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The circadian changes of D-alanine (D-Ala), an intrinsic b-amino acid found in mammals, were investigated
in rats with diurnal and nocturnal habits, and the profiles were compared to those of L-Ala, other p-amino
acids and several hormones. Determination of p-Ala in the rat plasma, pancreas and anterior pituitary
gland was carried out using a sensitive and selective two-dimensional HPLC system combining a micro-
ODS column and an enantioselective column after fluorescence derivatization with 4-fluoro-7-nitro-2,1,3-

KeiwqrdS: 5 benzoxadiazole (NBD-F). The amount of b-Ala was high during the sleeping period and low during the
Ziar?rllgo acids active period in rats with both diurnal and nocturnal habits, indicating for the first time that the p-Ala is

closely related to the activity rhythm of animals. In contrast, L-Ala and other p-amino acids did not show
any clear circadian changes. The circadian change of p-Ala inversely correlated with that of the plasma
insulin level in rats with both diurnal and nocturnal habits. Considered together with our previous findings
that p-Ala is localized in the insulin secreting beta-cells in the rat pancreas, it is strongly suggested that

Enantiomer separation
Column-switching HPLC
Circadian rhythm
Insulin

D-Ala has some functional relationships to insulin in mammals.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

D-amino acids are the enantiomers of L-amino acids predom-
inantly observed in living creatures. These D-amino acids were
believed to be present only in the lower species such as microor-
ganisms and non-vertebrate marine animals [1,2]. However, recent
studies revealed that some D-amino acids, represented by D-serine
(p-Ser) and p-aspartic acid (D-Asp), naturally occur in mammals
including human beings [3-5]. In the brain, especially in the frontal
brain areas such as the cerebrum and hippocampus, large amounts
of p-Ser were found [6] and it is now thought to be the neuromod-
ulator of the N-methyl-D-aspartate (NMDA) receptor [7-10]. Also,
large amounts of D-Asp were observed in various endocrine tissues,
and this p-amino acid has been shown to regulate the production
and/or secretion of specific hormones in these tissues [11-14]. In
addition to p-Ser and D-Asp, several D-amino acids including D-
alanine (p-Ala) are reported to be present in mammals [3,15-24],
and they are expected to be the candidates of novel physiologically
active substances and/or marker molecules of diseases. However,
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the amounts of these D-amino acids are often too small to precisely
determine, and therefore, the physiological functions and the diag-
nostic values of these p-amino acids have scarcely been clarified
mainly due to the lack of sensitive and selective analytical methods.

D-Ala is the first D-amino acid found in mammals using the sera
of guinea pigs [25]. Since then, this D-amino acid was determined
in the blood (serum or plasma), urine and brain of various mam-
malian species using enantioselective analytical methods including
chiral GC, chiral HPLC, diastereomeric HPLC and enzymatic meth-
ods [3,15-19,24,26-32]. In our previous report, we established a
sensitive two-dimensional HPLC with fluorescence detection com-
bining a micro-ODS column and an enantioselective column, and
the detailed anatomical distribution of p-Ala in mammals has been
clarified for the first time, demonstrating that p-Ala is localized to
the anterior pituitary gland and pancreas [33]. Especially, in the
pancreas, D-Ala is observed only in the insulin secreting beta-cells
in the Langerhans islets [34], strongly suggesting that D-Ala has
some physiological significance in mammals. We also reported that
the amount of D-Ala has a clear circadian change showing a higher
amount during the daytime [33], and the clarification of the physio-
logical meanings of this rhythmical p-Ala profile is highly expected.

The aim of the present study is to clarify the physiological mean-
ing and diagnostic value of this circadian p-Ala rhythm in mammals.
Circadian changes in bioactive substances are mainly controlled
by the environmental light-dark signals or the activity rhythms of
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animals [35]. Therefore, in the present investigation, we changed
the activity rhythm of the rats by changing the feeding schedule
to have a diurnal habit (rat is an animal with a nocturnal habit
under wild conditions [36]), and the amount of D-Ala in these rats
have been determined. By comparing the p-Ala rhythm in these
rats to that in the normal rats with a nocturnal habit, we found that
the p-Ala rhythm is controlled by the activity rhythm of the rats
rather than the light-dark change in the environment. The amounts
of L-Ala, other typical p-amino acids and various hormones have
also been investigated to clarify the relationships between these
compounds and D-Ala, and it was revealed that the amount
of p-Ala has a clear reverse-correlation to the plasma insulin
level.

2. Experimental
2.1. Materials

The enantiomers of Ala, Asp and Ser were obtained from
Nacalai Tesque (Kyoto, Japan) and the derivatizing reagent, 4-
fluoro-7-nitro-2,1,3-benzoxadiazole (NBD-F), was purchased from
Tokyo Kasei (Tokyo, Japan). o-Phthaldialdehyde (OPA) and N-
tert-butyloxycarbonyl-L-cysteine (Boc-L-Cys) were obtained from
Wako (Osaka, Japan) and Novabiochem (Liufelfingen, Switzerland),
respectively. Methanol (MeOH) and tetrahydrofuran (THF) of HPLC
grade, trifluoroacetic acid (TFA), citric acid monohydrate and boric
acid were the products of Wako. Acetonitrile (MeCN) of HPLC grade
was from Nacalai Tesque, and water was purified using a Milli-
Q gradient A 10 system (Millipore, Bedford, MA, USA). All other
reagents were of the highest reagent grade and used without fur-
ther purification.

2.2. Animals

Male Wistar rats (7-8 weeks of age, specific-pathogen free) were
purchased from Kyudo (Kumamoto, Japan) and were housed in the
animal center of Kyushu University, Graduate School of Pharmaceu-
tical Sciences, under a 12-h light/12-h dark cycle for at least 1 week
(lights on at 07:00 a.m.). The control rats were given free access to
food (diet type NMF, Oriental Yeast, Tokyo, Japan) and water. Rats
with the diurnal habit were made by restricted feeding (the rats
could have free access to water, but had access to food only from
09:00 to 17:00) for 2 weeks. All experiments were performed after
the permission (No. PAE04-74, PAE03-40) from the animal care and
use committee of the Graduate School of Pharmaceutical Sciences,
Kyushu University.

2.3. Sample preparation procedure

The rats were anesthetized with diethyl ether and eutha-
nized by decapitation. The blood was collected from the jugular
artery into a heparinized tube (Nippon Becton Dickinson, Tokyo,
Japan) and centrifuged at 4500 x g at 4°C for 15min to obtain
the plasma. A part of the plasma was used to determine the
amounts of corticosterone and insulin. The anterior pituitary
gland, pancreas and pineal gland were quickly excised, and stored
at —80°C after measuring their wet weights. The pineal gland
was used to determine the amount of melatonin as described
in Section 2.6. The pancreas and plasma samples were homoge-
nized in 20-fold volumes MeOH on ice (200-fold volumes were
used for the anterior pituitary gland), and the homogenates
were centrifuged at 4500 x g for 5min to obtain the super-
natants and used for the determination of the p- and L-amino
acids.

2.4. HPLC determination of b- and L-Ala

Determination of D- and L-Ala was carried out as described in
a previous report [33] using precolumn fluorescence derivatiza-
tion with NBD-F and a two-dimensional HPLC system combining
a micro-ODS column and an enantioselective column. Briefly, the
MeOH supernatants obtained in Section 2.3 (10 .l for the pancreas
and plasma, 100 .l for anterior pituitary gland) were evaporated to
dryness, and 20 .l of 200 mM sodium-borate buffer (pH 8.0) and
10 pl of 20 mM NBD-F in dry MeCN were added to the residue,
then heated at 60°C for 2 min. To the reaction mixture, 20 .l of
5vol.% TFA in water was added and 1 pl of the reaction mixture
was then injected into the HPLC. The two-dimensional HPLC sys-
tem consisted of a degasser, two pumps, an injector, a column
oven, two fluorescence detectors, two integrators and a column
selection unit. The analytical column for the reversed-phase sep-
aration was a Mightysil RP-18 GP (100 mm x 1.0 mm LD., Kanto
Chemical, Tokyo, Japan) maintained at 40°C. The mobile phase
was MeCN-THF-TFA-water (10:1:0.02:89, v/v) and the flow rate
was 50 pl/min. The enantioselective column was a Sumichiral OA-
2500S (250 mm x 4.6 mm L.D., Sumika Chemical Analysis Service,
Osaka, Japan) maintained at 40 °C. The mobile phase was 5 mM cit-
ric acid in MeOH and the flow rate was 0.8 ml/min. Fluorescence
detection of the NBD-amino acids was carried out at 530 nm with
excitation at 470 nm.

2.5. HPLC determination of b-Asp and D-Ser

D-Asp and D-Ser in the anterior pituitary gland were determined
according to our previous report [31] with slight modifications. The
MeOH supernatants obtained in Section 2.3 (50 wl) were evapo-
rated to dryness, and 20 .l of 400 mM sodium-borate buffer (pH
9.0) and 5 pul of a mixed solution of OPA and Boc-L-Cys in MeOH was
added. The reaction mixture was stored at room temperature for
2min, and 5 pl of the solution was then injected into the reversed-
phase HPLC system. The analytical column was a TSK-gel ODS-80Ts
QA (250 mm x 4.6 mm L.D., Tosoh, Tokyo, Japan) maintained at
40°C. The mobile phase A was 9vol.% MeCN in 0.1 M sodium-
acetate buffer (pH 6.0), and mobile phase B was 16 vol.% MeCN in
0.1 M sodium-acetate buffer (pH 6.0). The linear gradient from Ato B
was carried out from 0 to 35 min, followed by the continuous flow of
mobile phase B. The flow rate was 1.4 ml/min, and the fluorescence
detection was carried out at 443 nm with excitation at 344 nm.

2.6. Determination of melatonin, corticosterone and insulin

Melatonin in the pineal gland was determined using our
precolumn oxidation fluorescence HPLC system [37]. Briefly,
the pineal gland was homogenized in 400 .l of MeOH on ice,
and centrifuged at 4500 x g for 5 min. The obtained supernatant
(50 ) was dried, and 40 pl of water, 5 pl of 2M aqueous Na,;CO3
and 5 pl of aqueous 1.5M H;0, were added to the residue. The
mixed solution was heated at 100°C for 30 min, and 1 w1 of this
solution was injected into the reversed-phase HPLC system. The
analytical column was a Capcell pak C18 MG S3 (75 mm x 1.0 mm
I.D., Shiseido, Tokyo, Japan) maintained at 40 °C. The mobile phase
was MeCN-TFA-water (4:0.01:96, v/v) and the flow rate was
100 p.1/min. The fluorescence detection was carried out at 380 nm
with excitation at 245 nm. Corticosterone and insulin were deter-
mined using commercially available immunoassay kits (Biotrak
RPA 548, Amersham Life Science, Tokyo, Japan for corticosterone,
and Rat Insulin ELISA KIT, AKRIN-010T, Shibayagi, Gunma, Japan
for insulin).
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Fig. 1. Circadian changes of (A) p- and (B) L-Ala amounts in the anterior pituitary gland (AP, closed circles), pancreas (PN, closed diamonds) and plasma (PL, closed triangles).
The values represent means + SE of three animals, and the asterisks indicate a significant decrease (p <0.01) from the values at 13:00.

3. Results and discussion

3.1. Circadian changes of p-Ala amounts in the tissues and
plasma of rats

The circadian changes of p-Ala in the anterior pituitary gland,
pancreas and plasma have been investigated. The tissues and
plasma were obtained from three rats every 4 h (started at 13:00),
and the amounts of D- and L-Ala were determined. In both of the
tissues and in the plasma, the amounts of D-Ala have clear circadian
rhythms, showing higher amounts in the daytime than those in
the nighttime (Fig. 1). The amounts of D-Ala during the nighttime
(21:00, 01:00, 05:00) are significantly lower than those at 13:00
(p<0.01). It was noted that for all the time periods, the amount
of p-Ala is the highest in the anterior pituitary gland, followed by
the pancreas, and the plasma. In contrast, the amounts of L-Ala did
not show clear circadian changes. Typical chromatograms of the
plasma p- and L-Ala (as NBD-derivatives) obtained during the day-
time and nighttime are shown in Fig. 2. In the present investigation,
we determined a small amount of D-Ala using our sensitive and
selective two-dimensional analytical method. The calibration range
of the present method is 5-5000 fmol (r=1.000), and within-day
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and day-to-day precisions of spiked D-Ala to biological samples are
3.9 and 4.8% (RSD), respectively. The lower limit of quantification
(LOQ) of the present method is 5 fmol (injection amount), which
is sensitive enough to measure D-Ala in all the time periods (the
lowest amount of D-Ala in the nighttime plasma is 3.2 nmol/ml
(M); 32 fmol/injection to HPLC). The circadian change of p-Ala
in the anterior pituitary gland has already been demonstrated in
our previous work [33]; the reported amount was about 30 nmol/g
during the nighttime and about 100 nmol/g during the daytime.
The values obtained in the present study (28.9-111.3 nmol/g) are
in good agreement with those in the previous investigation. In
the present report, we indicated that the amounts of p-Ala in the
pancreas and in the plasma also show similar circadian changes,
and the amounts were the highest in the anterior pituitary gland
in all the time periods. The daytime D-Ala amounts in the anterior
pituitary gland and in the pancreas were reported to be 7.4 and
2.5 times higher than that in the plasma, respectively [33], which
were also in good agreement with the values shown in the present
report. These results strongly suggest that the presence of some
unspecified mechanisms generating the p-Ala rhythm in the entire
body of the rats, co-operating with some p-Ala transport system
between the tissues and blood flow, will be clarified in the future.
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Fig. 2. Chromatograms of NBD-D- and L-Ala in the plasma obtained during the (A) diurnal and (B) nocturnal periods.
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Fig. 3. Circadian changes of (A) p- and (B) L-Ala amounts in the anterior pituitary gland (AP, open circles), pancreas (PN, open diamonds) and plasma (PL, open triangles)
under restricted feeding conditions. The values represent means + SE of three animals, and the asterisks indicate a significant increase (p <0.01) from the values at 13:00.
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Fig. 4. (A and B) Circadian changes of D,L-Asp (circles) and p,L-Ser (triangles) in the rat anterior pituitary gland. Closed symbols indicate the values for the normal rats and
open symbols indicate those of the food-restricted rats. The values represent means =+ SE of three animals.

3.2. Circadian changes of D-Ala amounts in tissues and plasma of
rats grown under restricted feeding conditions

In order to delineate the mechanism controlling the circadian p-
Ala rhythm, we investigated the amounts of D-Ala in the rats with
diurnal habits, showing an activity rhythm different from that of
the wild type animals. These rats with diurnal habits were made
by restricted feeding for 2 weeks (had access to food only during
the daytime, 09:00-17:00), and the reversal of their habits were
checked by observation of their activity. These rats were inclined
to sleep during the nighttime and to be awake during the daytime.
The amounts of b-Ala in the anterior pituitary gland, pancreas and
plasma are shown in Fig. 3. Similar to the results shown in Fig. 1,
the amounts of D-Ala were highest in the anterior pituitary gland
for all the time periods, followed by the pancreas and the plasma,
while the circadian p-Ala profiles were clearly different from those
in Fig. 1. In both the tissues and in the plasma, higher amounts of
D-Ala were observed during the nighttime, versus those during the
daytime. Compared to the values at 13:00, the amounts of D-Ala
during the nighttime (21:00, 01:00, 05:00) are significantly higher
(p values of all points are lower than 0.031, only the points of the p
values lower than 0.01 are shown by the asterisks in Fig. 3). Under
the present experimental conditions, the environmental light-dark
conditions remained usual, and only the activity rhythms of the ani-
mals were changed by the restricted feeding. The present results
strongly suggest that the p-Ala rhythm is closely related to physio-
logical activities of the animals.

3.3. Circadian changes of D-Asp and D-Ser amounts in the rat
anterior pituitary gland

The rat pituitary gland has also been reported to contain D-Asp
and Dp-Ser [19]. Therefore, we investigated the circadian profiles of
the p-Asp and D-Ser amounts as well as those of their L-enantiomers
inrats with both the nocturnal and diurnal habits. As shown in Fig. 4,
the amounts of both p- and L-enantiomers of Asp and Ser do not
have clear circadian changes and the profiles are quite similar in
both rat groups. The typical chromatogram is shown in Fig. 5. Until
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*3 g \ ;—Asp N\
i3 !| i
N
| WM\M\JMWUM“WW L L
0 20 40
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Fig. 5. Chromatogram of OPA derivatives for D,L-Asp and D,L-Ser in rat anterior
pituitary gland. HPLC conditions are described in the text.
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Fig. 6. Circadian changes of (A) melatonin, (B) corticosterone and (C) insulin. Closed symbols indicate the values for the normal rats and open symbols indicate those of the

food-restricted rats. The values represent means =+ SE of three animals.

now, the amounts of b-Asp and D-Ser in the rat pituitary gland was
reported to be 81-190 and 12-24 nmol/g, respectively [19,38-41],
and the present values are consistent with those reports. Concern-
ing the circadian changes, the amount of D-Asp in the rat pituitary
gland was reported to have a circadian change showing a higher
amount during the nighttime in the wild type rats with the noctur-
nal habits [41]. However, in the present investigation, both D-Asp
and p-Ser do not show any circadian changes; this inconsistency
might due to the difference in the environmental conditions or ages
of the animals, which should be addressed in the future. Concern-
ing the circadian changes of p-Ala in the anterior pituitary gland,
we carried out 3 individual trials (rats of 6 weeks of age [33], 9
weeks of age [33] and the present investigation), and clear circadian
changes were observed with no exception. In addition, the circa-
dian profile was obviously reversed by the restricted feeding in the
present study. These results clearly indicate that p-Ala is regulated
differently in mammalian tissues compared to D-Asp and D-Ser.

3.4. Circadian changes of melatonin, corticosterone and insulin
amounts in the rats

As the typical hormones having clear circadian changes, mela-
tonin, corticosterone and insulin in the same rats were also
determined and the effects of restricted feeding were investigated.
As shown in Fig. 6, all of these hormones show clear circadian
rhythms. Under the normal conditions of nocturnal habits, high lev-
els of melatonin and insulin was observed during the nighttime, and
high levels of corticosterone was observed in the evening. Under
the food restricted conditions (diurnal habit), only slight changes
were observed in the circadian profiles of melatonin and corticos-
terone, while insulin showed a totally different and almost reversal
circadian rhythm in the food restricted rats. The change in the cir-
cadian profile is similar to that of p-Ala, and the amount of insulin
in each rat is inversely related to the amount of p-Ala. Considered
together that a high amount of b-Ala is present in the pancreas [33]
and the evident fact that the cellular localization is similar to that
of insulin secreting beta-cells [34], it is quite possible that p-Ala
has some functions regarding insulin regulation, and clarification
of this function would be strongly recommended.

4. Conclusion

In the present investigation, we determined p-Ala by a sensi-
tive 2D-HPLC system, and revealed that the circadian changes of
D-Ala are closely related to the activity rhythms of animals using
the rats with a diurnal habit made by restricted feeding. The pro-

file of D-Ala is also related to the plasma insulin level in an inverse
manner. These results suggest that D-Ala might have some physio-
logical function in connection with the activity rhythm and insulin
rhythm in mammals, e.g., regulation of the blood glucose level, and
a detailed study of its function is highly recommended.
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