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Aspirin prevents diabetic oxidative changes in rat lacrimal gland
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Abstract The aim of this study is to evaluate whether
aspirin reduces Diabetis Mellitus (DM) oxidative damage
in the lacrimal gland (LG), and ocular surface (OS). Ten
weeks after streptozotocin induced DM and aspirin treat-
ment, LG and OS of rats were compared for tear secretion,
hidtology, peroxidase activity, and expression of uncou-
pling proteins (UCPs). DM reduction of tear secretion was
prevented by aspirin (P < 0.01). Alterations of LG mor-
phology and increased numbers of lipofucsin-like
inclusions were observed in diabetic but not in aspirin-
treated diabetic rats. Peroxidase activity levels were higher
and UCP-2 was reduced in DM LG but not in aspirin
treated (P = 0.0025 and P < 0.05, respectively). The
findings prevented by aspirin indicate a direct inhibitory
effect on oxidative pathways in LG and their inflammatory
consequences, preserving the LG structure and function
against hyperglycemia and/or insulin deficiency damage.
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Introduction

Previous experimental studies have confirmed clinical
evidence that diabetes mellitus (DM) is associated with
lacrimal gland (LG) and ocular surface (OS) dysfunctions
related to dry eye syndrome [1-4].

Although the detailed mechanisms are unknown, pre-
vious studies have suggested that chronic hyperglycemia,
oxidative stress, nerve alterations, and disturbance in
insulin action may play important roles in the development
of such alterations [2, 5-8]. In addition, dry eye induced by
ocular surface desiccation was recently correlated with
ocular surface damage and oxidative stress [9].

We have previously demonstrated that there is insulin
receptor expression in LG and OS and its activation and
downstream signaling pathways are impaired in the lacri-
mal glands of animals with DM, and that insulin is secreted
into the tear film [1, 10, 11].

It is known that lacrimal gland secretion contains per-
oxidase activity, due to lactoperoxidase, an enzyme
member of the peroxidase-cyclooxigenase super family
that reduce hydrogen peroxide producing hypohalous acid
and hypothiocianate, and therefore, participate in unspe-
cific immune defense of the ocular surface [12]. Other
members of the peroxidase superfamily are responsible for
ROS scavenging and tissue protection, and therefore, they
can take part in the process of hyperglycemic oxidative
damage in lacrimal gland [13, 14].

Peroxidase activity in the lacrimal glands of old rats are
reduced; however, in the streptozotocin model of diabetic
rats, after 10 weeks of disease, there is a trend of higher
levels compared to age-matched controls [2, 15]. Increases
in reactive oxygen species (ROS) formation are related
to major diabetic complications in other tissues [16].
Therefore, this apparent paradoxal difference in peroxidase
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activity in two animal models of impaired secretion may be
possible by the action of anti-oxidant enzymes, which may
involve two or more members of the peroxidase super-
family other than lactoperoxidase.

Of interest, peroxidase activity in exocrine tissues was
markedly increased by systemic hormone suppression, not
only insulin as in the models of diabetes mellitus type 1,
but also suppression of sex hormones by gonadectomy
[2, 17-19].

ROS are produced in a process initiated by hyperglyce-
mia, whereby molecular oxygen used in glucose metabolism
is converted in part to free radicals. In order to monitor these
processes, antioxidant enzyme levels that scavenge ROS
and/or metabolites of lipids, proteins, or DNA damage by
oxidation are adopted as oxidative stress markers [20, 21].
Among them, malonaldehyde (MDA), a marker of lipid
peroxidation and peroxidase activity, has been used to
evaluate the antioxidant defense competence [18, 22].

Hyperglycemia leads to oxidative stress and to the for-
mation of advanced glycation end products (AGE) and
activates an intracellular cascade, whereby IkB kinase
(IKK) phosphorylates IkB, freeing NF-kB to translocate to
the nucleus. NF-kB promotes activation of a large number
of genes, including pro inflammatory cytokines and other
products that, among other actions, further activate NF-kB
[2, 16].

The evidences that hyperglycemia leads to mitochon-
drial dysfunction and activation of oxidative stress
pathways called the attention to mechanisms intended to
revert this phenomena. Among them are mitochondrial
uncoupling proteins (UCPs), a family of proteins respon-
sible for energy metabolism that would be able to prevent
mitochondrial ROS formation in different tissues [23-25].
However, the presence of UCP isoforms in LG and their
potential local role with regard to oxidative stress and dry
eye syndrome have not been investigated.

After oral administration, aspirin is secreted in tears in a
dose and plasma concentration dependent manner [26]. It has
long been known that aspirin (acetylsalicylic acid) improves
some metabolic parameters in DM and mechanistic expla-
nations have been recently reported [27, 28]. (Salicylate
reduces the expression of oxidants and inflammatory medi-
ators, and tissue inhibiting NF-xB signaling pathway [27-
30]). On the other hand, it is known that fatty acids stimulate
UCP expression in hepatocytes, but aspirin inhibits eicosa-
pentanoic fatty acid mediated UCP-2 up regulation [31].

Our hypothesis was that hyperglycemia mediates cel-
lular damage, initially inducing ROS and activating the
NF-kB signaling cascade and that the LG tissue may
respond with up-regulation of UCPs and other protective
mechanisms against oxidative stress. This hypothesis also
predicts that aspirin treatment may prevent the LG and OS
damage induced by DM.
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Thus, the objectives of the present study were to further
investigate the signaling events and oxidative stress
markers of diabetic LG, and to evaluate the effect of aspirin
treatment on mitigating the effects of this disease.

Materials and methods

Eight-week-old male Wistar rats (Rattus norvegicus) were
obtained from the Animal Breeding Centre of the Faculty
of Medicine of Ribeirdo Preto, Ribeirao Preto, SP, Brazil.
Animals were given free access to standard rodent chow
and water. Food was withdrawn 12 h before the experi-
ments and diabetes was induced with a single dose of
streptozotocin (Sigma, St. Louis, MO, USA), 60 mg/kg
body weight, diluted in 1 ml 0.01 M citrate buffer
administered through the caudal vein. Controls were
injected with citrate buffer alone.

Three days later, diabetic status was verified with a
glucose meter test (Accu-check, Roche Diagnostica Brasil
Ltda., Sdo Paulo, SP, Brazil) on blood obtained from the
caudal vein of 12 h-fasted rats. Fasting hyperglycaemia
over 200 mg/dl was considered to indicate the presence of
diabetes and on the fourth day part the diabetic group began
receiving aspirin diluted in drinking water (500 mg/1). This
procedure did not affect the daily volume of drinking water
observed throughout the experimental period and lead to an
average consumption of 50 mg per kg of body weight/day.

All experimental procedures adhered to the Guidelines
on the Practice of Ethical Committees in Medical Research
issued by the Royal College of Physicians of London and
to the ARVO Statement for the Use of Animals in Oph-
thalmic and Vision Research, and were approved by the
University Committee on Animal Experimentation.

Studies on the three groups [i.e., control (C), diabetic
(DM), and diabetic receiving aspirin treatment (DM +
AAS)] were performed 5 and 10 weeks later to compare
body weight by modified Schirmer test as previously
described [32]. Epithelial cells were collected from the
ocular surface of the three groups for impression cytology
analysis under intraperitoneal anaesthesia with a combi-
nation of ketamine (5 mg/100 g body weight) (Unido
Quimica Faramacéutica S.A, Embu-Guacu, SP, Brazil) and
xylazine (2 mg/100 g body weight) (Laboratério Callier
S.A., Barcelona, Spain). After sample collection, rats were
euthanized with excess anaesthesia.

Histology
LG were collected and weighed, embedded in OCT com-

pound (Sakura Fine Tek Inc., Torrance, CA, USA), and
frozen in liquid nitrogen.
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OCT-blocked LG from the three groups (n = 5-10/
group) were cut into 6-pm sections at —20°C and
transferred to poly-L-lysine pre-coated glass slides (Per-
fecta, Sdo Paulo, SP, Brazil). The tissue was stained with
hematoxylin/eosin for histological observation or with
DAPI (Vector, Burlingame, CA, USA) for the visuali-
zation of the nuclei and cell distribution. Non-stained
slides were evaluated with a blue filter (UMWB2) and
460-490 nm excitation light to detect and compare lip-
ofucsin-like inclusions as previously described [33].
Photographic documentation was done using an Olympus
light microscope BX41 and an Olympus Q- Color 5
digital camera (Olympus Corp, Japan) at 100 and 400x
magnification.

Schirmer test and impression cytology

Tear secretion was measured in the right eye of rats of all
the groups by modified Schirmer test as previously
described [32].

For impression cytology, corneal epithelia samples were
obtained from the ocular surface of the three groups
(n = 5/group) using a 0.45-um filter paper ((Millipore Co,
Billerica, MA, USA) after general anesthesia described
above. The samples were collected from the same area
(temporal) and transferred to gelatin-coated slides, fixed
with 70% ethanol glacial acetic acid and formalin and
stained with periodic acid-Schiff (PAS) and haematoxylin.
Epithelial staging of squamous metaplasia was evaluated in
a masked fashion and epithelial cells were classified into
four stages: stage 0 (for normal cell number, morphology,
and mucous staining), stage 1 (lower cell number and
mucous staining), stage 2 (lower cell number, reduced size
of nuclei, and square shape of cells), and stage 3 (squamous
metaplasia, whereby lower cell number, higher cytoplas-
mic volume, and pycnotic or absent nuclei) [34, 35].

Lipid peroxidation

Lipid peroxidation as a consequence of ROS accumulation
was determined by measuring the presence of MDA by the
thiobarbituric acid test [36]. Samples of 200 pl of LG
homogenates from the three groups were deproteinized
with 20% trichloroacetic acid, gently shaken for 30 min,
and centrifuged at 5,000xg. The supernatant was exposed
to 0.7% thiobarbituric acid and heated to 95°C for 45 min
and, after cooling, absorbance was read at 530 nm in a
Spectra Max 250 spectrophotometer (Molecular Devices,
Sunnyvale, CA, USA).

Peroxidase content of LG

Total peroxidase activity was measured using an assay kit
(Amplex Red; Molecular Probes, Eugene, OR, USA)
compare the amounts of this key enzyme related to oxi-
dative stress in the LG of all groups (i.e., DM,
DM + AAS) (n = S/group), as previously described [37].

Volume of lacrimal gland tissue homogenate to obtain
40 ng of protein were spotted in duplicate onto 96-well
microplates. H,O, (0.2 M), 0.1 ml medium, and 0.1-ml
aliquot of assay buffer containing 0.2 M reagent were
added to each experimental and control sample. Aliquots
were collected at 0, 5, 10, 20, 30, 40, and 60 min and
absorbance was obtained. This was compared to a stan-
dard H,O, titration curve with known amount of
horseradish peroxidase. Peroxidase activity was expressed
as units/ml g~' and the time point used for comparison
was 30 min, when the steady point of activity was
obtained.

Evaluation of the expression of UCP 1, 2, and 3
and IKKao/f in lacrimal glands

In order to evaluate the impact of DM and the response to
aspirin, the expression of UCP 1, 2, and 3 and IKK &/f in
whole cell lysates from LG of rats of the three groups was
determined by Western blot. After homogenization, protein
was measured by the biuret dye test. Samples were treated
with Laemmli buffer and equal amounts of protein per
sample (200 pg) were subjected to SDS-PAGE (10% Tris—
acrylamide) in a Bio-Rad miniature lab gel apparatus
(Miniprotean, Bio-Rad Laboratories, Richmond, CA,
USA), in parallel with pre-stained protein standards and
B-mercaptoethanol (Bio-Rad, Hercules, CA, USA). Pro-
teins were then electro-transferred from the gel to a
Hybond ECL nitrocellulose membrane (Amersham,
Buckinghamshire, UK) for 2 h at 120 V in a Bio-Rad
miniature transfer apparatus (Miniprotean). After blocking,
the membranes were incubated overnight using goat
polyclonal anti-UCP-1, 2, and 3, rabbit polyclonal anti IKK
o/f antibodies (Santa Cruz Biotechnologies, Santa Cruz,
CA, USA) at a concentration of 0.4 pg/ul in a buffer
containing 3% bovine serum albumin (BSA), and then
washed three times as described above. The blots were then
incubated with immunoperoxidase and developed with
DAB (Amersham, Buckinghamshire, UK). Membranes
were scanned, converted to digital files, and analyzed with
the Scion Image Analysis Software (Scion Corp, Frederick,
MD, USA).
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Statistical analysis

Data are expressed as mean £ SEM. Comparisons were
made using the Kruskal-Wallis test for continuous data
and the Fisher test for categorical data (Graphpad 3.0
software, Prism, San Diego, CA). Densitometric values are
expressed as a percentage of the mean value obtained for
the control group, which was defined as 100% in each
experimental assay. The level of significance used was
P < 0.05.

Results

Body weight and LG weight were lower in the diabetic
group and were not significantly affected by aspirin treat-
ment after 5 and 10 weeks, despite a trend of improvement,
specially in body weight by 5 weeks and LG weight by
10 weeks. In the same way, blood glucose levels were
significantly lower in DM + AAS by 5 weeks (P < 0.006),
but achieved similar levels of untreated DM by 10 weeks
(Table 1).

After 10 weeks, peroxidase levels in LG were higher in
diabetic rats but similar in controls and DM + AAS
(P = 0.002), although MDA was not affected after
10 weeks of this treatment (P > 0.05) (Table 2).

Structural evaluation revealed no differences in the
impression cytology (IC) of the cornea of these groups at 5
or 10 weeks (Data not shown, Fisher test, P > 0.05)
(Figs. 1 and 2).

Tear secretion measured by the Schirmer test was reduced
in diabetic rats at 5 weeks (2.5 £ 1.1 mm) as compared to
controls (8.3 £ 0.8 mm) and aspirin-treated animals
(8.8 = 1.1 mm) (P = 0.001). This pattern of changes

Table 1 Physiological parameters after 5 and 10 weeks of strepto-
zotocin-induced diabetes among control (C), diabetic (DM), and
aspirin-treated diabetic (DM + AAS) rats

C DM DM + AAS
Body weight (g)
5 weeks 556 +£ 57.3 274 £ 21.8% 488 + 33.1
10 weeks 638 =+ 42.9° 278 £+ 18.6 252 £ 433
LG weight (mg)
5 weeks 137.4 £ 1217 82+ 38 714 £5.2
10 weeks 186 + 10.8 136.9 £ 14.3 169.2 £ 7.15
Serum glucose (mg/dl)
5 weeks 107.8 £ 11.2 4274 + 16.5% 90.8 £ 13.5
10 weeks 88.6 & 20.0* 399 + 10.7 3072 £ 71.6
“P=0007; SP=0008, TP=00055 ~*P=0.0055

# P = 0.002 (Kruskal-Wallis)
Data are expressed as mean += SEM
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Table 2 Comparison of the oxidative stress biomarkers in LG after
10 weeks of streptozotocin-induced diabetes among control (C),
diabetic (DM), and aspirin-treated diabetic (DM + AAS) rats

C DM DM + AAS
Peroxidase (ug/ml)  1.70 £ 0.23  2.36 & 0.05*  1.06 £+ 0.17
MDA (nmol/g) 025 £005 025+£0.113 032 +£0.05

* P = 0.002 (Kruskal-Wallis)

Data are reported as mean + SEM. MDA was evaluated by spec-
trophotometric analysis, compared to standards, and normalized to
protein concentration (g)

persisted at 10 weeks in diabetic rats (2.8 £+ 0.8 mm) com-
pared to controls (11.8 & 1.5 mm) and aspirin-treated
animals (7.4 £+ 1.8 mm) (P = 0.01).

In a previous study, we observed that after 4 weeks of
DM, LG histology revealed a similar aspect to controls,
which indicate the absence of damage by streptozotocin
[22]. In order to ensure that LG tissue damage was not
disrupted by streptozotocin injection and remodeled after-
ward, histological evaluation of stretozotocin-induced DM
was performed. The observation of diabetic LG, 2 days
after streptozotocin injection, revealed unchanged distri-
bution of epithelial and connective tissues, absence of
lymphocyte infiltration, similar acinar and ductal size, and
distribution (hematoxylin/eosin staining), and normal
nuclei number, and distribution (DAPI) (Fig. 3).

After 5 weeks, acinar and ductal structures of LG were
similar, and nuclei number and morphology were pre-
served, in comparison with controls and DM + AAS
(Fig. 4).

However, after 10 weeks of diabetes, histological LG
comparison among control, diabetic, and DM + AAS rats
revealed similar distribution of epithelial tissues, but some
disorganization of acinar structure and reduced staining of
the nuclei of acinar cells (Fig. 5a, d, g). In order to verify
whether nuclei were damaged, nuclear staining with DAPI
was performed and its comparison indicated that the size
and distribution of nuclei were unchanged, and hence, cell
nuclei were hidden by altered cytoplasm content based on
HE staining (Fig. 5b, e, h). In addition, autofluorescence
revealed that lipofucsin granules were more expressed in
the acini and ductal cells of diabetic rats than in the other
groups (Fig. 5S¢, f, 1).

After 10 weeks of diabetes, UCP-1 and UCP-2, UCP-3,
and IKK «/f are expressed in LG. Although UCP-2 and -3
were significantly reduced in diabetic LG compared to con-
trol (P = 0.009 and 0.04, respectively, Mann—Whitney -U
test), and UCP-1 and IKK o/ were similarly expressed in all
groups (P = 0.13 and 0.48, respectively), when compared to
the diabetic aspirin-treated group, only UCP-2 was lower in
the diabetic group and recovered with aspirin treatment
(P = 0.05, Kruskal-Wallis test) (Fig. 6).
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Fig. 1 Representative microphotographs of impression cytology of
the cornea from control a, diabetic b, and aspirin-treated diabetic rats
¢ (n = 5-10/group) 5 weeks after streptozotocin injection. Grades 0
to 3 were assigned to each sample in a masked manner, considering

b .

Fig. 2 Representative microphotographs of impression cytology of
the cornea from control a, diabetic b, and aspirin-treated diabetic rats
¢ (n = 5-10/group) 10 weeks after streptozotocin injection. Grades 0
to 3 were assigned to each sample in a masked manner, considering

Fig. 3 LG histology 2 days
after streptozotocin injection
showing a preserved acinar and
ductal structures (HE) and b
nucleus number, shape, and
distribution (DAPI).
(Magnification 400x)

Discussion

Different models of DM in rats have shown LG and ocular
surface alterations. These animals are useful for transla-
tional studies (i.e., potential clinical and pathological
correlations and therapeutic approaches) since they present
with reduced tear secretion and impaired corneal epithelial
wound healing [2, 7].

A remarkable finding of the present work that opens a
potential therapeutical approach is the aspirin prevention of
tearing reduction in diabetic dry eye.

TR T

the shape of the cell, the size of the nuclei, and the presence of mucus.
Data did not differ significantly between groups (P > 0.05; Exact
Fisher test)

Sty

the shape of the cell, the size of the nuclei, and the presence of mucus.
Data did not differ significantly between groups (P > 0.05; Exact
Fisher test)

In order to further understand the aforementioned
inflammatory and ROS-induced oxidant mechanisms, in the
present study, we compared in DM rat the effects of aspirin
administration on LG and ocular surface appearance. Our
data confirmed that DM reduces the weight of LG and tear
secretion by 5 weeks and directly affects the morphology of
LG after 10 weeks. The unexpected increase in diabetic LG
weight by 10 weeks was not explored in detail but it appears
to correlate with our histological finding of anomalous
material in cytoplasm and previous description of lipid
material accumulation after 8 weeks of disease [38].
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Fig. 4 Histological comparison
of LG of control (a, b, ¢),
diabetic (d, e, f), and aspirin-
treated diabetic (g, h, i) animals
stained with HE (a, d, g), with
DAPI (b, e, h), and
autofluorescence of lipofucsin-
like inclusions (white arrows)
(c, f, 1) (Magnification 400x)

5 weeks after streptozotocin
injection. Insets (a, d, g) high
magnification images of acinar
cells stained with HE, showing
acinar cells and their nuclei
(black arrows)

Fig. 5 Histological comparison
of LG of control (a, b, ¢),
diabetic (d, e, f), and aspirin-
treated diabetic (g, h, i) animals
stained with HE (a, d, g), DAPI
(b, e, h), and autofluorescence
of lipofucsin-like inclusions
(white arrows) (c, f, i)
(Magnification 400x) 10 weeks
after streptozotocin injection.
Insets (a, d, g) high
magnification images of acinar
cells stained with HE, showing
acinar cells and their nuclei
(black arrows)

In addition to reduced tear secretion, diabetic rats show  changes observed in diabetic patients, whose have been
impaired metabolic signaling in LG and reduced mitotic =~ benefited by short-term use of anti-oxidants [1, 4, 7, 38—
activity in OS, which may help to explain the clinical ~ 40]. The present findings indicate that using total
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Fig. 6 Effect of DM on UCP-1,
2, and 3, and IKK o/f
expression in LG. After

10 weeks of DM, LG were
excised and extracts (n = 5

UCP-1 “-a

ucp-2

animals per group) were 150 - 150 4 =
analyzed by Western blot using g | 3 —_—
anti-UCP-1, -2, -3 and IKK o/f = °:
antibodies. Results are £ 100 A = 100 —_
representative of three S =]
independent experiments. E E
Membranes were scanned, £ 504 £ 504
converted to digital files, and 2 a I
analyzed with the Scion Image < <
Analysis Software 0 0
c DM DM+AAS c DM DM+AAS
Groups Groups
UCP-3 IKK
*
100 1 100 -

S J 3

& =

a 75 - 191

= &

2 3 |

2 901 > 501

E =

£ 251 g 25

0 0
Cc DM DM+AAS c DM DM+AAS

Groups

peroxidase activity as a marker of function and/or ROS
scavenger in exocrine glands must be taken carefully due to
double function (i.e., secretory and anti-oxidant) of per-
oxidase enzymes in those tissues [14, 18, 41, 42].

In contrast to our recent observations related to hypo-
thyroidism in rats [43], after 10 weeks of DM, there were
no significant corneal epithelia histological alterations.
Previous studies demonstrated that corneal nerve damage
in those animal models are apparent after 16 weeks of
disease; therefore, ocular surface epithelial damage may be
worsened at this time [5]. Evaluation of goblet cell density,
collected with a biopsy, as recently recommended, would
be an interesting possibility for further clarification of the
effects of DM on rat OS [44].

Chronic oxidative stress induced by persistent hyper-
glycaemia is a causative mechanism of the lacrimal
complications, as observed in other DM tissues [45]. The
role of salicylates and aspirin in particular was identified
and the pro-inflammatory NF-xB signaling pathway was
implicated in the mechanism of action due to inhibition of
IKK-f activity [30]. Moreover, salicylates may contribute
to blocking the increase in ROS through a mitochondrial

Groups

mechanism, since, after 10 weeks, in the DM + AAS (i.e.,
aspirin treated DM group), the levels of lipofucsin and
peroxidase were lower and UCP-2 and —3 levels were
higher than in untreated DM.

We demonstrated here for the first time the presence of
UCPs in LG tissue. Their role in protecting against oxi-
dative damage has been indicating, but continues to require
clarification [46]. In our study, lower levels of UCP 2 and 3
in diabetic LG, associated with changes in functional
parameters and oxidative stress markers, indicating that
hyperglycaemic cellular damage induced by ROS caused
not only overexpression of peroxidase but also altered
expression of some UCP isoforms. Although it is not clear
whether the increase in UCP induced by aspirin was an
anti-oxidant effect, it indicates a distinct response observed
in hepatocytes, where ex vivo studies demonstrated that
aspirin inhibited fatty acids and prostaglandins induced
over expression of UCP 2 [31].

In agreement with the above-mentioned mechanism of
action of aspirin on NF-«kB signaling, a recent study found
in retina tissues of streptozotocin diabetic rats that salicy-
lates are able to inhibit NF-xB activation, apoptotic events,
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and pro-inflammatory protein expression [27, 30]. Those
findings were not confirmed in our study, since IKKa/f3, a
precursor of NF-xB, was mildly but not significantly
reduced in DM LG, and it was not reverted by aspirin
treatment.

In conclusion, the present study advanced the under-
standing of the physiopathology and anti-oxidant reaction
that correlate DM with dry eye, which may have variability
among individuals and time-length of observation. How-
ever, it unequivocally confirms previous findings of
diabetic induced damage to LG, reinforces the perception
that this damage is mediated by oxidants mediators, and
indicates that aspirin therapy can reduce tissue damage and
functional impairment.

Acknowledgments The authors thank Mrs. Vani Maria Alves
Correa for technical assistance with this work and Prof. Peter Reinach
and Mrs Electra Green for reviewing the manuscript. The authors also
thank the financial support of: Coordenacdo de Aperfeicoamento de
Pessoal de Nivel Superior. Conselho (CAPES), Conselho Nacional
de Desenvolvimento Cientifico e Tecnoldgico (CNPq), Fundagdo de
Apoio ao Ensino, Pesquisa e Assisténcia do Hospital das Clinicas de
Ribeirdo Preto da Faculdade de Medicina de Ribeirdao Preto (FAEPA)
e Fundagdo de Amparo a Pesquisa do Estado de Sao Paulo (FAPESP).

References

1. EXM. Rocha, M.H. de M. Lima, C.R. Carvalho, M.J. Saad, L.A.
Velloso, Characterization of the insulin-signaling pathway in
lacrimal and salivary glands of rats. Curr. Eye. Res. 21, 833-842
(2000)

2. M. Alves, V.C. Calegari, D.A. Cunha, M.J. Saad, L.A. Velloso,
E.M. Rocha, Increased expression of advanced glycation end-
products and their receptor, and activation of nuclear factor
kappa-B in lacrimal glands of diabetic rats. Diabetologia 48,
2675-2681 (2005)

3. M. Goebbels, Tear secretion and tear film function in insulin
dependent diabetics. Br. J. Ophthalmol. 84, 19-21 (2000)

4. M. Dogru, C. Katakami, M. Inoue, Tear function and ocular
surface changes in noninsulin-dependent diabetes mellitus.
Ophthalmology 108, 586-592 (2001)

5. N. Ishida, G.N. Rao, M. del Cerro, J.V. Aquavella, Corneal nerve
alterations in diabetes mellitus. Arch. Ophthalmol. 102, 1380—
1384 (1984)

6. N.A. McNamara, R.J. Brand, K.A. Polse, W.M. Bourne, Corneal
function during normal and high serum glucose levels in diabetes.
Invest. Ophthalmol. Vis. Sci. 39, 3—17 (1998)

7. M. Wakuta, N. Morishige, T. Chikama, K. Seki, T. Nagano,
T. Nishida, Delayed wound closure and phenotypic changes in
corneal epithelium of the spontaneously diabetic Goto-Kakizaki
rat. Invest. Ophthalmol. Vis. Sci. 48, 590-596 (2007)

8. V. Peponis, S. Bonovas, A. Kapranou, E. Peponi, K. Filioussi,
C. Magkou, N.M. Sitaras, Conjunctival and tear film changes
after vitamin C and E administration in non-insulin dependent
diabetes mellitus. Med. Sci. Monit. 10, CR213-CR217 (2004)

9. S. Nakamura, M. Shibuya, H. Nakashima, R. Hisamura, N.
Masuda, T. Imagawa, M. Uehara, K. Tsubota, Involvement of
oxidative stress on corneal epithelial alterations in a blink-sup-
pressed dry eye. Invest. Ophthalmol. Vis. Sci. 48, 1552-1558
(2007)

KU
3. Humana Press

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

D.A. Cunha, E.M. Carneiro, C. Alves Mde, A.G. Jorge, S.M. de
Sousa, A.C. Boschero, M.J. Saad, L.A. Velloso, EIM. Rocha,
Insulin secretion by rat lacrimal glands: effects of systemic and
local variables. Am. J. Physiol. Endocrinol. Metab. 289, E768—
E775 (2005)

E.M. Rocha, D.A. Cunha, EMM. Carneiro, A.C. Boschero, M.J.
Saad, L.A. Velloso, Identification of insulin in the tear film and
insulin receptor and IGF-1 receptor on the human ocular surface.
Invest. Ophthalmol. Vis. Sci. 43, 963-967 (2002)

H. Daiyasu, H. Toh, Molecular evolution of the myeloperoxidase
family. J. Mol. Evol. 51, 433445 (2000)

F. Passardi, G. Theiler, M. Zamocky, C. Cosio, N. Rouhier, F.
Teixera, M. Margis-Pinheiro, V. loannidis, C. Penel, L. Falquet,
C. Dunand, PeroxiBase: the peroxidase database. Phytochemistry
68, 1605-1611 (2007)

R. Brigelius-Flohe, Tissue-specific functions of individual glu-
tathione peroxidases. Free Radic. Biol. Med. 27, 951-965 (1999)
M. Alves, D.A. Cunha, V.C. Calegari, M.J. Saad, A.C. Boschero,
L.A. Velloso, E.M. Rocha, Nuclear factor-kappaB and advanced
glycation end-products expression in lacrimal glands of aging
rats. J. Endocrinol. 187, 159-166 (2005)

J.L. Evans, 1.D. Goldfine, B.A. Maddux, G.M. Grodsky, Oxida-
tive stress and stress-activated signaling pathways: a unifying
hypothesis of type 2 diabetes. Endocr. Rev. 23, 599-622 (2002)
A. Paliwal, P.K. De, Marked sexual dimorphism of lacrimal
gland peroxidase in hamster: repression by androgens and
estrogens. Biochem. Biophys. Res. Commun. 341, 1286-1293
(2006)

F.N. Nogueira, A.M. Carvalho, P.M. Yamaguti, J. Nicolau,
Antioxidant parameters and lipid peroxidation in salivary glands
of streptozotocin-induced diabetic rats. Clin. Chim. Acta. 353,
133-139 (2005)

. A. Paliwal, A.Q. Srikantan, P.K. Stephano, Androgen, estrogen

and thyroid hormones repress tear peroxidase gene in lacrimal
gland of hamster. Ocul. Surf. 3, S102 (2005)

B. Halliwell, Reactive species and antioxidants. Redox biology is
a fundamental theme of aerobic life. Plant. Physiol. 141, 312-322
(2006)

B. Halliwell, S. Chirico, Lipid peroxidation: its mechanism,
measurement and significance. Am. J. Clin. Nutr. 57, 715S-724S
(1993). discussion 724S-725S

D.A. Cunha, M.C. de Alves, L.F. Stoppiglia, A.G. Jorge, C.M.
Modulo, E.M. Carneiro, A.C. Boschero, M.J. Saad, L.A. Velloso,
E.M. Rocha, Extra-pancreatic insulin production in RAt lachry-
mal gland after streptozotocin-induced islet beta-cells
destruction. Biochim. Biophys. Acta. 1770, 1128-1135 (2007)
K.S. Echtay, D. Roussel, J. St-Pierre, M.B. Jekabsons, S. Cade-
nas, J.A. Stuart, J.A. Harper, S.J. Roebuck, A. Morrison, S.
Pickering, J.C. Clapham, M.D. Brand, Superoxide activates
mitochondrial uncoupling proteins. Nature 415, 96-99 (2002)
V. Bezaire, E.L. Seifert, M.E. Harper, Uncoupling protein—3:
clues in an ongoing mitochondrial mystery. Faseb. J. 21, 312-324
(2007)

A.M. Vincent, J.A. Olzmann, M. Brownlee, W.I. Sivitz, J.W.
Russell, Uncoupling proteins prevent glucose-induced neuronal
oxidative stress and programmed cell death. Diabetes 53, 726—
734 (2004)

J.P. Valentic, I.H. Leopold, F.J. Dea, Excretion of salicylic acid
into tears following oral administration of aspirin. Ophthalmol-
ogy 87, 815-820 (1980)

L. Zheng, S.J. Howell, D.A. Hatala, K. Huang, T.S. Kern,
Salicylate-based anti-inflammatory drugs inhibit the early lesion
of diabetic retinopathy. Diabetes 56, 337-345 (2007)

J.K. Kim, Y.J. Kim, J.J. Fillmore, Y. Chen, I. Moore, J. Lee, M.
Yuan, Z.W. Li, M. Karin, P. Perret, S.E. Shoelson, G.I. Shulman,



Endocr (2009) 35:189-197

197

29.

30.

31.

32.

33.

34.

35.

36.

37.

Prevention of fat-induced insulin resistance by salicylate. J. Clin.
Invest. 108, 437-446 (2001)

S.E. Shoelson, J. Lee, M. Yuan, Inflammation and the IKK beta/l
kappa B/NF-kappa B axis in obesity- and diet-induced insulin
resistance. Int. J. Obes. Relat. Metab. Disord. 27(Suppl 3), S49-
$52 (2003)

M.J. Yin, Y. Yamamoto, R.B. Gaynor, The anti-inflammatory
agents aspirin and salicylate inhibit the activity of I(kappa)B
kinase-beta. Nature 396, 77-80 (1998)

M.B. Armstrong, H.C. Towle, Polyunsaturated fatty acids stim-
ulate hepatic UCP-2 expression via a PPARalpha-mediated
pathway. Am. J. Physiol. Endocrinol. Metab. 281, E1197-E1204
(2001)

A.C. Dias, C.M. Modulo, A.G. Jorge, A.M. Braz, A.A. Jordao Jr.,
R.B. Filho, J.S. de Paula, E.M. Rocha, Influence of thyroid hor-
mone on thyroid hormone receptor beta—1 expression and
lacrimal gland and ocular surface morphology. Invest. Ophthal-
mol. Vis. Sci. 48, 3038-3042 (2007)

J.D. Rios, Y. Horikawa, L.L. Chen, C.L. Kublin, R.R. Hodges,
D.A. Dartt, D. Zoukhri, Age-dependent alterations in mouse ex-
orbital lacrimal gland structure, innervation and secretory
response. Exp. Eye. Res. 80, 477-491 (2005)

M.V. de Rojas, M.T. Rodriguez, J.A. Ces Blanco, M.S. Salorio,
Impression cytology in patients with keratoconjunctivitis sicca.
Cytopathology 4, 347-355 (1993)

J.N. Barros, V. Mascaro, J.A. Pereira Gomes, D. Freitas, A.L.H.
Lima, Impression cytology of the ocular surface: examination
technique and staining procedure. Arq. Bras. Oftalmol. 64, 127-
131 (2001)

H. Esterbauer, K.H. Cheeseman, Determination of aldehydic lipid
peroxidation products: malonaldehyde and 4-hydroxynonenal.
Methods Enzymol. 186, 407-421 (1990)

D. Zoukhri, C.L. Kublin, Impaired neurotransmitter release from
lacrimal and salivary gland nerves of a murine model of Sjo-
gren’s syndrome. Invest. Ophthalmol. Vis. Sci. 42, 925-932
(2001)

38

39.

40.

41.

42.

43.

44.

45.

46.

. S. Mahay, E. Adeghate, M.Z. Lindley, C.E. Rolph, J. Singh,
Streptozotocin-induced type 1 diabetes mellitus alters the mor-
phology, secretory function and acyl lipid contents in the isolated
rat parotid salivary gland. Mol. Cell. Biochem. 261, 175-181
(2004)

D.T. Azar, S.J. Spurr-Michaud, A.S. Tisdale, I.K. Gipson, Altered
epithelial-basement membrane interactions in diabetic corneas.
Arch. Ophthalmol. 110, 537-540 (1992)

V. Peponis, M. Papathanasiou, A. Kapranou, C. Magkou, A.
Tyligada, A. Melidonis, T. Drosos, N.M. Sitaras, Protective role
of oral antioxidant supplementation in ocular surface of diabetic
patients. Br. J. Ophthalmol. 86, 1369-1373 (2002)

P.K. De, Tissue distribution of constitutive and induced soluble
peroxidase in rat. Purification and characterization from lacrimal
gland. Eur. J. Biochem. 206, 59—67 (1992)

M.G. Bonini, A.G. Siraki, S. Bhattacharjee, R.P. Mason, Gluta-
thione-induced radical formation on lactoperoxidase does not
correlate with the enzyme’s peroxidase activity. Free Radic. Biol.
Med. 42, 985-992 (2007)

A. Dias, C.M. Mddulo, A.G. Jorge, A.M. Braz, A.A. Jorddo Jr.,
R. Bertazolli Filho, J.S. Paula, E.M. Rocha, Thyroid hormones
influence lacrimal gland and ocular surface and modulate thyroid
hormone receptor B-1. Invest. Ophthalmol. Vis. Sci. 48, 3038-
3042 (2007)

S. Barabino, W. Chen, M.R. Dana, Tear film and ocular surface
tests in animal models of dry eye: uses and limitations. Exp. Eye.
Res. 79, 613-621 (2004)

M. Brownlee, Biochemistry and molecular cell biology of dia-
betic complications. Nature 414, 813-820 (2001)

P. Newsholme, E.P. Haber, S.M. Hirabara, E.L. Rebelato,
J. Procopio, D. Morgan, H.C. Oliveira-Emilio, A.R. Carpinelli,
R. Curi, Diabetes associated cell stress and dysfunction: role of
mitochondrial and non-mitochondrial ROS production and
activity. J. Physiol. 583, 9-24 (2007)

Mo,

3 Humana Press



	Aspirin prevents diabetic oxidative changes in rat lacrimal gland structure and function  
	Abstract
	Introduction
	Materials and methods
	Histology
	Schirmer test and impression cytology
	Lipid peroxidation
	Peroxidase content of LG
	Evaluation of the expression of UCP 1, 2, and 3 and IKKalpha/beta in lacrimal glands
	Statistical analysis
	Results
	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


