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x hormone levels in the brain of D-aspartate-treated rats
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D-Aspartic acid (D-Asp) is an endogenous amino acid
sent in all animal taxa, including humans [1]. It was first
erved in the brain of cephalopods [2], and subsequently
ected in the nervous system of the frog [3–6], chicken,

rat, mouse, and man [1,7,8]. When exogenous D-Asp was
administered to rats, it accumulated in the brain as well as
in the endocrine glands, especially in the adenohypophy-
sis, testis, and adrenal gland [9]. Albeit its function as a
neurotransmitter is well defined, less is known about the
physiological role of this amino acid in the brain [10–12].
D-Asp seems to play an important role in the development
of the nervous system [1]. In the adult rat, D-Asp is
implicated in different neuronal activities including the
physiology of learning and memory processes [13]. Char-
acterization of genetic and pharmacological mouse models
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A B S T R A C T

D-Aspartate (D-Asp) is an endogenous amino acid present in the central nervous system

and endocrine glands of various animal taxa. D-Asp is implicated in neurotransmission,

physiology of learning, and memory processes. In gonads, it plays a crucial role in sex

hormone synthesis. We have investigated the effects of chronic (30 days D-Asp drinking

solution) and acute (i.p. injection of 2 mmol/g bw D-Asp) treatments on sex steroid

synthesis in rat brain. Furthermore, to verify the direct effect of D-Asp on neurosteroi-

dogenic enzyme activities, brain homogenates were incubated with different substrates

(cholesterol, progesterone, or testosterone) with or without the addition of D-Asp. Enzyme

activities were measured by evaluating the in vitro conversion rate of (i) cholesterol to

progesterone, testosterone, and 17b-estradiol, (ii) progesterone to testosterone and 17b-

estradiol, (iii) testosterone to 17b-estradiol. We found that D-Asp oral administration

produced an increase of approximately 40% in progesterone, 110% in testosterone, and 35%

in 17b-estradiol. Similarly, the results of the acute experiment showed that at 30 min after

D-Asp treatment, the progesterone, testosterone, and 17b-estradiol levels increased by

29–35%, and at 8 h they further increased by a 100% increment. In vitro experiments

demonstrate that the addition of D-Asp to brain homogenate + substrate induces a

significant increase in progesterone, testosterone and 17b-estradiol suggesting that the

amino acid upregulates the local activity of steroidogenic enzymes.
�C 2017 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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with abnormally higher levels of D-Asp has indicated that
increased D-Asp enhances hippocampal NMDAR-depen-
dent synaptic plasticity, dendritic morphology, and spatial
memory [14].

Our previous studies have demonstrated that D-Asp is
concentrated in rat endocrine glands, particularly in the
pituitary gland and testes [15–17]. It can elicit the release
of GnRH from the hypothalamus, the luteinizing hormone
from the pituitary gland and testosterone from testis
inducing spermatogenesis [9,18–22]. Following D-Asp
administration to adult rats, an increase in the serum
progesterone levels was also detected [9]. However, while
a prominent role of D-Asp in sex hormone synthesis in the
gonads is well defined, as well as another local factor, the
Pituitary Adenylate Cyclase-Activating Peptide (PACAP)
[23,24], studies are lacking regarding the involvement of D-
Asp in the synthesis of these hormones in the brain. It is
well known that in the central nervous system, biologically
active steroids, also called neurosteroids, are synthesized
de novo from cholesterol or from circulating inactive
precursors [25–30]. Many studies have revealed the
potential mediating role of these steroids in several brain
functions, such as proliferation as well as activity and
survival of nerve cells [27,29,31–33].

To test the ability of D-Asp to regulate sex hormone
synthesis in the brain, we administered D-Asp solution to
adult rats and determined progesterone, testosterone, and
17b-estradiol brain levels. Moreover, we carried out in
vitro experiments to verify if D-Asp directly affects
steroidogenic enzyme activities in the brain. Particularly,
rat brain homogenates were incubated with different
substrates: cholesterol, progesterone, and testosterone,
with or without the addition of D-Asp. Thus, neurosteroi-
dogenesis enzyme activities were measured by evaluating
the in vitro conversion rate of:

� cholesterol to progesterone, testosterone, and 17b-
estradiol;
� progesterone to testosterone and 17b-estradiol;
� testosterone to 17b-estradiol.

2. Materials and methods

2.1. Animals

Male Wistar rats, weighing 300–350 g, were kept under
regulated conditions of temperature (24 � 28C) and lighting
(12 h light, 12 h dark cycles). They received commercial food
pellets ad libitum. The experimental protocols described below,
as well as the housing conditions, were in accordance with the
Italian guidelines (D. Lvo 116/92) and authorized by the local
AnimalCareCommittee(ASL44,Prot.Vet.22/95).Alleffortswere
made to reduce animal suffering and the number of animals.

2.2. In vivo experiments

2.2.1. D-Asp oral administration

The rats were divided into two groups: the first group
was allowed to drink a solution consisting of 20 mM D-Asp

for 30 days; rats of the second group were given to drink
fresh water. The dose was chosen based on our previous
study, where we had established that this concentration
was not dangerous to animals over the course of several
months [21]. At the end of the treatment, rats were first
anesthetized by an i.p. injection of chloral hydrate (40 mg/
100 g body mass) and rapidly decapitated. The brains were
dissected out, weighed, and rapidly analyzed for biochem-
ical determinations.

2.2.2. D-Asp intraperitoneal administration

Rats were injected i.p. with 2.0 mmol/g body weight D-
Asp dissolved in a saline solution. The dose was chosen
based on preliminary experiments carried out with
different doses (0.5–4.0 mmol/g body weight) of D-Asp
[34,35]. Control rats received a saline injection. At different
time points (30 min, 2 h, 8 h) after D-Asp or saline solution
injections, the animals were anesthetized by an i.p.
injection of chloral hydrate (40 mg/g body mass) and then
decapitated. The brains were dissected out, weighed, and
rapidly analyzed for biochemical determinations.

2.3. In vitro experiments

Brains from adult male rats were homogenized 1:10 in
Tris-HCl 0.05 M pH 7.4. After centrifugation at 3000 g for
10 min, 3 mL of supernatant were separately incubated
with 20 mL of 0.1 mg/mL substrate (cholesterol, progester-
one, or testosterone), without or with 20 mL of D-Asp 1 M.
Then, 1 mL of the assay mixture was taken from each
sample and mixed with 9 mL methanol. The remaining
samples were incubated at 378C under shaking. After
30 min was taken 1 mL of the assay mixture, which was
mixed with 9 mL of methanol. After 120 min was taken
1 mL of the assay mixture, which was mixed with 9 mL of
methanol. Then, the samples mixed with methanol were
centrifuged at 13,000 rpm, and the supernatants were
dried in appropriate glass Petri dishes at 40–508C under
shacking. The residues were mixed with 0.2 mL of 10 mg/
mL bovine serum albumin (BSA) in PBS to dissolve the
hormones from the Petri dish in the BSA solution, and 5–
20 mL were used for the hormonal determinations.

2.4. d-Aspartate determination

The brains from both oral- and intraperitoneal- treated
rats (n = 3 from each experimental group) were first
homogenized (Ultra-Turrax T25 homogenizer) with
0.2 M Tris–HCl, pH 8.2, in a ratio of 1:20. Tissue
homogenate (100 mL) was supplemented with 20 mL of
0.5 M trichloroacetic acid (TCA) and centrifuged at 15,000 g

for 10 min.
The supernatants were neutralized (to pH 6–8) using

1 M NaOH and the resulting sample was used for the
determination of D-Asp by an enzymatic method based on
the reaction between D-aspartate oxidase (D-AspO) and D-
Asp, as follows:

D-Asp þ O2þH2O !D-AspO
a-ketoacids þ H2O2þNH3 (1)
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-ketoacids þ 2:4-dinitrophenylhydrazine

! a-ketoacids-dinitrophenylhydrazine complex

(2)

etoacids-dinitrophenylhydrazine complex

þ NaOH ! purple color: (3)

D-AspO, EC 1.4.3.1., was purified, and the assay
cedure was as follows [36]. Into each of the two
endorf tubes were put 50 mL of sample (prepared as
ve) and 50 mL of 0.1 M Tris-HCl, pH 8.2. Then, to the
t tube (sample) was added 5 mL of purified D-AspO

g/mL) and to the second tube (blank sample) was
ed 5 mL of H2O. All tubes were incubated for 30 min at
C. After that, 20 mL of 5 mM 2,4-dinitrophenylhydra-
e (dissolved in 5 M HCl) were added to each tube,
ed, and left to incubate at room temperature for

min. Then, 300 mL of 1 M NaOH were added to each
e, and the absorbance of each sample was read at

 nm against its blank.
To determine the concentration of D-Asp, a standard
sisting of 50 mL of D-Asp 0.1 mmol/mL was used instead
the sample. This was read against a general blank
sisting of 50 mL of distilled water instead of sample.

 Sex steroid assays

Sex steroid levels were determined in the brains from
h experimental group, using progesterone, testoster-
, and 17b-estradiol enzyme immunoassay kits (Dia-
tra, Milan, Italy). The sensitivities were 50 pg/mL for
gesterone, 70 pg/mL for testosterone, and 8.7 pg/mL for
-estradiol. The addition of D-Asp to the standard curve

 not modify the assay sensitivity. Brains were homoge-
ed to 1:10 (w/v) with PBS 1X. The homogenate was then
ed vigorously with methanol (1:10 v/v) and centrifu-

 at 3000 g for 10 min. The supernatant was transferred
 a glass tube, and was left to evaporate on a hot plate at

40–508C under a hood. The residue was dissolved in
0.25 mL of 0.05 M sodium phosphate buffer, pH 7.5,
containing BSA at a concentration of 5 mg/mL, and then
used for the assay [4,6]. The sex steroid recovery was 80%
from brains. Steroid recovery was assessed by parallel
processing of rat brain samples to which known amounts
of steroids had been added prior to extraction and assay.

2.6. Statistical analyses

ANOVA followed by a Student–Newman–Keuls’ test
was used to evaluate differences between groups. Diffe-
rences were considered statistically significant at
P < 0.05. All data were expressed as the mean � S.D.

3. Results

3.1. d-Asp oral administration increases brain d-Asp and sex

hormone levels

Following chronic treatment (30-day D-Asp drinking
solution) brain D-Asp levels (160 � 10 nmol/g) were about
twice those of controls (80 � 7 nmol/g).

The levels of progesterone (P), testosterone (T), and
17b-estradiol (E2) in the brain of D-Asp-treated rats were
significantly increased with respect to controls (Fig. 1).
Particularly, P and E2 increased about 1.3-fold over basal
levels, whereas T was increased by about 2-fold.

3.2. d-Asp intraperitoneal administration increases brain d-

Asp and sex hormone levels

Following acute treatment (i.p. injection of 2 mmol/g
bw) brain D-Asp levels were significantly higher at 30 min
(167 � 11 nmol/g), 2 h (168 � 15 nmol/g) and 8 h
(134 � 20 nmol/g), than those of controls (43 � 5 nmol/g).

As reported in Fig. 2, brain levels of the steroid hormones
were significantly increased in response to D-Asp injection.
Particularly, at 30 min P, T and E2 concentrations increased
about 1.3-fold over basal levels. After 2 h, P and T reached

1. Progesterone (P), testosterone (T) (ng/g), and 17b-estradiol (E2) (pg/g) levels in the brain from control and D-Asp-treated rats. The experiment

isted of the oral administration of a 20 mM D-Asp drinking solution for 30 days; then the brain was taken from the animal and analyzed for hormone

rmination. The levels of P, T and E2 in the brain of D-Asp-treated rats were significantly increased with respect to controls. Data are expressed as
n � SD; n = 5 for each point; *: P < 0.05; **: P < 0.01 vs. control.



Table 1

Steroid hormone levels in brain homogenate + substrate with or without D-Asp.

Progesterone (ng/g) Testosterone (ng/g) 17b-estradiol (Pg/g)

Incubation with cholesterol

A

Zero time

H + C 5.2 � 1.1 15.0 � 3.2 30.4 � 5.0

H + C + D-Asp 5.5 � 1.2 16.2 � 4.2 33.4 � 4.4

30 min

H + C 7.4 � 2.2 7.4 � 2.2 33.5 � 7.4

H + C + D-Asp % of increase 15.5 � 3.1** 31.3 � 4.2** 42.8 � 6.5

109.4% 322.9% 27.8%

2h

H + C 12.5 � 3.1 31.2 � 4.2 55.4 � 7.5

H + C + D-Asp % of increase 36.3 � 4.5** 55.3 � 6.4** 74.8 � 9.6*

190.4% 77.2% 35.0%

Incubation with progesterone

B

Zero time

H + P — 16.0 � 2.8 31.6 � 4.5

H + P + D-Asp — 17.3 � 2.5 33.2 � 4.4

30 min

H + P — 32.1 + �4.5 38.4 � 3.4

H + P + D-Asp % of increase — 64.4 � 6.2** 45.6 � 2.1*

100.6% 18.7%

2 h

H + P — 88.4 � 8.6 45.1 � 5.1

H + P + D-Asp % of increase — 150.6 � 9.4** 84.8 � 9.6**

70.3% 88.0%

Incubation with Testosterone

C

Zero time

H + T — — 33.5 � 5.1

H + T + D-Asp — — 34.5 � 5.2

30 min

H + T — — 38.3 � 5.3

H + T + D-Asp % of increase — — 65.6 � 7.1**

71.3%

2h

H + T — — 55.2 � 6.2

H + T + D-Asp % of increase — — 95.8 � 10.6**

73.5%

The results represent the mean � s.d. obtained from three individual determinations. H: brain homogenate; C: cholesterol; P: progesterone; T: testosterone.
* P < 0.05
** P < 0.01.

Fig. 2. Progesterone (P), testosterone (T) (ng/g), and 17b-estradiol (E2) (pg/g) levels in the brain from control and D-Asp-treated rats. The experiment

consisted of an i.p. injection of 2.0 mmol/g bw D-Asp dissolved in a saline solution; after 30 min, 2 h, and 8 h, the brain was taken from the animal and

analyzed for hormone determination. The brain levels of the steroid hormones were significantly increased in response to D-Asp injection. Data are

expressed as mean � SD; n = 5 for each point; *: P < 0.05; **: P < 0.01 vs. control.
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ut 1.8-fold the basal level, and E2 1.5-fold. After 8 h, P, T
 E2 increased about 2-fold over the basal level.

 d-Asp upregulates brain steroidogenic enzyme activities

Rat brain homogenates were incubated with different
strates (cholesterol, P, or T) with or without the
ition of D-Asp and, neurosteroidogenesis enzyme

ivities were measured by evaluating the in vitro
version rate of cholesterol to P, T and E2; P to T and

 T to E2.
As reported in Table 1, significantly higher sex hormone
els were observed after 30 min and 2 h from the
ition of D-Asp to brain homogenate + substrate as
pared to those of the respective controls (brain
ogenate + substrate). Specifically, after D-Asp addition

he homogenate + cholesterol mixture, P was enhanced
roximately by 110% at 30 min and 190% at 2 h; T

reased by about 320% at 30 min and 77% at 2 h; E2

reased by about 28% at 30 min and 35% at 2 h (Table 1A).
The addition of D-Asp to the brain homogenate + pro-
terone mixture induced a T increase by approximately
% at 30 min and 70% at 2 h; E2 increased by 18% at

min and 88% at 2 h (Table 1B).
Finally, the addition of D-Asp to brain homogenate + -
osterone mixture induced an E2 increase by about 70%
er at 30 min or 2 h (Table 1 C).

iscussion

As previously demonstrated [13], we found that the rat
in possesses the capacity to take up and accumulate
genously administered D-Asp. Interestingly, endoge-
s amino acid levels doubled following 30 days of oral D-

 treatment. We observed that the intraperitoneal
inistration of D-Asp rapidly accumulated in the brain.

Specifically, at 30 min, a 200% increase was reported,
remaining high for 2 h and decreasing after 8 h.

Because of the increased brain D-Asp levels, we
observed a rise in P, T, and E2 levels. In particular, 30 days
of D-Asp oral administration produced an increase by
approximately 40% P, 110% T and 35% E2. Accordingly, a
recent study reports that in both sham- and neuropathic
mice, chronic D-Asp treatment significantly increased the
levels of P, T and E2 in the prefrontal cortex and
hippocampus [37]. In addition, previous studies have
demonstrated that D-Asp chronic oral administration to
adult rats induces an increase by 100% of both serum and
testis T, but not of E2 levels [21].

The results of the acute experiment showed that D-Asp
induces a rapid increase of sex hormone levels in the brain.
In particular, 30 min after D-Asp treatment brain, P, T, and
E2 levels increased by 29–35% with further increase at 2 h
and a 100% increase at 8 h. It is reported that in rats, P and T
increased in the blood 5 h after D-Asp treatment [9]. In
particular, T was 3.3-fold higher than in the basal serum
levels, whereas P increased 2.7-fold. Other hormones:
17b-estradiol, androstenedione, 17a-hydroxyprogeste-
rone and cortisol, were not affected by D-Asp injection [9].

D-Asp specific receptors have not yet been identified,
however numerous reports indicate that the NMDA
receptor (NMDAR) possesses an affinity for D-Asp
[21,38–40]. There is also evidence that D-Asp induces an
increase in NMDAR expression in the rat brain [7,8]. Inter-
estingly, previous findings indicate the crucial role of the
brain NMDAR in the synthesis of neurosteroids [41,42]. In
particular, in pyramidal neurons, brief administration of
NMDA in the presence of extracellular mg is sufficient to
facilitate neurosteroidogenesis, and low levels of NMDAR
activation are sufficient to increase neurosteroid immu-
nostaining.

There is no doubt that brain steroid levels depend on
peripheral steroid levels as well as on local synthesis and

3. Simplified scheme of sex steroid biosynthesis pathway. Cholesterol is translocated by StAR to the inner mitochondrial membrane, where it is

erted into pregnenolone by P450 cholesterol side-chain cleavage (P450 scc). Next pregnenolone is converted into progesterone by 3b-hydroxysteroid

ydrogenase (3b-HSD), progesterone to androstenedione by steroid 17a-hydroxylase (P450c17). Then, 17b-hydroxysteroid dehydrogenase (17b-HSD)
lyzes the conversion of androstenedione to testosterone, which finally is converted into 17b-estradiol by cytochrome P450 aromatase (P450 aro).
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metabolism [27,28]. As already mentioned, D-Asp influen-
ces the hypothalamus, pituitary, gonad axis and conse-
quently sex steroid plasma levels [15–17]. The results of
our in vivo experiments strongly suggest that D-Asp
induces an increase of sex hormone levels in the brain,
but we cannot exclude that increased levels may be due to
an increase in circulating hormones. The addition of D-Asp
to brain homogenates with substrate (cholesterol, proges-
terone, or testosterone) induced a significant increase in
steroid hormone levels. As shown in Fig. 3, the steroido-
genic pathway begins with a StAR-mediated translocation
of cholesterol across the mitochondrial membrane where
cholesterol is converted to pregnenolone by the P450 side-
chain cleavage enzyme (P450scc); pregnenolone diffuses
into the cytosol and is converted in the smooth endoplas-
mic reticulum to progesterone and then androstenedione
by 3b-hydroxysteroid dehydrogenase (3b-HSD). Subse-
quently, 17b-hydroxysteroid dehydrogenase catalyzes the
conversion of androstenedione to testosterone, which
finally is converted into 17b-estradiol by cytochrome P450
aromatase (P450 aro) [43–48]. Therefore, our results
demonstrate that D-Asp upregulates the activity of
enzymes involved in brain P, T, E2 synthesis. The different
percentage of increase in P, T, E2 levels suggests a different
effect of D-Asp on the activity of the different enzymes.

These latter data confirm previous findings indicating
that D-Asp induced synthesis of both mRNA and/or protein
P450 aro in the frog’s brain and testis [4,6,49]. Furthermore,
an in vitro study performed on the boar testis revealed that
D-Asp enhances aromatase activity [50,51]. Finally, in vitro
experiments carried out on purified rat Leydig cells
demonstrated that D-Asp increased gene and protein
expression of StAR as well as P450scc and 3b-HSD
transcripts [52,53].

In conclusion, our study demonstrates that D-Asp
upregulates sex hormone levels in rat brain via the
enhancement of steroidogenic enzyme activities and thus
suggests a novel function of this amino acid in the brain, i.e.
the local activation of steroid synthesis. Further studies are
needed to clarify whether the D-Asp-induced neurosteroi-
dogenesis could be mediated through NMDAR.
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