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INTRODUCTION

Thymus is a primary immune organ to play a sole role in T 
cell development. The reduction in size and function of thy-
mus, which is generally called as thymic atrophy or thym-
ic involution, is clinically important, because the reduced T 
cell immunity results in increased risk of infectious diseases 
and cancer initiation. Thymic involution is induced by vari-
ous physiological and pathophysiological factors, including 
aging, infections, pregnancy, and improper nutrition.1,2) Excess 
administration of sexual hormones has also been known to 
cause thymic involution in mice. Excess estradiol treatment 
into male mice causes thymic involution, which is accom-
panied by the defect in T cell development.3,4) Although this 
effect of estradiol is known for a long time, few studies have 
been performed to clarify the molecular mechanisms govern-
ing the estradiol-induced thymic involution.

Prostanoids, including prostaglandins, thromboxane, and 
prostacyclin, are versatile lipid autacoids functioning in most 
tissues in the body. They are well-known as inflammato-
ry mediators, produced from arachidonic acid in membrane 
phospholipids upon the initiation of inflammation. Cycloox-
ygenases, COX1 and COX2, encoded by Ptgs1 and Ptgs2 
gene, respectively, metabolize arachidonic acid to unstable 
prostaglandin H2 (PGH2). PGH2 is immediately converted to 
mature prostanoids by the enzymes associating with COX pro-

teins, namely lipocalin-type and hematopoietic PGD synthase 
(encoded by Ptgds and Hpgds genes, respectively) for PGD2; 
mPGES-1 (encoded by Ptges1 gene), mPGES-2 (Ptges2 gene), 
and cPGES (Ptges3 gene) for PGE2; AKR1B3 and AKR1B7 
for PGF2α; PGIS (Ptgis gene) for prostacyclin (PGI2); and 
TXAS (Tbxas gene) for thromboxane A2 (TxA2). The produced 
prostanoids are important not only for the inflammatory reac-
tions, but also for the maintenance of healthy body. In the thy-
mus, PGE2 plays a critical role in T cell development.5) Pros-
tacyclin (PGI2) is important for Th17 development.6) TxA2, 
whose receptor is highly expressed in the thymus,7) is respon-
sible for apoptosis and abrogation of alloreactive thymocytes.8) 
Despite the well-investigated homeostatic roles of prostanoids, 
the involvement of prostanoids in thymic involution has been 
still obscure. We recently found an upregulation of prostanoid 
synthesis during acute diet-restriction-induced thymic involu-
tion, which regulates the balance of Th1 and Th2 differentia-
tion in the thymus (Razali et al., manuscript submitted). Thus, 
induced prostanoids are important for the regulation of thymus 
functions during thymic involution.

In this manuscript, we examined the upregulation of pros-
tanoid synthases during estradiol-induced thymic involu-
tion. We also found that CD34-positive thymic progenitor 
cells (TPCs) localize near the blood vessels in the estradiol-
administered thymus, although they are dispersed in the vehi-
cle-administered thymus. This different localization of TPCs is 
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accompanied by expressional change of E- and P-selectin mol-
ecules. These effects of estradiol were canceled by the treat-
ment with etodolac, a non-steroidal anti-inflammatory drug 
(NSAID). Thus, prostanoids play an important role in the 
thymic involution, especially in the selectin-mediated locali-
zation of TPCs.

MATERIALS AND METHODS

Animals   ICR male mice (8–12 weeks old) were pur-
chased from Japan SLC, Inc. (Shizuoka, Japan) and individ-
ually housed in a temperature- and humidity-controlled room 
(23 ± 2°C, 55% ± 5% relative humidity) on a 12-h light/dark 
cycle (lights on at 07:00). The mice had free access to food 
pellets and water. All experimental procedures were conduct-
ed in accordance with the National Institute of Health’s Guide 
for the Care and Use of Laboratory Animals (NIH Publications 
No. 8023) and the Science Council of Japan’s Guidelines for 
the Proper Conduct of Animal Experiments. In addition, the 
experimental protocols were approved by Kobe Pharmaceutical  
University Committee for Animal Care and Use.

17β-estradiol (2 μg/mouse) (Fujifilm Wako Pure Chemical 
Corp., Osaka, Japan) dissolved in Coconad RK (Kao Corp., 
Tokyo, Japan) was subcutaneously administered every morn-
ing for 7 consecutive days. For the experiments of etodol-
ac treatment, 5 mg/kg b.w./day (1 mg/mL) (Fujifilm Wako 
Pure Chemical Corp.) was peritoneally injected, following 
the 17β-estradiol injection. Equal amount of saline was inject-
ed for the control. The number of mice used was indicated in  
figure legends.

RNA Preparation and Quantitative Reverse Transcrip-
tion-Polymerase Chain Reaction (qRT-PCR)   RNA purifi-
cation and qRT-PCR were performed as described previous-
ly.9) Briefly, mice were sacrificed under anesthesia and their 
thymus was harvested for RNA purification. Other tissues, 
including heart, kidney, spleen, testis, and liver, were also col-
lected for weight measurement. Left lobe of the harvested thy-
mus was immediately immersed in Sepasol® (Nacalai Tesque, 
Inc., Kyoto, Japan) and total RNA was purified according to 
the manufacturer’s instruction. Right lobe of the thymus was 
used for histological analyses. Complementary DNA was 
synthesized using ReverTra Ace® reagent (Toyobo Co., Ltd.,  
Osaka, Japan) according to the manufacturer’s instruction. The 
expression of mRNA was quantified using a CFX Connect™ 
Real-Time PCR Detection System with SsoAdvanced™  
Universal SYBR® Green Supermix (Bio-Rad Laboratories, 
Inc., CA, USA). The reaction condition was as follow: ini-
tial denaturation at 95°C for 1 min, followed by 40 cycles 
of denaturation at 95°C for 15 s and annealing/extension at 
60°C for 30 s. Relative quantification was performed using the 
ΔΔCT method and the data were then normalized to the aver-
age value of vehicle-administered samples. The statistical sig-
nificance of differences between groups was analyzed using  
Tukey-Kramer method. The primer sequences used in this 
study are listed in Table 1.

Histological Analyses   For the histological analyses, 
the right lobe of thymus was fixed in 4% paraformaldehyde 
in PBS at 4°C overnight. They were cryoprotected in 30% 
sucrose in PBS at 4°C overnight and then embedded in opti-
mal cutting temperature (OCT) compound (Sakura Finetek 
Japan, Tokyo, Japan). 20-μm sections were prepared on a cry-
ostat (Three Medical GmbH, Mainz, Germany).

Giemsa staining was performed with a standard protocol. In 
brief, the tissue sections were washed in dH2O and soaked in 
Giemsa staining solution (Nacalai Tesque, Inc.) at room tem-
perature for 60 min. The signal was developed by a brief wash 
of the tissue sections in acetic acid solution (3 drops of gla-
cial acetic acid in 100 mL dH2O). They were dehydrated and 
examined under a Biozero BZ-8000 microscope (KEYENCE, 
Tokyo, Japan).

Immunohistochemistry was performed as described by 
Hasegawa et al. with minor modifications.10) The tissue sec-
tions were washed with PBS and incubated in citrate buffer 
(pH 6.0) at 95°C for 40 min for antigen retrieval. They were 
then cooled to room temperature and washed in PBS three 
times. Endogenous peroxidases were inactivated by incu-
bating the sections in 0.3% hydrogen peroxide in methanol 
at room temperature for 15 min. After three washes in PBS, 
the sections were blocked with a blocking solution (1.5% 
goat serum in PBS) and then incubated with rabbit antibody 
against Keratin 5 (Genetex, Inc., Irvine, CA) or rabbit anti-
body against CD34 (Abcam plc, Cambridge, UK) at 4°C over-
night. The sections were then washed with high-salt PBS con-
taining Tween-20 (0.5 M NaCl, 10 mM phosphate buffer [pH 
7.4], 0.1% Tween-20) and incubated with horseradish peroxi-
dase-conjugated donkey antibody against rabbit immunoglob-
ulin G (Thermo Fisher Scientific, MA, USA) diluted in low-
salt PBS containing Tween-20 (10 mM phosphate-buffer [pH 
7.4], 0.05% Tween-20) at room temperature for 2 h. Peroxy-
dase-positive signal was developed with ImmPACT DAB sub-
strate (Vector laboratories, Burlingame, CA). Finally, the sec-

Table 1.   Primer Sequences Used for qRT-PCR

Gene name Protein product Primers
Ptgs1 COX-1 5’-GAAGCCTTACACCTCTTTCC-3’

5’-GGGTAGAACTCTAAAGCATCG-3’
Ptgs2 COX-2 5’-AGTACCGCAAACGCTTCTCC-3’

5’-CATCGATGTCACTGTAGAGG-3’
Ptgds L-PGDS 5’-TGAAGGACGAGCTGAAGGAG-3’

5’-TGACTGACTTCTCTCACCTG-3’
Hpgds H-PGDS 5’-ATCAAGCACCTCGCCTTCTG-3’

5’-GATATCCCAGTAGAAGTCTGC-3’
Ptges1 mPGES-1 5’-GGATGCGCTGAAACGTGGAG-3’

5’-AGGAAAGGATAGATTGTCTCC-3’
Ptges2 mPGES-2 5’-ATGAAGCAGCCAACAAGTGG-3’

5’-ACTCGCAGCACACCATACAC-3’
Ptges3 cPGES 5’-TCACATGGGTGGTGATGAGG-3’

5’-ATCCAGGCGATGACAACAGC-3’
Akr1b3 AKR1B3 5’-AGCTACAACAGGAACTGGAG-3’

5’-ACAGGTGCAAGCCACTTGAG-3’
Akr1b7 AKR1B7 5’-CGACTTCCAGTTGAGTGAGG-3’

5’-AGGATAGTCCTCTTCAGTCC-3’
Ptgis PGIS 5’-GAGCTGAAGCACACGGTCTG-3’

5’-GAGTGTCTCATTGAGCACAC-3’
Tbxas1 TXAS 5’-AGAGACCCTGAGGATGTACC-3’

5’-ATACGTTGTCCCAGCACCTC-3’
Sele E-selectin 5’-CGTCCTCTGGAGAGTGGAGT-3’

5’-TGTCGTGTTCCATGGGTAGC-3’
Sell L-selectin 5’-ATTTCTCATTTGGCTGGCAAGG-3’

5’-TTCACGGGAGGACTTGACG-3’
Selp P-selectin 5’-GGGCTTCAGGACAATGGACA -3’

5’-TGGAAGGTGCAGGTTGATCC-3’
Rplp2 (internal control) 5’-TACTAGACAGCGTGGGCATC-3’

5’-CAACACCCTGAGCGATGACA-3’
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tions were counterstained with methyl green and examined 
under a Biozero BZ-8000 microscope.

Statistical Analyses   Results were expressed as means ± 
standard deviation. The data were statistically analyzed using 
EZR software for Windows.11) A Student’s t-test was used for 
comparisons of means between two groups. One-way analy-
sis of variance followed by Tukey-Kramer method was used 
to compare means among three groups. Statistical significance 
was evaluated by p value less than 0.05.

RESULTS

Induced Prostanoid Synthases during Estradiol-Induced 
Thymic Involution   Administration of 17β-estradiol did not 
affect the total body weight (Fig. 1A), whereas the weight 
of thymus of estradiol-administered mice was nearly half of 
the vehicle-treated mice (Fig. 1B) as described previously.3,4) 
The weights of heart, spleen, and kidney were, in contrast, not 
affected by the administration of estradiol (Fig. 1C-E).

In order to examine whether production of prostanoids is 
affected during the estradiol-induced thymic involution, the 
expressions of synthetic enzymes of prostanoids were eval-
uated by qRT-PCR. Among 11 synthetic enzymes of pros-
tanoids, Ptges1 and Tbxas were significantly upregulated in 
response to the treatment of estradiol (Fig. 2). Ptgs1, Ptgs2, 
Ptgds, and Hpgds were slightly upregulated, although the dif-
ference was not statistically significant. Ptgis was also highly 

upregulated in some samples, whereas the expression level of 
Ptgis was diverse among samples, indicating the regulation of 
Ptgis depends on individual differences or it is affected by any 
other signaling factor(s). Ptges2, Ptges3, Akr1b3, and Akr1b7 
were not affected by the administration of estradiol. These 
results indicate that synthesis of some specific prostanoids was 
increased during the estradiol-induced thymic involution.

Effect of Etodolac on the Estradiol-Induced Thymic 
Involution   In order to examine the role of increased pros-
tanoid synthesis in the estradiol-induced thymic involution, 
we treated the estradiol-administered mice with an NSAID, 
etodolac. Saline was used for vehicle treatment as a control. 
Administration of etodolac by itself did not affect the size and 
tissue morphology of the thymus (Razali et al., unpublished 
observation). Treatment with etodolac partially suppressed the 
reduction in size of the thymus induced by estradiol (Fig. 3A 
and B). Thus, prostanoid induction is involved in the estradiol-
induced thymic involution, at least in part.

Previous studies have indicated that boundary between 
cortex and medulla was disorganized during thymic involu-
tion.12,13) Therefore, we examined whether prostanoids are 
involved in this disorganization of corticomedullary bound-
ary. The corticomedullary boundary was clearly observed in 
the vehicle-administered with saline-treated group (Fig. 4A). 
This boundary was not apparent during the estradiol-induced 
thymic involution. The treatment with etodolac recuperated 
this disorganization of corticomedullary boundary, suggesting 

Fig. 1.   Thymic Involution Induced by the Administration of 17β-Estradiol (E2)
A: Body weight of the mice administered with vehicle (n=6) or E2 (n=7) before and after the administration. B: The weight of thymus relative to body weight. Scale bars  

indicate 1 mm. C-E: The weights of heart (C), spleen (D), and kidney (E) relative to body weight. Error bars indicate standard deviation. **p < 0.01.

41Vol. 2, No. 4 (2019) BPB Reports



that prostanoid is involved in the regulation of corticomedul-
lary boundary. This boundary formation is required to restrict 
innate immune cells in the thymic medulla. In the vehicle and 
saline-treated thymus, eosin-positive innate immune cells, 
likely to be neutrophils and eosinophils, are restricted in the 
medulla and few cells were observed in the cortex (Fig. 4A, 
red arrowhead). In the involute thymus with the administra-
tion of estradiol, many eosin-positive cells were observed in 
the cortex, which was again recuperated by the treatment with 
etodolac. These results suggest that prostanoid is required for 
the functional integrity of the corticomedullary boundary.

The corticomedullary boundary is formed by the specif-
ic types of thymic epithelial cells, namely cortical and medul-
lary thymic epithelial cells (cTECs and mTECs).14,15) Immu-
nostaining with antibody against keratin 5, a marker for 
cTECs, showed that keratin 5-positive signals were restrict-

ed in the cortex, whereas it is extended to the medul-
la in the thymus treated with estradiol (Fig. 4B). The 
treatment with etodolac suppressed the extension of the 
keratin 5 signals to the medulla, although some kera-
tin 5-positive signals were still observed in the medulla  
(Fig. 4B). There results supported the notion that prostanoids 
play an important role in the disorganization of boundary 
between cortex and medulla during estradiol-induced thymic 
involution.

Relationship between TPCs and Blood Vessels, Which is 
Modulated by Prostanoids   Blood vessels function not only 
as a tube for transporting oxygen, nutrients, and waste prod-
ucts in the body, but also as a signaling center for organiz-
ing changes of the body.16–18) In order to examine the change 
in blood vessel patterns, we immunostained the thymus sec-
tions by anti-CD31 and anti-CD34 antibodies. The number of 

Fig. 2.   Increased Expression of Prostanoid Synthases during the Estradiol-Induced Thymic Involution
The mRNA expression in the thymus of vehicle- (n=6) or E2- (n=7) administered mice was examined by qRT-PCR. Error bars indicate standard deviation. **p < 0.01, compared 

to vehicle-treated samples by Student’s T-test.
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Fig. 3.   Effect of Etodolac on the Estradiol-Induced Thymic Involution
A: Representative overview images of the thymus treated with vehicle/saline, E2/saline, or E2/etodolac as described in Materials and Methods. Scale bar indicates 1 mm.  

B: Average weight of the tissues relative to body weight at the end of the treatment (n=6, 7, and 5, respectively). Error bars indicate standard deviation. **p < 0.01, compared by 
Tukey-Kramer method.

Fig. 4.   Histological Characters of the Thymus from Mice Treated with Vehicle/Saline, E2/Saline, or E2/Etodolac.
A: Giemsa-stained sections. The areas surrounded with yellow boxes are enlarged in the below panels. The boundaries between cortex and medulla are indicated by white dotted 

lines. Red arrowheads indicate eosin-positive cells in the cortex. C; cortex, M; medulla. B: Localization of keratin 5. Tissue sections were stained with anti-keratin 5 antibody and 
the signals were developed with DAB (brown). Counter-staining was performed with methyl green (green). C; cortex, Cy; thymic cyst, M; medulla. Scale bars indicate 100 μm.
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CD31-positive blood vessels were slightly increased by the 
administration of estradiol, although the difference was not 
statistically significant (data not shown). In contrast to anti-
CD31 antibody, which is blood vessel-specific, anti-CD34 
antibody stains thymic progenitor cells (TPCs), in addition to 
blood vessel endothelial cells (Fig. 5). The number of CD34-
positive blood vessels were also increased without statistical 
significance (data not shown). The small rounded CD34-posi-
tive TPCs were dispersed in the vehicle and saline-treated thy-
mus (Fig. 5A), whereas they were accumulated near the blood 
vessels in the estradiol-treated involute thymus (Fig. 5B). 
Quantitative analysis revealed statistically significant reduc-
tion of the distance between TPCs and blood vessels, support-
ing this observation (Fig. 5D). The treatment with etodolac 
partially increased the distance (Fig. 5C and D). These results 
indicated that the interaction of CD34-positive TPCs with 
blood vessel endothelial cells is somehow enhanced during the 
estradiol-induced thymic involution in a prostanoid-dependent 
manner.

The interaction between TPCs and blood vessel endothe-
lial cells is controlled by selectin molecules.19) Therefore, 
we examined the expression of E-, L-, and P-selectins in the 
estradiol-treated involute thymus. The expression of E- and 
P-selectins was significantly upregulated during the estradi-
ol-induced thymic involution, although L-selectin expression 
was not affected (Fig. 6). The upregulation of E- and P-selec-
tins was suppressed by the treatment with etodolac at least in 
part. Thus, the expression of E- and P-selectins is regulated by 
prostanoids during thymic involution.

DISCUSSION

In this study, we examined the role of prostanoids in the 
estradiol-induced thymic involution. T cell-immune deficien-
cy associated with thymic atrophy or involution is clinically 
important in the aged society, because of the increased risks of 
tumor initiation and infections. Our study aimed to reveal the 
fundamental mechanisms of thymic involution to contribute to 
maintenance of T cell immunity during life.

Upregulation of Prostanoid Synthesis in the Thymic 
Involution   Prostanoids have been known to play important 
roles in T cell development.20) Previous studies have reported 
that the production of prostanoids is affected by some envi-
ronmental stimulation in the thymus. Nanoparticle TiO2 expo-
sure increased the expression of COX-2.21) PGE2 production 
in monocytes was reported to be induced by CD83 antigen.5) 
Thus, with regard to the pronounced changes of prostanoids in 
thymus, we have examined the expression of prostanoid syn-
thases in the thymus during the thymic involution caused by 
acute diet-restriction (Razali et al., manuscript submitted) and 
excess estradiol-administration (present study). Both stimula-
tions induced the expression of prostanoid synthases, suggest-
ing that the production of prostanoids in the thymus are reg-
ulated by various stimuli to control T cell development. The 
level of induced expression of COX-1 and COX-2 by the 
estradiol-administration, as well as of other selected pros-
tanoid synthases, however, was faint and not statistically sig-
nificant (Fig. 2). This may be due to the high production lev-
el of prostanoids in the thymus at steady state. The expression 

Fig. 5.   Localization of CD34-Positive TPCs
A-C: Tissue sections of the thymus of vehicle/saline- (n=4), E2/saline- (n=4), and E2/etodolac- (n=4) treated mice were stained with anti-CD34 antibody and the positive signals 

were developed with DAB (brown). Counter-staining was performed with methyl green (green). D: Average distance between CD34-positive TPCs and blood vessels. Error bars 
indicate standard deviation. *p < 0.05, ***p < 0.001, compared by Tukey-Kramer method.
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level of COX-2 in the thymus is higher, compared to those in 
spleen, skin, lung and kidney.22) PGE2 is important for nor-
mal T cell development to regulate the differentiation of 
naïve T cells to Th1, Th17, and Treg lineages.23–25) mPGES-1 
is involved in the regulation of Th1 and Th17 responses.26) 
Although estrogen has been known to block T cell develop-
ment in the earliest stage of double negative thymocytes, that 
is, CD44+;CD25- cells to CD44+;CD25+ cells,3) the effect of 
excess estradiol-administration on the T cell lineage determi-
nation has not been elucidated. Therefore, it would be inter-
esting to know how the induced prostanoid synthesis controls 
T cell lineages during the estradiol-induced thymic involution.

It is still unclear which estrogen receptor is responsible for 
the estradiol-induced thymic involution. ERα and ERβ are 
described to be expressed in both thymocytes and thymic stro-
mal cells.27) Previous studies have implicated the involvement 
of ERα, whereas other manuscripts suggested the involve-
ment of ERβ.28,29) Our preliminary results revealed no expres-
sional change of ERα and β by the estradiol-administration. 
Interestingly, the expression of progesterone receptor and 
androgen receptor in the thymus is upregulated in the estra-
diol-induced involute thymus (Hasegawa, unpublished obser-
vation). Progesterone signaling is known to be required for 
the pregnancy-related thymic involution.30,31) Testosterone has 
also been known to exert thymic involution32,33) and our pre-
liminary experiments also showed similar results (Yoshikawa 
and Hasegawa, unpublished observation). Prostanoids modu-
late the expression of progesterone receptor.34,35) As for andro-
gen receptor, PGE2 has been shown to upregulate androgen 
receptor expression through EP2 receptor-mediated cAMP 
signaling.36) EP3 receptor signaling, in contrast, suppresses 
the expression of androgen receptor.37) Thus, estradiol exerts 
thymic involution through the expressional change of proges-
terone and/or testosterone receptor expression, which could be 
regulated by prostanoids.

Interaction of TPCs with Blood Vessels   Recent studies 
have indicated that blood vessels were dynamically remodeled 
in adult body, not only by the disease progression, including 
tumor formation and inflammation, but also by healthy phys-
iological stimulation, such as practical training and pregnan-

cy. So far, the blood vessel remodeling during thymic involu-
tion has not been described. We recently found that the new 
blood vessel formation has been observed during diet-restric-
tion induced thymic involution (Razali et al., manuscript in 
preparation). This blood vessel remodeling was also observed 
during estradiol-induced thymic involution (data not shown), 
although the induction by estradiol-administration was weaker 
compared to that induced by diet-restriction. Thus, blood ves-
sel remodeling may be a mediator of thymic involution-related 
immune deficiency.

The increased blood vessels were observed to be more 
associated with CD34-positive TPCs (Fig. 5). Hematopoietic 
stem cells, which differentiate into T cells in the end, migrate 
into the thymus as CD34-negative thymus-settling progen-
itors. After the thymus-settling progenitors enter the thymus, 
they differentiate into TPCs.38,39) TPCs, then, disperse into the 
cortex and undergoes further differentiation and selections to 
be specific T cell lineages. However, the regulation of dis-
persion of TPCs have not been understood very well. E- and 
P-selectins are expressed in blood vessel endothelial cells and 
required for T cell emigration.40) P-selectin has been reported 
to control colonization of hematopoietic stem cells in the thy-
mus of zebrafish, which may be comparable to TPCs in mam-
mals.41) In addition, P-selectin is implicated to play an impor-
tant role in TPCs homing in mice.19) However, the function 
of selectins in regulating TPCs in estradiol-induced thymic 
involution had remained elusive. As described above, estra-
diol-administration blocks double negative TPCs to be dif-
ferentiated.3) Another previous study reported that the estra-
diol-administration resulted in the preferential depletion of 
early progenitors and reduced proliferation of double negative 
3 (DN3) and DN4 cell subsets.4) Together with our results pre-
sented here, these negative effect of estradiol in TPC mainte-
nance and differentiation may be due to the regulation of the 
localization of TPCs, which enter into the thymus through 
blood vessels and into the thymic stroma by detaching from 
blood vessel endothelial cells. In addition, our results, for the 
first time, indicated that E- and P-selectins are regulated dur-
ing thymic involution. Hence, further studies are required to 
clarify the role of increased expression of E- and P-selectin 

Fig. 6.   Increased Expression of E- and P-Selectins During the Estradiol-Induced Thymic Involution
The mRNA expression in the thymus of vehicle/saline- (n=6), E2/saline- (n=5), and E2/etodolac- (n=5) treated mice was examined by qRT-PCR. Error bars indicate standard 

deviation. *p < 0.05, **p < 0.01, compared by Tukey-Kramer method.
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in the dispersion and differentiation capability of TPCs. Inter-
estingly, sphingosine-1-phosphate, which is important for the 
expression of P-selectin, is upregulated during thymic invo-
lution.42) Further studies will be performed to clarify the role 
of sphingosine signaling during thymic involution induced by 
estradiol and acute diet-restriction.
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