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Abstract

Objectives: To investigate the effects of Chailing Decoction, a herbal medicine, on the generation
of regulatory T cells (Tregs) and its potential signaling pathways in preventing graft rejection.

Methods: The study utilized C,H mice that underwent cardiac transplantation and received ei-

ther Chailing Decoction or rapamycin. The survival time of the cardiac allografts, histopathological
changes, the number of Tregs, and the expression of the mammalian Target of Rapamycin (mTOR)
signaling pathway were evaluated.

Results: The results demonstrated that treatment with Chailing Decoction significantly pro-
longed the survival time of the cardiac allografts. Histological analysis revealed reduced inflammato-
ry infiltration in the allografts following Chailing Decoction treatment. The percentage and absolute
number of Tregs were also increased after treatment. Additionally, Chailing Decoction treatment
effectively inhibited the activity of the mTOR signaling pathway, as indicated by decreased phos-
phorylation levels of Akt, mTOR, p70S6k, and 4EBP1. Chailing Decoction treatment induced hypo-
responsiveness to fully allogeneic cardiac grafts and promoted the generation of Tregs. These ef-

fects may be attributed, at least in part, to the modulation of the mTOR signaling pathway.

Conclusion: These findings suggest that Chailing Decoction has potential as a therapeutic inter-
vention to prevent graft rejection and promote immune tolerance in transplantation.
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Introduction

Transplantation is the ultimate treatment for patients with
total loss of function of a life-sustaining organ. The main thera-
py for allograft rejection is immunosuppressive drugs [1]. How-
ever, non-specific immunosuppression mainly causes numer-
ous side effects, such as opportunistic infection and cancer [2].
Thus, reducing the use of immunosuppressive drugs and induc-
ing donor-specific tolerance are the main objectives in trans-
plantation. Regulatory T cells (Tregs) [3] were considered to be

essential for the induction and maintenance of peripheral tol-
erance. A previous study [4] demonstrated the ability of Tregs
to delay/prevent graft rejection by inducing donor-specific tol-
erance. Therefore, identifying agents that promote the gen-
eration of Tregs may have practical implications for developing
new tolerance strategies in transplantation. Herbal medicines,
including Chailing Decoction (in Chinese)/Sairei-to (in Japa-
nese), have long been used as an alternative therapy in China,
Japan, and Korea, and have recently become popular in Europe
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[5] and the United States [6] because they can provide health
benefits. Chailing Decoction is composed of 12 different herbs,
in which some components, such as saikosaponin, baicalein,
and glycyrrhizic acid, have inhibitory effects on the mammalian
Target of Rapamycin (mTOR) signaling pathway. Rapamycin is
a well-known macrolide immunosuppressant that inhibits the
mMTOR protein kinase [7], exerting immunosuppressive effects
by promoting an increase in immunosuppressive Tregs [8]. We
have previously reported that administration of Chailing Decoc-
tion prolongs allograft survival and generates Tregs [9]. How-
ever, the mechanism of generating Tregs by Chailing Decoction
has not been clarified yet. In the present study, we assessed the
possible signaling pathway of Chailing Decoction on the alloim-
mune response in a murine model of cardiac allograft transplan-
tation.

Materials and methods
Animal welfare statement

Male C57BL/6 (H-2°) and C3H/He (H-2¥) mice (age, 8-12-week-
old) were purchased from Shanghai SLAC Laboratory Animal
Co., Ltd. (Shanghai, China), housed in conventional facilities at
the Biomedical Services Unit of Zhongshan Hospital Affiliated
to Fudan University (Shanghai, China), and used in accordance
with the guidelines for animal experiments approved by the
Animal Use and Care Committee of Fudan University.

Cardiac transplantation

All transplant procedures were performed on mice under
general anesthesia. Fully vascularized heterotopic hearts from
C57BL/6 donor mice were transplanted into C,H mice using mi-
crosurgical techniques [10]. Postoperatively, graft function was
assessed daily by palpation for the evidence of contraction. Re-
jection was defined as complete cessation of the heartbeat and
confirmed by direct visualization and histological examination
of the graft.

Treatment with Chailing Decoction or rapamycin

C,H recipients of C57BL/6 hearts were given distilled water
(control group), in which 1.5 mg/kg/day of rapamycin (Mon-
mouth Junction, NJ, USA) or 2 g/kg/day of Chailing Decoction
(Tsumura, Tokyo, Japan) were given based on their standard
dosage regimens from the day of transplantation to the next
7 days. The medicine was dissolved in distilled water and given
orally using a metal tube (Thomas Scientific, Swedesboro, NJ,
USA).

Histological examinations of harvested grafts

Cardiac allografts were removed on 3, 7, or 14 days after
transplantation and studied histologically. Using routine proce-
dures, the specimens were immersed in 5% neutrally buffered
formalin and embedded into paraffin. Paraffin-embedded sec-
tions (thickness, 4 mm) were cut, mounted on saline-coated
slides, and stained with Hematoxylin and Eosin (HE). For the
HE staining, firstly, the slides were placed with a section in a
metal staining rack, immersed in Harris hematoxylin solution for
10 sec, and the rack of a beaker was removed with tap water.
Then, sections were immersed in eosin for 30 sec and the rack
of a beaker was removed with tap water again. Finally, sections
were dehydrated in ascending alcohol solutions, cleared with
xylene, placed on a clean glass slide, and a clean coverslip was
mounted over the section using paramount. Transplant vascu-
lopathy was assessed after Elastica-van Gieson staining.

Immunofluorescence staining

The specimens of cardiac grafts were fixed with 4% parafor-
maldehyde for 10 min at room temperature, followed by treat-
ment with membrane penetration solution (0.3% Triton-100)
for 10 min at room temperature. The specimens were washed
with Phosphate-Buffered Saline (PBS) five times, and then, in-
cubated with mouse monoclonal anti-CD4 antibody (1:100; sc-
19643; Santa Cruz Biotechnology Inc., Dallas, TX, USA) for 1 h
at 37°C. Afterwards, they were incubated with an appropriate
secondary antibody (FITC-conjugated goat anti-rabbit IgG anti-
body (1:80; F1262; Sigma-Aldrich, St. Louis, MO, USA)) for lo-
calization of CD4 for 45 min at 37°C. For forkhead, winged-helix
transcription factor (Foxp3, a specific marker of natural Tregs),
permeabilization was carried out with 0.4% Triton X-100 for 45
min, followed by incubation with mouse monoclonal anti-Foxp3
antibody (1:30; sc-53876; Santa Cruz Biotechnology Inc.), and
with TRITC-conjugated goat anti-mouse IgG antibody (1:50;
T7782; Sigma-Aldrich) for localization of Foxp3 markers. After
thrice washing with PBS, samples were mounted in a mounting
medium (M1289; Sigma-Aldrich), observed under a Zeiss fluo-
rescence microscope (Carl Zeiss, Oberkochen, Germany), and
image analysis was performed using Zeiss LSM 510 software.

Flow cytometry analysis

The expression levels of CD4, CD25, and Foxp3 in spleno-
cytes were determined by flow cytometry. At 3 or 7, or 14 days
after transplantation, splenocytes from recipients were stained
with fluorochrome-conjugated anti-CD4 and anti-CD25 mono-
clonal antibodies (mAb; RM4-5 and PC61, respectively; BD Bio-
sciences, San Jose, CA, USA), and anti-mouse Foxp3 mAb anti-
body (FJK-16s; eBioscience, San Diego, CA, USA), as well as their
isotype controls. The stained cells were analyzed using a flow
cytometer (FACSCalibur; BD Biosciences).

Mixed leukocyte culture

The responder cells were splenocytes obtained from naive
C3H mice or untreated rapamycin-treated or Chailing Decoc-
tion-treated C3H mice that had undergone transplantation with
C57BL/6 hearts. The stimulator cells were splenocytes obtained
from C57BL/6 mice. Then, the responder cells and stimulator
cells were cultured in a Roswell Park Memorial Institute (RPMI)-
1640 medium, containing 10% (v/v) fetal bovine serum (FBS;
Gibco, New York, NY, USA) and 1% (v/v) penicillin/streptomycin
(Gibco) at 37°C in a humidified incubator with 5% Carbon Di-
oxide (CO,). Cellular proliferation was assessed by an Enzyme-
Linked Immunosorbent Assay (ELISA) kit for bromodeoxyuridine
(BrdU) incorporation.

Quantitative reverse transcription-polymerase chain reac-
tion (qQRT-PCR)

Total RNA was isolated from fresh-frozen spleen tissues
using TRIzol (Invitrogen, Carlsbad, CA, USA), according to the
manufacturer’s instructions. Total RNA (0.5 ug) was reversely
transcribed into cDNA with a MaximaTM H Minus cDNA Syn-
thesis Master Mix kit (Thermo Fisher Scientific, Waltham, MA,
USA). The gRT-PCR was performed on a 7500 fast real-time PCR
platform (Applied Biosystems, Foster City, CA, USA) using a Pow-
er SYBR-Green Master Mix kit (Applied Biosystems) to detect
the expression levels of Foxp3, mTOR, AKT, P70s6k, and 4E-BP1.
Data were normalized to the expression of Glyceraldehyde-3-
Phosphate Dehydrogenase (GAPDH) as an internal loading con-
trol. The PCR primers are shown in Table 1. The PCR was dena-
tured at 95°C for 5 sec; annealing was conducted at 55°C for 30
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sec and elongation at 65°C for 20 sec for 40 cycles.
Western blot analysis

Total protein was extracted from spleen tissues using the
Radio-Immunoprecipitation Assay (RIPA) lysis buffer. Herein,
proteins (100 mg) were subjected to Sodium Dodecyl Sulfate-
Polyacrylamide Gel Electrophoresis (SDS-PAGE), and then,
transferred on to Polyvinylidene Difluoride (PVDF) membranes
(Bio-Rad Laboratories Inc., Hercules, CA, USA). Immunoblot-
ting was then performed using phospho-p70S6K T389 (1:1000),
p70S6K (1:1000), phospho-Akt S473 (1:2000), Akt (1:2000),
phospho-4E-BP1 S65 (1:1000), 4EBP1 (1:1000), phospho-mTOR
(1:1000), mTOR (1:1000), GAPDH (1:2000), and secondary HRP-
conjugated (1:10,000) antibodies. Immunoreactivity was then
detected by an enhanced chemiluminescence kit (Pierce, Rock-
ford, IL, USA), according to the manufacturer’s instructions.
Protein bands were then quantified using a calibrated Bio-Rad
Image Lab densitometer (Bio-Rad Laboratories Inc.), and they
were expressed as band intensity of phosphorylated proteins
normalized to the relevant total proteins.

Statistical analysis

Cardiac allograft survival of mice was compared using the
Mann-Whitney U test. In the flow cytometry, RT-PCR, and West-
ern blot assays, two groups were compared using unpaired Stu-
dent’s t-test. GraphPad Prism software (GraphPad Software Inc.,
San Diego, CA, USA) was used to perform statistical analysis.
P<0.05 was considered statistically significant.

Results

Chailing Decoction treatment prolonged the survival time
of allograft after cardiac transplantation

The C3H mice given distilled water rejected C57BL/6 cardiac
allografts acutely (Median Survival Time [MST] 7 days). The C3H
mice that received rapamycin had a prolonged graft survival
(MST>30 days; P<0.01 vs. distilled water-treated controls). The
C3H recipients treated with Chailing Decoction also had a pro-
longed graft survival (MST>30 days; P<0.01 vs. distilled water-
treated controls). But there were no difference between the
group of Chailing Decoction treatment and the group of rapa-
mycin treatment (Figure 1A). Proliferation of splenocytes from
C3H transplant recipients that received Chailing Decoction was
markedly suppressed compared with that of splenocytes from
untreated C,H recipients, which was similar to the mixed lym-
phocytes treated with rapamycin (Figure 1B). These results sug-
gested that Chailing Decoction treatment could induce hypo-
responsiveness to fully mismatched cardiac allografts.

Preserved graft structure of cardiac allografts in transplant
recipients after treatment with Chailing Decoction

In order to indicate whether Chailing Decoction treatment of
C3H recipients can protect the graft structure or not, histologi-
cal examinations of cardiac allograft samples were carried out
3, 7, or 14 days after transplantation. Samples from untreated
recipients showed myocyte damage, edema, and aggressive
inflammatory infiltrates in the acute rejection process (Figure
2A-C). In contrast, cardiac allografts in transplant recipients that
received rapamycin (Figure 2D-F) or Chailing Decoction (Figure
2G-1) preserved graft structure with few myocardial injuries and
infiltrating leukocytes.
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Figure 1: Chailing Decoction treatment prolonged the survival
time of allograft after cardiac transplantation The C3H mice given
distilled water rejected C57BL/6 cardiac allografts acutely (me-
dian survival time [MST] 7 days). The C3H mice that received ra-
pamycin had a prolonged graft survival (MST>30 days; P<0.01 vs.
distilled water-treated controls). The C3H recipients treated with
Chailing Decoction also had a prolonged graft survival (MST>30
days; P<0.01 vs. distilled water-treated controls). But there were
no difference between the group of Chailing Decoction treatment
and the group of rapamycin treatment (Figure 1A). Proliferation
of splenocytes from C,H transplant recipients that received Chail-
ing Decoction was markedly suppressed compared with that of
splenocytes from untreated CH recipients, which was similar to
the mixed lymphocytes treated with rapamycin (Figure 1B). These
results suggested that Chailing Decoction treatment could induce
hypo-responsiveness to fully mismatched cardiac allografts.

Histologic studies
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Figure 2: Histological characteristics of cardiac transplanted mice
after Chailing Decoction treatment Histological examinations
of cardiac allograft samples were obtained 3, 7, or 14 days after
transplantation. Samples from the negative control group showed
myocyte damage, edema, and aggressive inflammatory infiltrates
in the acute rejection process (Figure 2A-C). In contrast, cardiac
allografts in transplant recipients that received rapamycin (Figure
2D-F) or Chailing Decoction (Figure 2G-1) preserved graft structure
with few myocardial injuries and infiltrating leukocytes.
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Chailing Decoction treatment significantly increased the
number of tregs in the cardiac transplantation recipients

To illustrate whether the application of Chailing Decoction
can increase the number of Tregs or not, flow cytometry, qRT-
PCR, and immunofluorescence staining of Tregs were performed
on 3, 7, or 14 days after transplantation. The results of flow cy-
tometry showed that the number of CD4*CD25*Foxp3*cells in-
creased in the splenocytes of recipients treated with Chailing
Decoction or rapamycin compared with that of untreated C3H
recipients (Figure 3A). The results of qRT-PCR revealed that the
expression level of Foxp3 was upregulated in the splenocytes of
recipients treated with Chailing Decoction or rapamycin com-
pared with that of untreated C3H recipients (Figure 3B). In ad-
dition, the immunofluorescence staining of grafts showed that
the number of Foxp3* Tregs was remarkably higher in recipients
that were treated with Chailing Decoction or rapamycin than
the grafts from the untreated recipients (Figure 3C).

Chailing Decoction treatment inhibited molecular expres-
sion of mTOR pathway in cardiac transplantation recipients

To determine whether the effects of Chailing Decoction on
Tregs in cardiac transplanted mice were associated with the
mTOR pathway or not, the molecular expression of mTOR path-
way was detected by gRT-PCR and Western blotting. The results
of gRT-PCR revealed that the expression levels of Akt, mTOR, and
P70s6k were significantly reduced in the splenocytes of cardiac
transplanted mice treated with Chailing Decoction compared
with those in untreated mice, similar to the rapamycin-treated
mice (Figure 4-1). The results of Western blotting showed that
the phosphorylation levels of Akt, mTOR, P70s6k, and 4E-BP1
were significantly downregulated in the splenocytes of cardiac
transplanted mice treated with Chailing Decoction compared
with those in untreated mice, similar to the rapamycin-treated
mice (Figure 4-2).
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Figure 3: Chailing Decoction treatment significantly increased the
number of Tregs in the cardiac transplantation recipients. To illus-
trate whether the application of Chailing Decoction can increase
the number of Tregs or not, flow cytometry, qRT-PCR, and immu-
nofluorescence staining of Tregs were performed on 3, 7, or 14
days after transplantation. The results of flow cytometry showed
that the number of CD4+CD25+Foxp3+cells was elevated in the
splenocytes of recipients treated with Chailing Decoction or rapa-
mycin compared with that of untreated C,H recipients (Figure 3A).
The results of the qRT-PCR revealed that Foxp3 level was upregu-
lated in the splenocytes of recipients treated with Chailing Decoc-
tion or rapamycin compared with that in untreated C_H recipients
(Figure 3B). In addition, the immunofluorescence staining of grafts
showed that the number of Foxp3+ Tregs was remarkably higher in
the recipients treated with Chailing Decoction or rapamycin than
the grafts from the untreated recipients (Figure 3C).
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Figure 4: Chailing Decoction treatment inhibited the molecular expression of the mTOR pathway in the cardiac transplantation recipients.

To determine whether the effects of Chailing Decoction on Treg in cardiac transplanted mice were associated with the mTOR pathway or
not, we investigated the molecular expression of the mTOR pathway by qRT-PCR and Western blotting. The results of gRT-PCR showed that
the expression levels of PI3K, Akt, mTOR, and P70s6k were significantly reduced in the splenocytes of cardiac transplanted mice treated with
Chailing Decoction compared with those in untreated mice, which is similar to the rapamycin-treated mice (Figure 4-1). The results of the
Western blotting revealed that the phosphorylation levels of Akt, mTOR, P70s6k, and 4E-BP1 significantly decreased in the splenocytes of
cardiac transplanted mice treated with Chailing Decoction compared with those in untreated mice, which is similar to the rapamycin-treated

mice (Figure 4-2).
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Discussion

In the present study, to describe the possible signaling path-
ways of Chailing Decoction on the generation of Tregs to prevent
an alloimmune response, C3H mice underwent transplantation
of C57BL/6 hearts, and they received either oral Chailing Decoc-
tion or rapamycin post transplantation. The results shown that
Chailing Decoction treatment could prolong the survival time of
cardiac allografts, and the inflammatory infiltration in cardiac
grafts was significantly reduced. In addition, Chailing Decoction
treatment increased the number of Foxp3* Tregs and inhibited
the activity of the mTOR pathway molecules.

Transplantation is the ultimate treatment for patients with
total loss of function of a life-sustaining organ [11]. The main
therapy for allograft rejection is immunosuppressive drugs,
however, they mainly have toxicities and exhibited adverse ef-
fects [12], such as opportunistic infection and cancer [13]. Herb-
al medicines, including Chailing Decoction (in Chinese)/Sairei-to
(in Japanese), have long been used as an alternative therapy in
China, Japan, and Korea, and have recently become popular in
Europe [5] and the United States [6] because they can provide
health benefits. Chailing Decoction was reported to effectively
treat immune rejection in cardiac transplantation, without the
above-mentioned adverse effects. Chailing Decoction is com-
posed of 12 different herbs: bupleuri radix, scutellariae radix,
pinelliae tuber, ginseng radix, glycyrrhizae radix, zingiberis rhi-
zome, zizyphi fructus, polyporus sclerotium, poria sclerotium,
atractylodis lanceae rhizoma, alismatis rhizome, and cinnamo-
mi cortex. We have previously reported that administration of
Chailing Decoction could prolong allograft survival and generate
Foxp3+Tregs [14]. Foxp3 is known as the most specific marker
distinguishing regulatory T cells from activated CD4* effector T
cells, previous studies showed that the PI3K-Akt-mTOR signaling
pathway negatively regulated Foxp3 expression [15], and specif-
ically prevented the induction of Foxp3 [16]. Transient TCR stim-
ulation drove PI3K-Akt-mTOR signaling that antagonized Foxp3
expression. Thus, selective blockade of PI3K—Akt—mTOR signal-
ing pathway would augment Foxp3 expression. Rapamycin (si-
rolimus) is a well-known macrolide immunosuppressant that
inhibits the mTOR protein kinase [17]. Previous studies showed
that rapamycin exerted immunosuppressive effects by increas-
ing the number of immunosuppressive Tregs [18]. Some herbal
components of Chailing Decoction, such as saikosaponin, ba-
icalein, and glycyrrhizic acid, have been demonstrated to exert
inhibitory effects on the mTOR signaling pathway. In the present
study, we found that Chailing Decoction treatment markedly
suppressed the mTOR signaling pathway molecules, as phos-
phorylation of the mTOR downstream targets, p70S6K and 4E-
BP1, which is consistent with the role of rapamycin. P70S6K and
4E-BP1 are well-characterized substrates for mTORC1 [19], one
of the protein complexes of mTOR. The results indicated that
Chailing Decoction treatment could effectively block mTORC1.
It is noteworthy that mTORC1 controls protein translation, au-
tophagy, and other cellular processes through the phosphory-
lation of substrates that include p70S6K and 4E-BP1 [20]. We,
in the present study, found that Chailing Decoction treatment
downregulated the activation of Akt, mTOR, p70S6K, and 4E-
BP1, while increased the number of Foxp3* Tregs. These results
revealed that Chailing Decoction could upregulate Foxp3* Tregs
by blocking the activity of the PI3K-Akt-mTOR signaling path-
way, which is consistent with the role of rapamycin.

As a limitation of the present study, due to the multi-com-
ponent and multi-target of the Chailing Decoction, uncontrol-

lable composition is associated with a disadvantage. However,
this was the first study on the Chailing Decoction for regulating
intracellular signaling pathways. Therefore, further researches
should be carried out to isolate the components of the Chailing
Decoction to find out the best activity and target with extended
experimental plans.

Conclusion

In summary, the administration of Chailing Decoction could
inhibit mice cardiac allograft rejection by increasing the number
of Foxp3+ Tregs. The underlying mechanism was found to be as-
sociated with the suppression of the mTOR signaling pathway.
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