, Sigma) and 10> M ethylene diamine tet-
raacetic acid (EDTA). The homogenate was centrifuged at
5000 x g forl5 min at 5°C and the supernatant was used
for the determination of the enzymatic activity. To deter-
mine the effect of either the AE or that of NDGA, glands
were incubated for 40 min in presence of either the AE or
NDGA (one gland of each animal was used to determine
the basal values) [18]. Proteins were determined in sub-
mandibular gland homogenate by the Lowry’s method.

Determination of the antioxidant activity

Enzymatic antioxidant activities were determined in
gland homogenates and in incubation medium from
control glands (without any treatment) and from glands
treated with either AE or NDGA from normal and STZ-
treated animals.
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The peroxidase activity was determined according to
Herzog and Fahimi (1973) [20]. Briefly, samples were in-
cubated with 775 pl of 5 x 10~* M 3,3 diaminobenzidine
tetrahydrochloride (DAB, Sigma) and 25ul of H,O,
(Parafarm R, 30% v/v diluted 1/86 in distilled water).
The reaction was initiated by the addition of H,O,. DAB
without H,O, was used as blank. The change in absorb-
ance readings was recorded at 30s intervals for 5min
using a Shimadzu recording spectrophotometer UV-240
(graphic printer PR-1) set at 465 nm, and the A absorb-
ance/min was calculated. The activity of samples was
derived from a standard curve displaying a linear
relationship between the enzymatic activity and the A
absorbance/min. Measurements were performed in
duplicate.

The activity of superoxide dismutase was determined
by its ability to inhibit the spontaneous oxidation of
adrenaline to adrenochrome, which was measured spec-
trophotometrically at 480 nm. The enzyme activity was
calculated taking into account that 1U of superoxide
dismutase inhibits the auto-oxidation of adrenaline by a
50%. Results were expressed as total peroxidase or
superoxide dismutase activity U/ml/g gland = activity of
homogenised glands + activity determined in incubation
medium (mean + SEM of values from five measure-
ments) [21].

Determination of hydrogen peroxide (H,0,) and
superoxide anion levels

For the determination of H,O,, gland homogenates were
incubated with 0.56 mM DAB in a buffer containing
140 mM NaCl, 10 mM potassium phosphate, 5.5 mM
dextrose; and 0.01 mg/ml type II horseradish peroxidase
(Sigma, St. Louis, MO, USA) as described before [22].
Results were expressed as H,O, (M) /g gland. A stand-
ard curve of known molar concentrations of H,O, in
buffered DAB was run in each test.

The levels of superoxide anion were determined
through the reduction of nitroblue tetrazolium (NBT)
(Sigma, CA, USA) to formazan [23]. Briefly, gland ho-
mogenates were incubated with 300 pl of NBT during
30 min. The reaction was stopped with 1 N HCI (Tetra-
hedron, Buenos Aires, Argentina). The formazan gener-
ated was extracted with dioxane (Dorwill, Buenos Aires,
Argentina) and the absorbance was measured in a mi-
croplate reader at 525nm (Microplate Reader Bench-
mark. Bio-Rad, CA, USA). Results were expressed as
mmol reduced NBT /g gland.

Total nitrite determination and immunoblot analysis of
inducible nitric oxide synthase (iNOS)

Total nitrites were determined employing the Griess
reagent [24]. Gland homogenates or serum samples were
incubated with the Griess reagent for 20 min in the dark
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and the absorbance was read at 540 nm. The levels of
total nitrites were calculated by interpolation in a stand-
ard curve constructed with known concentrations of
nitrites.

For the determination of iNOS levels, glands homoge-
nates from control and STZ-treated animals were dis-
solved in sample buffer (2% SDS, 10% (v/v) glycerol,
62.5mM Tris- HCI, pH 6.8, 0.2% bromphenol blue and
10 mM 2-mercaptoethanol). Equal amounts of proteins
were separated by SDS-PAGE on 10% polyacrylamide
gels and transferred to polyvinylidene difluoride (PVDEF)
membranes. Non-specific binding sites were blocked
with blocking buffer (5% non-fat dry milk containing,
0.1% Tween 20 in 100 mM Tris--HCl and 0.9% NaCl,
pH7.5,) for 2h. The PVDF membrane was subsequently
incubated with an anti-iNOS antibody (Sigma Chemical
Co) for 18h. An anti-actin antibody (Santa Cruz
Biotechnology PAIS) was used as loading control. After
washing with PBS-Tween, the membrane was incubated
for 1 h with a secondary anti-rabbit antibody conjugated
to horseradish peroxidase (HRP) (Amersham Biotech
PAIS) diluted 1:2000 in PBS-Tween. Immunoreactive
bands were visualized using ECL technology (Amersham
Pharmacia PAIS). A densitometric analysis was per-
formed with the Image ] software (version 5.1, Silk
Scientific Corporation PAIS). Densitometry values of
iNOS (arbitrary units) in each lane were normalized to
the corresponding actin densitometry values [25].

Determination of lipid peroxidation

Lipid peroxidation levels were assayed by determining
the rate of production of thiobarbituric acid-reactive
components expressed as malondialdehyde (MDA), ac-
cording to Ohkawa et al., (1979) with slight modifica-
tions [26]. Briefly, 10 pl of gland homogenate or 10 pl of
serum were treated with a mixture of 100 pl of 20%
TCA and 0.5% thiobarbituric acid (TBA) and 100 ul of
butyl hydroxyl toluene (BHT) (4% in ethanol). The re-
active mixture was heated at 90 °C for 30 min. The mix-
ture was allowed to cool down and centrifuged for 10
min at 800 x g. The MDA content was determined spec-
trophotometrically at 532nm and 600 nm (unspecific
absorbance) and the concentration was determined by
calculating the difference between the values measured
at 532 nm and 600 nm using the molar extinction coeffi-
cient (155 mM™ *cm™Y). Finally, the content of MDA
was expressed in nmol/g gland.

Determination of glutathione levels

The levels of reduced glutathione (GSH) were deter-
mined according to Moron et al., (1979) [27]. Briefly,
immediately after obtaining the homogenates, they were
precipitated with 0.1 ml of 25% trichloroacetic acid
(TCA). Samples were centrifuged and the precipitate
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was removed. Free sulfhydryl groups were determined
in a total volume of 200 ul. One hundred and thirty
four pl of 0.6 mM DTNB (5,5'-dithio-bis-(2-nitroben-
zoic acid, Sigma) and 56 ul 0.2mM sodium phos-
phate buffer (pH8.0) were added to 10ul of each
supernatant and the absorbance was read at 405nm
in a UV-VIS Systronics spectrophotometer. Glutathi-
one (Sigma) was used as a standard to calculate pmol
GSH/g tissue.

Protein carbonyl group assay

The assay for detection of protein oxidation was based
on the generation of carbonyl groups. The generation of
carbonyl groups was detected by derivatisation with 2,4-
dinitrophenylhydrazine (DNPH), which leads to the
formation of a stable 2,4-dinitrophenyl hydrazone product
(DNP). This product was measured at 375 nm. The num-
ber of carbonyl groups was expressed as nmol/gland [28].

Detection of peroxidase and superoxide dismutase by
western blot

Gland homogenates (40 pg of protein/lane) were size-
fractionated by 12% sodium dodecyl sulfate (SDS)-poly-
acrylamide gel electrophoresis and transferred to a nitro-
cellulose membrane. Membranes were incubated for 90
min in Tris-buffered saline (TBS, pH7.5)-3% non-fat
milk, washed and incubated overnight with a 1:200 dilu-
tion of a rabbit anti-superoxide dismutase antibody or
an anti-peroxidase antibody (Santa Cruz Biotechnology
Inc., Santa Cruz, California, USA.). Membranes were
washed with TBS-0.05%-Tween 20 and incubated with a
1:1000 dilution of a goat anti-rabbit conjugated horse-
radish peroxidase antiserum (Sigma, CA//California,
USA). The immunodetection was performed with the
Western Blot Chemiluminescence reagent kit (NEN Life
Science, Boston, USA), according to the manufacturer’s
directions. Immunoreactive protein bands were analysed
with the Corel Photopaint 9.0 software [18].

Histological studies

For these studies, gland samples from a group of 10 nor-
mal control and 10 STZ-treated animals whose glands
were treated in vitro with either the AE extract or with
NDGA were fixed in a 10% formalin solution at room
temperature. Tissues were embedded in paraffin, and
5 pm sections were cut and stained with Hematoxylin-
Eosin, and mounted in glass slides for light microscopy
and scanning. Specimens were analysed at 200 x in an
Aperio CS Scancope.

Statistical analysis

The level of significance between two or more treat-
ments in comparison with control groups was assessed
by an ANOVA followed by the Dunnett’s test. To
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determine the level of significance between one treat-
ment and a control group, the Student’s ¢ test was used.
Differences between means were considered significant
if P<0.05.

Results

HPLC analysis

To standardise the AE, the total polyphenol content was
first determined. The concentration of polyphenols in
the AE was 11.395 + 0.57 mg GAE/ g extract. The chro-
matographic profile of the AE showed a peak corre-
sponding to NDGA (0.30 g % w/w) with a retention time
at 43.2 min (Fig. 1a and b).

General biochemical analyses

Glycemia, MDA and NO levels were determined in
STZ-treated and untreated rats in order to determine if
the treatment induced the development of a diabetic sta-
tus and oxidative stress. STZ-treated rats had higher
levels of glycemia (**P < 0.01), MDA (*P < 0.05) and NO
(**P < 0.01) than control ones (Fig. 2a, b and c).

Submandibular gland weight and protein content

To determine the effect of STZ on submandibular
glands, the protein content and weight were determined.
Glands obtained from STZ-treated animals had a signifi-
cant lower weight (**P <0.01) in comparison with the
control (Fig. 3b); the in vitro treatment with either the
AE or with NDGA modified neither the weight of
normal rats nor that of STZ-treated animals (Fig. 3b).
The protein content was lower in STZ-treated glands
(**P < 0.01) than in control animals; however, neither AE
nor NDGA modified this parameter (Fig. 3a). Moreover,
the histologic analysis of the glands revealed that there
were alterations in neither the glands acini nor in the ducts
of STZ-treated animals, neither in AE or NDGA-treated
glands in comparison with controls (Fig. 3¢, d, €, f).

Oxidative parameters in glands

The MDA content was determined to estimate the de-
gree of lipid peroxidation. Figure 4a Shows that glands
from STZ-treated animals presented higher levels of
MDA (**P<0.01) than the control group. While the
treatment with neither AE nor with NDGA modified the
MDA basal levels. These treatments proved to induce a
significant decrease in the MDA levels (*P<0.01) in
STZ-treated animals. In addition, protein carbonyl
groups were significantly increased (**P<0.01) in STZ-
treated rats (Fig. 4b). Not only did the treatment with
AE decrease (* P<0.05) the number of protein carbonyl
groups in basal conditions but also after the STZ treat-
ment (* P<0.05). In contrast, NDGA did not modify the
basal levels of protein carbonyl groups, but was capable
of decreasing (P <0.01) them in STZ-treated animals.
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The levels of reduced glutathione were significantly in-
creased (** P<0.01) in glands obtained from STZ-
treated animals. NDGA was capable of increasing (**
P <0.01) the basal levels of reduced glutathione as well
as those in STZ-treated animals. Neither the basal levels
nor the levels of reduced glutathione in STZ-treated rats
were modified by treatment with the AE (Fig. 4c).

To correlate the levels of lipid peroxidation with the
production of reactive oxygen and nitrogen species, the
levels of H,O,, O,” and NO were measured in normal
control and STZ-treated rats. The levels of H,O, were
significantly increased (* P<0.05) in the salivary glands
of STZ-treated animals, as compared with control rats
(Fig. 4d). Besides, AE and NDGA decreased (*P < 0.05)
the levels of H,O, under basal conditions and in STZ-
treated animals (** P<0.01) (Fig. 4d). In contrast, the
levels of O,” were lower (** P <0.01) in the glands ob-
tained from STZ-treated animals than in controls
(Fig. 4e). Although AE and NDGA decreased (** P <0.01

and * P<0.05 respectively) the basal production of Oy~
they induced an increase (* P <0.05) in STZ-treated ani-
mals, though within the range of basal values (Fig. 4e).
Moreover, NO was also significantly increased (** P<
0.01) in the salivary glands obtained from STZ-treated ani-
mals. The AE and NDGA did not modify the basal produc-
tion of NO, however, the treatment with both the extract
and the pure compound induced a decrease (** P < 0.01) in
the levels of this mediator in STZ-treated animals (Fig. 4f).

Effect on antioxidant enzymes

In order to correlate the levels of reactive oxygen species
with the enzymes involved in their metabolism, the total
activity of peroxidase and superoxide dismutase were
assayed in submandibular glands. The glands from STZ-
treated animals presented low peroxidase activity (** P <
0.01) and high superoxide dismutase activity (** P < 0.01)
(Fig. 5a and b). Under basal conditions and in STZ-
treated animals, both AE and NDGA were capable of
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Fig. 2 Effects of streptozotocin upon glycemia (a), serum NO (b) and serum MDA (c). Rats were treated with streptozotocin (STZ) and euthanised
on day 10 after treatment. Results represent the Mean + SEM of values from ten controls and ten STZ-treated animals. * P < 0.05,* P < 0.01
significant differences between control (without any treatment) and STZ-treated animals (Student’s t test)

inducing a significant increase (* P <0.05) and ** P < 0.01
respectively) in the peroxidase activity (Fig. 5a), being
the increase produced by AE higher than that induced
by NDGA. On the contrary, both AE and NDGA de-
creased the SOD activity under both conditions (** P <
0.01 basal condition; * P < 0.05 STZ — treated condition)
(Fig. 5b). To correlate the change in peroxidase and
superoxide dismutase activities with a change in enzyme
expression, a western blot analysis was performed. The
STZ treatment inhibited the synthesis of peroxidase and
superoxide dismutase (** P<0.01 and * P < 0.05 respect-
ively). However, such inhibition was not observed when
glands obtained from STZ-treated rats were treated with
either the AE of NDGA (P < 0.05 and ** P <0.01 respec-
tively)(Fig. 5c and d and Table 1).

In addition, the expression of iNOS was studied by
western blot. The STZ treatment induced (** P<0.01)
the expression of iNOS; however, when these glands
were treated with AE and NDGA, a decrease (* P<0.05
and ** P <0.01 respectively) in the levels of this enzyme
was observed (Fig. 6 and Table 2). The probable mech-
anism of action of the AE and NDGA is summarized in
Fig. 7 as following: A- Hyperglycemia induces oxidative
stress through MAPK, NADPH oxidase and 5-LOX
activation. The ROS generated activate the IGF1R-PI3K-
AKT pathway, which inhibits FoxO protein and de-
creases Px and SOD expression. Besides, Px activity is
inhibited, leading to an increase in hydrogen peroxide

levels. Hydrogen peroxide, in turn, activates SOD by oxi-
dation and more hydrogen peroxide from superoxide
anion is generated. Hydrogen peroxide activates the
NFk-B pathway and the up-regulation of iNOS, leading
to an increase of NO. B- The extract and NDGA inhibit
NADPH oxidase and 5-LOX, thus decreasing superoxide
anion levels and hydrogen peroxide formation. Low ROS
levels activate FoxO protein, which induces the expres-
sion of Px and SOD. Moreover, Px is activated, so
hydrogen peroxide is transformed into oxygen + water.
Low levels of hydrogen peroxide do not activate SOD,
therefore, less hydrogen peroxide is formed. NFk-B is
not activated therefore, the iNOS expression decreases
together with the production of NO.

Discussion
In this work the effect of Larrea divaricata AE was stud-
ied in a model of oxidative stress induced in subman-
dibular glands 10 days after the administration of a
single dose of STZ to female rats. The administration of
the AE restored the pro-oxidant/antioxidant balance in
the glands, thus demonstrating its antioxidant activity.
The NDGA content was determined in the AE by
HPLC in order to calculate the concentration of this
compound in the AE used in the experiments and to
study the participation of NDGA in the overall effects
exerted by the extract. The individual effect of NDGA
was studied because it is the majority compound of the
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extract. It is noteworthy that other compounds such as
flavonoids have been reported in L. divaricata; however,
they are in lower quantities than NDGA. The peak
observed at RT =25 min in the HPLC chromatogram is
a complex constituted by compounds such as vicenin,
rutin and flavonoids measured as quercitrin.

The AE concentration used in the experiments had
previously been determined in normal glands [18, 29].

Concentration-response experiments were done with
100, 500 and 1000 pg/ml of AE. The AE was employed
at 500 pg/ml, which corresponded to 1.5 pug/ml NDGA.
These concentrations produced a maximum effect. The
presence of NDGA in this AE has also been described
elsewhere [16].

The diabetic status induced by the administration of
STZ was corroborated by the high levels of serum glu-
cose, NO and MDA. It is known that the administration
of a single dose of 60 mg/kg of streptozotocin triggers an

autoimmune process that results in the destruction of
the Langerhans’s islet beta cells, thus resulting in the de-
velopment of clinical diabetes in a short time (2—4 days),
and in the induction of oxidative stress [10, 30]. In this
context, the submandibular glands are also affected by the
treatment with STZ. In fact, a weight decrease of 25%, as
compared to control rats was observed in relation to
the decrease in protein content. Moreover, signals of
oxidative stress were observed in those glands having
high levels of MDA, protein carbonylation and re-
duced glutathione. It is known that MDA reflects the
effects of hydroxyl radical damage to cell lipids (lipid
peroxidation) under oxidative stress conditions [31].
The increase in the number of carbonyl groups (alde-
hydes and ketones), which are produced on protein side
chains (especially of Pro, Arg, Lys, and Thr), has been
observed not only in diabetes but also in Alzheimer’s
disease, inflammatory bowel disease, and arthritis [32].
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Both the extract and NDGA were capable of reversing
the oxidative stress generated in glands by decreasing
the levels of MDA and the number of protein carbonyl
groups but not those of gluthatione, which remained
high, due to an increased synthesis rate. NDGA and the
AE inhibited the generation of MDA by 95 and 84%,
respectively. These results indicate that the effect of the
extract was highly related to the presence of NDGA. On
the other hand, the inhibition on protein carbonylation
achieved by NDGA was stronger than that achieved by
the AE (84% vs. 25%), thus suggesting that the AE has
compounds that might counteract the effect exerted by
NDGA.

The lipid peroxidation and protein carbonylation in-
duced by the treatment with STZ could be related to the
increase of H;O, and NO induced by STZ. In fact, the
treatment with STZ caused an increase in the levels of
H,0; and a decrease in O27 (Fig. 4 d and e). It is known
that H,O, is generated upon the SOD-catalysed dismu-
tation of O, (Fig. 5b). STZ could be accelerating the
transformation of O,” into Hy,O, through the activation
of SOD, thus explaining the high levels of H,O, and the

low levels of O,7[33]. On the other hand, STZ deceased
the activity of Px and down-regulated its expression
(Fig. 5 a and ¢, Table 1). This finding would also explain
the high levels of H,O, found in STZ-treated animals.

Moreover, Klotz et al. (2005) have demonstrated that
under oxidative stress conditions, ROS such as H,O, can
activate the insulin-like growth factor 1 receptor (IGF1-R)-
phosphatidylinositol 3-kinase (PI3K)-AKT pathway, which
inhibits the synthesis of forkhead box (FoxO) protein,
which is a transcriptional inducer of antioxidant enzymes
[34]. The inhibition of this factor could also explain the
down-regulation of Px and SOD exerted by STZ (Fig. 5¢
and d). It has also been demonstrated that ROS, e.g. H,O,
activates Cu-Zn-SOD in a concentration-dependent man-
ner by oxidizing the thiol groups of the enzyme during
post-transcriptional regulation. The oxidation of its critical
thiol group is necessary for the activation of SOD [35]. Tak-
ing into account these data, it could be hypothesised that
the SOD activation is the result of the increase in the H,O,
levels induced by STZ (Fig. 5b).

Both the AE and NDGA exerted an antioxidant activ-
ity by decreasing not only the levels of H,O, but also
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Table 1 Relative intensity of immune-reactive protein bands
(enzyme/actin)

Glands Relative intensity of immune-reactive protein
bands (enzyme/actin)
Px SOD
Control 1.87+0.1 140£0.10
STZ 1+£0.0 ** 1+£0.1%
STZ 4+ NDGA 2+02 # 147 £0.06 #
STZ + AE 3804 ## 2803 ##

The relative intensity was determined by densitometry analysis of
immunoreactive bands with a software. Control: without treatment, STZ
streptozotocin, NDGA nordihydroguaiaretic acid, AE aqueous extract of L.
divaricata, Px peroxidase, SOD superoxide dismutase. Results represent Mean +
SEM of three determinations made by duplicate. * P < 0.05, ** P < 0.01significantly
differences between submandibulary glands from normal control and
submandibulary glands from STZ- treated animals, # P < 0.05, ##P < 0.01
significantly differences between glands from STZ control and STZ + AE or NDGA
treated glands in accordance with ANOVA+ Dunnett’s test. AE: 500 pg/ml,

NDGA: 1.5 pg/ml

those of O,". (Fig. 4d and e). The decrease in the H,O,
levels was achieved by the induction and activation of Px
(Fig. 5a and c). Furthermore, the decrease in O, levels
could be related to the NDGA-promoted inhibition of
the NADPH oxidase complex, which is involved in the
synthesis of O,7[36]. However, the latter hypothesis re-
mains to be tested. Beside NADPH-oxidases, cyclooxy-
genases/lipoxygenases (5-LOX) are generally recognized
as the principal physiological sources of O,7, which, in
turn, dismutates into H,O, [37]. It is known that 5-
LOX catalyses the production of leukotrienes and
ROS from arachidonic acid [38]. The inhibitory cap-
acity of NDGA on LOX would explain the decrease
in the levels of Oy". The decrease of H,O, induced
by both the extract and NDGA could, in turn, allow
FoxO protein to induce the expression of PX and
SOD (Fig. 5¢ and d Table 1). However, the reduction
of H,O, levels exerted by the extract and NDGA
could not be sufficient to activate Cu-Zn-SOD, whose
activity was decreased (Fig. 5b). The same results
were obtained with the extract and NDGA in rats not
treated with STZ. Both the extract and NDGA were
capable of decreasing the levels of H,O, and O~
under basal conditions through the activation of Px
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and the decrease of SOD activity. In line with these
results, So Yong Kim et al. (2008) have demonstrated that,
as a LOX inhibitor, NDGA scavenges intracellular ROS,
inhibits the tumor necrosis factor a (TNF-a)-induced
ROS accumulation, blocks the TNF-a-induced NF-«xB
activation, and inhibits LPS-induced TNF-a produc-
tion and NF-kB activation in ovalbumin-induced
asthma in mice [39].

On the other hand, STZ was capable of increasing the
NO levels related to the up-regulation of iNOS. It is
known that iNOS generates both O,” and NO, lead-
ing to peroxynitrite-mediated cell injury. Therefore
iNOS is involved in many diseases associated with in-
flammation and oxidative stress. It is known that
H,O, can regulate the expression of iNOS. In fact, it
has been demonstrated that H,O, stimulates the
expression of INOS in a concentration-response
relationship and that H,O, can enhance the expression
of iNOS induced by cytokines through NF«k-B activation
[40, 41]. Therefore, by increasing H,O, levels (Fig. 4d),
STZ could induce the expression of iNOS (Table 2 and
Fig. 6); such effect was counteracted by the extract and
NDGA, which decreased H,O, levels (Fig. 6 and Table 2).

Table 2 Relative intensity of immune-reactive protein bands

(INOS/actin)

Glands Relative intensity of immune-reactive
protein bands (iNOS/actin)

Control 063+0.06

S1Z 1.17 £0.08**

STZ+ AE 0.68 £ 0.045#

STZ + NDGA 0.58 +0.04 ##

The relative intensity was determined by densitometry analysis of immunoreactive
bands with a software. Control: without treatment, STZ streptozotocin, NDGA
nordihydroguaiaretic acid, AE aqueous extract of L. divaricata, iNOS inducible nitric
oxide synthase. Results represent the Mean + SEM of values from tree
determinations made by duplicate. * P < 0.05, ** P < 0.01significantly differences
between submandibulary glands from normal control and submandibulary glands
from STZ- treated animals, # P < 0.05, ##P < 0.01 significantly differences between
glands from STZ-treated control and STZ-treated + AE or NDGA in accordance with
ANOVA+ Dunnett's test. AE: 500 ug/ml, NDGA: 1.5 pg/ml

The probable mechanism of action of the extract and
NDGA is summarized in Fig. 7.

Even though glands obtained from STZ-treated an-
imals presented a lower weight, as compared to con-
trols, histologic changes were observed in the
architecture of neither acini nor ducts, probably due
to the short time of the STZ treatment. In a previ-
ous study Anderson et al. (1994) only observed a re-
duction in the acinar cell size after a long treatment
(4—6 months) with STZ [42]. Neither degenerative
changes in the parenchymal, nor vacuolation, focal
loss of salivary architecture or signals of local necro-
sis or pyknotic nuclei were observed after any treat-
ment (STZ, AE or NDGA), thus demonstrating that
neither the extract nor NDGA were cytotoxic at the
concentrations assayed.

Conclusion

The extract of L. divaricata was capable of reversing the
oxidative stress in the submandibular glands induced by
the administration of STZ to female rats. As none of the
compounds used in this work had cytotoxic effects on
the gland cells, the antioxidant sources remained un-
altered, thus being able to prevent the development of
oral oxidative diseases.

Although NDGA was demonstrated to be involved in
this reversal, the activity of other compounds cannot be
ruled out.

The molecular mechanism by which the extract
would modulate the oxidative stress would include
the modulation of both the activity and the expres-
sion of antioxidant and pro-oxidant enzymes, which
modulate the levels of oxygen and nitrogen reactive
species, preventing MDA formation and protein
carbonylation.

Therefore, the extract could be used as a local or
systemic preventive agent against oral diseases caused by
oxidative stress in diabetic subjects. Further studies are
needed to confirm this hypothesis.
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