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a  b  s  t  r  a  c  t

Although  d-aspartate  (d-Asp)  has  been  recognized  as having  an  important  physiological  role  within
different  organs,  high  concentrations  could  elicit  detrimental  effects  on  those  same  organs.  In  this  study,
we  evaluated  the  oxidative  stress  response  to  d-Asp  treatment  in  rat  Harderian  gland  (HG)  by  measuring
total  cellular  hydroperoxide  levels.  Further,  we  examined  the effect  of d-Asp  uptake  on the  expression  of
the  mitochondrial  uncoupling  protein-3  (UCP3),  �-actin,  and  �-tubulin.  In  rat  HG,  elevated  levels  of  d-Asp
significantly  increased  hydroperoxide  production.  This phenomenon  was  probably  due  to  d-Asp  uptake  as
well  as  lipid  and  porphyrin  increased  levels.  Higher  UCP3  levels  and  lower  �-tubulin  expression  were  also
observed  after  d-Asp  treatment.  On  the  contrary,  �-actin  expression  was  unchanged.  Given the  possible
ubulin
ydroperoxides
xidative stress

role of  UCP3  in  lipid handling,  the  higher  expression  of  mitochondria  UCP3  protein  in  d-Asp-treated  HG
may  reflect  a  major  need  to export  excessive  amounts  of  hydroperoxides  deriving  from  a  greater  fatty
acid  flux  across  these  organelles  and  higher  mitochondrial  porphyrin  levels.  Moreover,  abundance  of
hydroperoxides  in d-Asp  treated  rat  HG  could  determine  the  decrease  of  �-tubulin  expression.  Thus,  our
findings indicate  that  a  high  concentration  of  d-Asp  is critical  in  initiating  a cascade  of  events  determined
by  oxidative  stress.

© 2011 Published by Elsevier B.V.
. Introduction

d-Aspartate (d-Asp) is an endogenous amino acid present in a
ide variety of tissues, particularly in the central nervous system

CNS) and glandular tissues [1].  Important biological roles have
een postulated for d-Asp. For instance, besides its well known
euroexcitatory activity, d-Asp is crucial for neurotransmission
nd neurosecretion in the CNS, for the biosynthesis and/or secre-
ion of hormones in the endocrine gland [2–8], as well as for the
ecretory activity in some exocrine glands [9,10].  Numerous stud-
es have demonstrated that d-Asp administered intraperitoneally
r intravenously accumulates in the rat pineal gland as well as

n the testis, pituitary, Harderian and adrenal glands [4,10,11]. A
ot of vegetables, marine food, and beverages contain exception-
lly high quantities of d-Asp, and their consumption is likely to

Abbreviations: d-Asp, d-aspartic acid; HG, Harderian gland; ROS, reactive oxygen
pecies; UCP3, uncoupling protein-3.
� This paper is part of the special issue “Analysis and Biological Relevance of d-
mino Acids and Related Compounds”, Kenji Hamase (Guest Editor).
∗ Corresponding author. Tel.: +39 0823 274556; fax: +39 0823 274571.

E-mail address: gabriella.chieffi@unina2.it (G. Chieffi Baccari).

570-0232/$ – see front matter ©  2011 Published by Elsevier B.V.
oi:10.1016/j.jchromb.2011.04.001
result in an increased accumulation of d-Asp in various tissues [12].
The possible physiological consequences of excessive uptake of d-
Asp in the tissues are still unknown. A recent study suggests that
the administration of high doses of d-Asp elevates the levels of
reactive oxygen species (ROS), malondialdehyde, and hydroperox-
ide in cytosol and mitochondria of rat testis, events that by being
accompanied by enhanced glutathione levels, elevated activities of
glutathione-dependent enzymes and catalase are indicative of a
state of oxidative stress [13,14].  Recently we have demonstrated
that exogenous administration of d-Asp to adult rat induces a mas-
sive increase of secretion in the Harderian gland (HG), whereas
other d- and l-amino acids did not show any effects [10]. In rodents,
this gland is a tubulo-alveolar orbital gland [15] that produces large
quantities of lipids and porphyrins [16], both of which increase after
d-Asp administration [10].

Thus, the aim of the present study was  to investigate whether
d-Asp may  induce oxidative stress in rat Harderian gland follow-
ing repeated exposure. We  evaluated the oxidative stress response
to d-Asp treatment by determining total cellular hydroperoxide

levels. Further, we  studied the effect of d-Asp uptake on mito-
chondrial oxidative stress by determining the expression of the
uncoupling protein-3 (UCP3). In effect, being a member of the sub-
family of mitochondrial anion carriers present in the HG [17,18],

dx.doi.org/10.1016/j.jchromb.2011.04.001
http://www.sciencedirect.com/science/journal/15700232
http://www.elsevier.com/locate/chromb
mailto:gabriella.chieffi@unina2.it
dx.doi.org/10.1016/j.jchromb.2011.04.001
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his protein may  play an important role in exporting fatty acid
eroxides accumulated within the mitochondria under conditions
f increased lipid handling [19]. Finally, we assessed cell damage
nduced by d-Asp accumulation by determining alterations in the
xpression of �-actin and �-tubulin, since it has well know that
xidative stress causes microtubule and microfilament depolimer-
zations with consequence loss of cell integrity.

. Materials and methods

.1. Animals

Male Wistar rats, Rattus norvegicus albinus,  weighing 300–350 g,
urchased from Charles River Laboratory (Italy), were kept under
egulated conditions of temperature (28 ± 2 ◦C) and lighting (12 h
ight, 12 h dark cycles). They received commercial food pellets ad
ibitum.

.1.1. Experiments
The rats (n = 18) were divided in two groups: the first group was

llowed to drink a solution consisting of 20 mM d-aspartate for 15
ays; rats of the second group (control) were given to drink fresh
ater for 15 days. At the end of the treatment, rats were first anes-

hetized by an i.p. injection of chloral hydrate (40 mg/100 g body
ass) and then decapitated. The HGs were dissected out, weighed

nd rapidly immersed in liquid nitrogen for biochemical analyses.
he experimental protocol, as well as the housing conditions, was
n accordance with the Italian guidelines (D.Lvo 116/92) and autho-
ized by the local Animal Care Committee (Servizio veterinario ASL
4, Prot. Vet. 22/95).

.2. Tissue homogenization

Harderian glands from each animal were first homogenized
Ultra-Turrax T25 homogenizer) with 0.2 M Tris–HCl, pH 8.2, in

 ratio of 1:20. Tissue homogenate (100 �l) was supplemented
ith 20 �l of 0.5 M trichloroacetic acid (TCA) and centrifuged at

5,000 × g for 10 min. The supernatants were neutralized (to pH
–8) using 1 M NaOH and the resulting sample was  used for the
-aspartic acid analysis, as below.

.2.1. Specific determination of d-Asp in rat HG
The method used was based on the separation of d-Asp

rom other amino acids by means of an appropriate derivatiza-
ion of amino acids [20]. 10 �l of sample (prepared as above)
as mixed with 100 �l of 0.5 M sodium pyrophosphate, pH 9.5,

nd 20 �l of OPA-NAC reagent (o-phthaldialdehyde-N-acetyl-l-
ysteine), which was prepared by mixing 20 mg  of OPA with 10 mg
f N-acetyl-cysteine in 2 ml  50% methanol. After 2 min, distilled
2O was added to make a final volume of 1000 �l. After mixing,
0 �l of the reaction mixture was injected onto a C18 Supelcosil col-
mn  (0.45 × 25 cm,  Supelco, Inc., Belafonte, PA, USA) connected to a
eckman-Gold HPLC system. The column was eluted at 1.2 ml/min
ith a gradient consisting of solution A [which was prepared by
ixing 920 ml  of bidistilled H2O, 30 ml  of 1 M citrate-phosphate

uffer, pH 5.3, and 50 ml  acetonitrile (the final pH must be adjusted
o 5.6 with 1 M citric acid or 1 M NaOH)] and solution B, which
onsisted of 90% acetonitrile and 10% distilled H2O. The program
radient was: 0–5% B for 10 min; 5–30% B for 30 min, 30–100% B
or 10 min, staying at 100% B for 5 min  and returning to 0% B for

 min. The fluorescence was monitored using an excitation wave-
ength of 330 nm and an emission wavelength of 450 nm.  d-Asp
as eluted at about 6 min  (determined by using a standard of d-
nd l-amino acids) followed by l-Asp 0.5 min  later, and was well
eparated from other amino acid enantiomers. To verify that the
eak eluted at about 6 min  really was d-Asp, 20 �l of the sample
B 879 (2011) 3344– 3348 3345

was  mixed with 20 �l of 0.5 M pyrophosphate buffer, pH 8.2, and
2 �l of purified d-aspartate oxidase (d-AspO), then incubated for
20 min  at 37 ◦C. After incubation, the sample was  mixed with 5 �l
of 0.2 M NaOH, 100 �l of pyrophosphate, pH 9.5, and subjected to
HPLC as before. The absence of the d-Asp peak, or its reduction,
confirmed the presence of d-Asp in the original sample.

2.2.2. d-Asp content determination
A standard curve was obtained using 10 �l of the mixture of

standard amino acids plus all other components as used for the
sample, under the same conditions as before. The standard mixture
was  obtained by mixing stock solutions of the following 22 amino
acids plus ammonia: l-Ser, l-Asp, l-Met, l-Glu, l-Asn, l-Thr, l-Leu,
l-Gln, l-Ile, Gly, Taurine, l-Arg, l-Phe, l-His, l-Ala, l-Trp, l-Val, l-Tyr,
GABA, l-Lys, l-Cys, l-Pro, and NH4SO4, such that each amino acid
had the concentration of 0.4 �mol/ml (total 8.8 �mol/ml) in 0.1 M
HCl. The areas of the peaks of amino acid standards were used to
calculate the amounts of d-Asp contained in the HG from control
and d-Asp-treated rats.

2.3. Measurement of hydroperoxides

A specific assay was used for determination of hydroperoxides
[21]. Total hydroperoxides react with glutathione (GSH) by the
enzyme GSH peroxidase to produce oxidized glutathione (GSSG)
and the alcohol. GSSG is rapidly reduced by NADPH via GSH reduc-
tase. Thus, total amount of NADPH oxidized is a measure of the
hydroperoxides. For this assay, HGs were homogenized 1:5 with
0.9% NaCl in 5 mM  Tris–HCl buffer, pH 7.0. The homogenate is
centrifuged for 10 min  at 3000 g and the supernatant is then cen-
trifuged for 60 min at 100,000 × g. This supernatant is made 50%
with acetone a −20 ◦C. The pellet formed by immediate centrifu-
gation at 15,000 × g for 10 min  is resolubilized in about 200 �l of
5 mM Tris–HCl buffer, pH 7.0 and then centrifuged at 17,000 × g
for 20 min  to remove the nonresuspended material. 500 �l of
0.124 M Tris–HCl, pH 7.6, and 0.2 mM ethylenediaminetetraacetic
acid, tetrasodium salt, are added to 200 �l of test solution. Then,
25 �l of 4 mM NADPH, 10 �l of purified GSH peroxidase (2500 nmol
of NADPH oxidized/min/ml), and 0.1 ml  of 4.25 mM GSH are added.
The solution is incubated at 33 ◦C for 15 min. At the end, the
absorbance of NADPH in the test solution is read at 340 nm.

2.4. Protein-extract preparation

Harderian glands were homogenized in an isolation medium
consisting of 220 mM mannitol, 70 mM sucrose, 20 mM Tris–HCl,
1 mM EDTA, 5 mM EGTA, and 5 mM MgCl2, pH 7.4 (all from
Sigma–Aldrich Corp., St Louis, MO,  USA), supplemented with a
protease inhibitor cocktail (Roche Applied Science, Mannheim,
Germany). After homogenization, samples were centrifuged at
700 g for 10 min. The supernatants were collected and trans-
ferred into new tubes for subsequent centrifugation at 7000 g. The
obtained mitochondrial pellets were washed twice and then resus-
pended in a minimal volume of isolation medium and kept on ice.
The supernatant contained the cytosolic fraction. Protein concen-
trations of mitochondrial and cytosolic fractions were estimated
using a modified Bradford assay (Bio-Rad, Melville, NY, USA).

2.5. Western immunoblot analysis

Thirty-microgram protein aliquots from the mitochondrial and
cytosolic fractions were resuspended in 1× SDS loading buffer, then

heated for 3 min  at 95 ◦C. Afterwards, the samples were subjected
to SDS–PAGE (13% polyacrylamide). Analysis of mitochondrial and
cytosolic samples was  performed on two  separate gels, using glands
from three d-Asp-treated rats and three control rats each one. After
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Table 1
d-Asp and hydroperoxides concentrations in Harderian gland from d-Asp treated
and  control rats.

Control d-Asp-treated

d-Asp levels (�mol/g tissue) 0.11 ± 0.02 0.75 ± 0.06*

Hydroperoxides (nmol/g tissue) 4.9 ± 0.03 13.2 ± 0.01*
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found increased UCP3 level in hyperthyroid rat HG showing higher
he results represent the mean ± SD obtained from three individual determinations.
* P < 0.001 vs control.

lectrophoresis, proteins were transferred to a nitrocellulose mem-
rane. Each membrane was treated for 1 h with blocking solution
5% non-fat powdered milk in 1× TBS/Tween) and then it was
ncubated overnight at 4 ◦C with a polyclonal primary antibody
s following: a rabbit anti-human UCP3 (Chemicon International,
emecula, CA) diluted 1:1000 on the mitochondrial fractions; a
ouse anti-human �-tubulin (Santa Cruz Biotechnology, St. Cruz,

A) diluted 1:2000 or a mouse anti-human �-actin (Santa Cruz
iotechnology, St. Cruz, CA) diluted 1:2000 on the cytosolic frac-
ions. After washing with TBS/Tween, membranes were incubated
ith the horseradish-peroxidase conjugated secondary antibody

1:4000) for 1 h at room temperature. The reactions were detected
sing an enhanced chemiluminescence (ECL) system (Amersham
ife Science, UK). Bands were scanned and then quantified by a
can program which converts optical density into numerical val-
es. Equal loading of the protein samples was checked by Ponseau
taining.

.6. Statistical analysis

The values obtained were compared by Student’s t-test for
etween-group comparisons. Values for P < 0.01 were considered
tatistically significant. All data were expressed as the mean ± S.D.
rom at least three independent experiments.

. Results and discussion

.1. d-Asp and hydroperoxide concentrations in the rat HG after
-Asp treatment

To prove the efficiency of our experimental conditions, we mea-
ured the accumulation of d-Asp in d-Asp-treated rat HG by a
pecific and sensitive HPLC method, entailing the diasteromeric
eparation of d-Asp from other amino acids by means of a d-
spartate oxidase (Fig. 1).

In accordance with our previous study [10], we found that
-Asp levels in d-Asp-treated rat HG (0.75 ± 0.06 �mol/g tissue)
ere significantly (P < 0.001) higher than those of basal values

0.11 ± 0.02 �mol/g tissue) (Fig. 1; Table 1). Experimental evidence
uggests that the uptake of d-Asp occurs via NMDA receptors and
utative specific binding sites present in rat HG [22].

The amount of total hydroperoxides in d-Asp-treated rat HG
13.2 ± 0.01 nmol/g tissue) was significantly (P < 0.001) higher
han that in controls (4.9 ± 0.03 nmol/g tissue) (Table 1). Con-
istently, a marked elevation of oxidative stress markers (i.e.
eactive oxygen species, malondialdehyde, hydroperoxide, glu-
athione, glutathione-dependent enzymes and catalase) has been
emonstrated in testis of prepuberal rats following d-Asp admin-

stration [13,14].  Since we recently demonstrated that d-Asp acute
reatment markedly increases both lipid and porphyrin content in
at HG [10], it is likely that the elevated hydroperoxide levels in
-Asp-treated rat HG were produced by the accumulation of these

olecules. Further, since d-AspO (EC 1.4.3.1) is a peroxisomal flavo-

rotein [23] that specifically metabolizes d-Asp into oxaloacetate,
mmonia, and hydrogen peroxide [24,25], it is possible that induc-
Fig. 1. Typical HPLC determination of d-Asp by the OPA-NAC method in HGs  from
control (A) and d-Asp-treated rats (B). d-Asp was eluted at about 6 min  (determined
by using a standard of d- and l-amino acids).

tion of oxidative stress following d-Asp exposure could also be
related to its metabolism by inducible d-AspO.

3.2. UCP3 expression in rat HG after d-Asp treatment

Total protein content in mitochondrial fractions, isolated from
rat HG, was  analyzed by Western blot analysis (Fig. 2). UCP3 expres-
sion in d-Asp-treated rat HG was  significantly higher than that
of control HG (Fig. 2). In view of the previous studies concern-
ing the role played by UCP3 in lipid handling [19], we speculate
that the higher expression of mitochondrial UCP3 protein in d-
Asp-treated HG (showing elevated lipid content) could reflect a
greater fatty acid flux in mitochondria and, thus, the need to
export the fatty acid peroxides out of these organelles to coun-
teract their damaging effects. Consistently, in a previous paper we
lipid content than in euthyroid HG [17]. Furthermore, since d-Asp-
treated HGs show enhanced porphyrin content [10], we  cannot
exclude that the increased levels of UCP3 in d-Asp-treated rat HG
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Fig. 2. Upper panel: Western blot detection of UCP3 protein in HGs from d-Asp-
treated rats and controls. A specific band of 33 kDa was  observed (by comparison
with co-migrating size markers; Bio-Rad, Melville, NY). The bands are representative
o
o
r

c
p
l
o
a
l

3
t

t
(
s
a
r
f
o
m
c
d
t
o

4

i
p
l
d
v
h
i
t
f
d

Fig. 3. Upper panel: Western blot detection of �-tubulin and �-actin proteins in
HGs  from d-Asp-treated rats and controls. Specific bands of 50 kDa and 42 kDa were
observed, respectively (by comparison with co-migrating size markers; Bio-Rad,
Melville, NY). The bands for each experimental group are representative of three

[

[
[

f three d-Asp-treated glands and three control glands. Lower panel: the amount
f  UCP3 was quantified using the Scan program (see upper panel). Values shown
epresent the means ± S.D. of three determinations. *P < 0.01 vs controls.

ould also be useful to counteract also the ROS generated by the
orphyrin accumulation. Indeed, it is well known that the accumu-

ation of porphyrins in the mitochondrial membrane damages these
rganelles by provoking alteration in the cellular respiratory chain
nd the production of ROS, which, in turn, contribute to producing
ipid peroxides.

.3. Expression of ˛-tubulin and ˇ-actin in rat HG after d-Asp
reatment

Western blot analysis revealed that �-tubulin level in d-Asp-
reated rat HG was nearly 5-fold lower than that of control HG
Fig. 3). By contrast, d-Asp treatment did not alter �-actin expres-
ion in rat HG (Fig. 3). It has been demonstrated that lipid peroxides
re a potential target of tubulin. For example, hydroperoxides dis-
upt the formation of microtubules in neurons [26]. In fact, evidence
rom in vitro studies indicates that even very low concentrations
f peroxides are sufficient to interfere with tubulin and, therefore,
icrotubule function [27]. Further, oxidation of cellular proteins

auses a loss of microtubule function, culminating in microtubule
epolymerization and proteosome-dependent degradation of �-
ubulin [28]. Therefore, d-Asp-treated rat HG, with its abundance
f hydroperoxides, is at risk of microtubule polymerization.

. Conclusions

Our findings indicate that in rat HG elevated levels of d-Asp
nduce significant increase in hydroperoxide production, which is
robably elicited by repeated exposure to d-Asp uptake as well as

ipid and porphyrin increased levels. Under such conditions, we  also
etected higher UCP3 levels and a lower �-tubulin expression. In
iew of the possible role played by UCP3 in lipid handling [19], the
igher expression of UCP3 protein in d-Asp-treated HG could be
nterpreted as a molecular response to counteract the detrimen-
al effects of hydroperoxide accumulation triggered by a greater
atty acid flux across these organelles and by higher mitochon-
rial porphyrin levels within the mitochondrial matrix. Finally,

[
[
[

[

glands. Lower panel: the amount of �-tubulin and �-actin were quantified using
the Scan program (see upper panel). Values shown represent the means ± S.D. of
three  determinations. **P < 0.001 vs controls.

the increased oxidative status well correlates with the decrease
in �-tubulin expression most likely resulting from microtubule
depolymerization and �-tubulin degradation induced by hydroper-
oxide accumulation. Unexpectedly, d-Asp treatment did not alter
�-actin expression in rat HG, suggesting that the oxidative status
did not affect the microfilaments.

Taken together, our findings seem to suggest that an excessive
uptake of d-Asp could significantly trigger a cascade of molecular
events determined by states of oxidative stress.
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