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Due to vigorous alloimmunity, an allograft is usually rejected without any conventional 
immunosuppressive treatment. However, continuous global immunosuppression may 
cause severe side effects, including tumors and infections. Mounting evidence has shown 
that cyclosporine (CsA), a common immunosuppressant used in clinic, impedes allograft 
tolerance by dampening regulatory T cells (Tregs), although it inhibits allograft rejection at 
the same time. Therefore, it is necessary to seek an alternative immunosuppressive drug 
that spares Tregs with high efficiency in suppression but low toxicity. In this study, we 
investigated the capacity of emodin, an anthraquinone molecule originally extracted from 
certain natural plants, to prolong transplant survival in a mouse model and explored the 
cellular and molecular mechanisms underlying its action. We found that emodin signifi-
cantly extended skin allograft survival and hindered CD3+ T cell infiltration in the allograft, 
accompanied by an increase in CD4+Foxp3+ and CD8+CD122+ Treg frequencies and 
numbers but a reduction in effector CD8+CD44highCD62Llow T  cells in recipient mice. 
Emodin also inhibited effector CD8+ T cells proliferation in vivo. However, CD4+CD25+, 
but not CD8+CD122+, Tregs derived from emodin-treated recipients were more potent in 
suppression of allograft rejection than those isolated from control recipients, suggesting 
that emodin also enhances the suppressive function of CD4+CD25+ Tregs. Interestingly, 
depleting CD25+ Tregs largely reversed skin allograft survival prolonged by emodin while 
depleting CD122+ Tregs only partially abrogated the same allograft survival. Furthermore, 
we found that emodin hindered dendritic cell (DC) maturation and reduced alloantibody 
production posttransplantation. Finally, we demonstrated that emodin inhibited in vitro 
proliferation of T cells and blocked their mTOR signaling as well. Therefore, emodin may 
be a novel mTOR inhibitor that suppresses alloimmunity by inducing both CD4+FoxP3+ 
and CD8+CD122+ Tregs, suppressing alloantibody production, and hindering DC matu-
ration. Thus, emodin is a newly emerging immunosuppressant and could be utilized in 
clinical transplantation in the future.
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Figure 1 | Emodin prolongs skin allograft survival. (A) Representatives of BALB/c-derived skin allografts in B6 recipient mice with different treatments 14 days after 
transplantation. Allografts were circled with red lines. (B) B6 mice transplanted with a skin graft derived from BALB/c mice were treated with CsA and/or emodin for 
4 weeks or until graft rejection. Graft survival was analyzed using log-rank test (*P < 0.05, n = 8–9 grafts).
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Emodin Inhibits the Expansion of Effector 
CD8+ T Cells Posttransplantation
To determine whether emodin would control effector CD8+ 
T  cells (Teff) in  vivo, draining LN and spleen cells from 
emodin- or CsA-treated recipient mice were isolated 10 days 
after transplantation and analyzed via EDU-staining and 
FACS analysis. As represented by Figure  3A, both emodin 
and CsA obviously decreased the percentages and absolute 
numbers of CD8+CD44highCD62Llow effector T  cells in both 
LNs and spleens of the recipients. Furthermore, we found 
that either emodin or CsA alone suppressed the proliferation 
of CD8+CD44highCD62Llow T cells in the recipient mice while 
emodin plus CsA further inhibited their proliferation 
compared to either emodin or CsA alone (Figure  3B). As a 
control, we isolated spleen cells from naïve mice without skin 
transplantation and observed that there was no any difference 
in CD8+CD44highCD62Llow T cell numbers between untreated 
and emodin-treated groups (data not shown). On the other 
hand, emodin did not promote the apoptosis of effector 
CD8+CD44highCD62Llow and CD4+CD44highCD62Llow T  cells 
10 days after transplantation (Figures 3C,D). We also demon-
strated that emodin did not induce the apoptosis of total CD4+ 
and CD8+ T  cells 20  days posttransplantation (Figure S1 in 

Supplementary Material). Thus, our data suggest that emodin 
hinders effector CD8+ T cell expansion/proliferation, but does 
not induce T cell apoptosis, implying that a treatment with this 
dose of emodin is not cytotoxic.

Emodin Facilitates the Generation of 
CD4+Foxp3+ Tregs Posttransplantation
Regulatory T  cells play an important role in long-term trans-
plant survival or tolerance. Thus, we examined if emodin 
would suppress allograft rejection by inducing Tregs. Draining 
LN and spleen cells were isolated 10  days after allogeneic skin 
transplantation, and CD4+Foxp3+ Tregs were enumerated by 
flow cytometry. As shown in Figure  4, emodin significantly 
increased the percentages and absolute numbers of CD4+Foxp3+ 
Tregs in draining LNs while CsA did the opposite. Furthermore, 
a reduction in LN Treg numbers resulted from CsA treatment 
was totally reversed in the recipients treated with both emodin 
and CsA (Figure 4). On the other hand, there was no markedly 
variance in the frequencies and absolute numbers of splenic Tregs 
between all groups. Similar findings were also seen 20 days after 
skin allotransplantation (data not shown). These data suggest 
that emodin promotes CD4+Foxp3+ Treg generation mainly in 
the draining LNs of recipient mice.



Figure 2 | Emodin ameliorates cellular infiltration in an allograft. (A) H&E staining of skin allografts 10 days after transplantation (Magnification:200×). 
Representative images of skin graft sections are presented. (B) Immunohistochemistry was performed to detect infiltrating CD3+ T cells in skin grafts.  
Sections of skin grafts were stained with CD3-specfic antibody and imaged. Representative images of graft sections are presented. (C) The area of infiltration  
or inflammation in an allograft was quantified as integrated optical density (IOD) for HE-stained sections by ImagePro plus (n = 5 grafts). (D) The IOD of 
CD3-positive area in the images (n = 5 grafts) also was calculated by ImagePro plus (magnification at 200×). Data are shown as means ± SD for panels  
(C,D) (*P < 0.05, **P < 0.01).
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Emodin Also Induces CD8+CD122+ Tregs
Our previous studies demonstrated that CD8+CD122+ Tregs 
were more potent in inhibiting T cell proliferation and transplant 
rejection than CD4+CD25+ Tregs (21). Hence, we asked whether 
emodin would also exert its suppressive effects on allograft 
rejection through inducing CD8+CD122+ Tregs. We measured 
the percentages and absolute numbers of CD8+CD122+ Tregs 
in the LNs and spleens of recipient mice via flow cytometry 
10 days after allogeneic skin transplantation. We demonstrated 
that both emodin and CsA significantly increased the percentages 
of CD8+CD122+ Tregs in both LNs and spleens of the recipients 
(Figure 5), suggesting that emodin generally promotes the devel-
opment of CD8+CD122+ Tregs in  vivo. Interestingly, emodin 
increased the absolute numbers of CD8+CD122+ Tregs in LNs, 
but not spleens, of the recipients.

Emodin-Induced CD4+CD25+, but Not 
CD8+CD122+, Tregs Are More Potent in 
Suppression of Allograft Rejection than 
Are Control Tregs
To determine whether emodin also enhances the suppressive 
function of Tregs, CD4+CD25+ or CD8+CD122+ Tregs were 
isolated from recipient mice treated without or with emodin 
and/or CsA. These Tregs were then transferred to lymphocyte-
deficient Rag1−/− mice that received syngeneic T cells as well as 
a skin allograft. As shown in Figure  6A, adoptive transfer of 
conventional T cells to Rag1−/− recipients caused their rejection 
of skin allografts while control Rag1−/− recipients did not reject 
the allografts. Transfer of both control CD4+CD25+ Tregs and 
T cells extended allograft survival compared to that of T cells 
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