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Abstract 

Background Immune-mediated rejection was the major cause of graft dysfunction. Although the advances in 
immunosuppressive agents have markedly reduced the incidence of T-cell-mediated rejection after transplantation. 
However, the incidence of antibody-mediated rejection (AMR) remains high. Donor-specific antibodies (DSAs) were 
considered the major mediators of allograft loss. Previously, we showed that treatment with 18-kDa translocator pro-
tein (TSPO) ligands inhibited the differentiation and effector functions of T cells and reduced the rejection observed 
after allogeneic skin transplantation in mice. This study we further investigate the effect of TSPO ligands on B cells and 
DSAs production in the recipients of mixed-AMR model.

Methods In vitro, we explored the effect of treatment with TSPO ligands on the activation, proliferation, and anti-
body production of B cells. Further, we established a heart-transplantation mixed-AMR model in rats. This model was 
treated with the TSPO ligands, FGIN1-27 or Ro5-4864, to investigate the role of ligands in preventing transplant rejec-
tion and DSAs production in vivo. As TSPO was the mitochondrial membrane transporters, we then investigated the 
TSPO ligands effect on mitochondrial-related metabolic ability of B cells as well as expression of downstream proteins.

Results In vitro studies, treatment with TSPO ligands inhibited the differentiation of B cells into  CD138+CD27+ 
plasma cells; reduced antibodies, IgG and IgM, secretion of B cells; and suppressed the B cell activation and prolifera-
tion. In the mixed-AMR rat model, treatment with FGIN1-27 or Ro5-4864 attenuated DSA-mediated cardiac-allograft 
injury, prolonged graft survival, and reduced the numbers of B cells, including  IgG+ secreting B cells, T cells and 
macrophages infiltrating in grafts. For the further mechanism exploration, treatment with TSPO ligands inhibited the 
metabolic ability of B cells by downregulating expression of pyruvate dehydrogenase kinase 1 and proteins in com-
plexes I, II, and IV of the electron transport chain.

Conclusions We clarified the mechanism of action of TSPO ligands on B-cell functions and provided new ideas and 
drug targets for the clinical treatment of postoperative AMR.
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Introduction
Immune rejection, including cell-mediated rejection 
(CMR) and antibody-mediated rejection (AMR), due to 
incompatibility with the human leukocyte antigen sys-
tem, is a major obstacle to successful organ transplanta-
tion [1]. Immunosuppressants reduce CMR significantly, 
but have weak efficacy against AMR [2, 3].  AMR usually 
occurs when recipients are pre-sensitized before surgery 
or develop de novo donor-specific antibodies (DSAs) 
after surgery. High levels of donor-specific IgG in serum 
and C4d deposition in the interstitial vasculature are con-
sidered the best markers of AMR [4].

The therapeutic approaches to AMR involve removing 
antibodies and/or eliminating B cells, including intrave-
nous immunoglobulin, plasma exchange, and rituximab 
[1]. However,  these methods were only modestly effec-
tive. Intravenous immunoglobulin and plasma exchange 
have had limited success due to antibody rebounding. 
Rituximab targets CD20 to deplete B cells. But plasma 
cells, which produce DSAs, do not express CD20, lim-
iting the effectiveness of this approach [5–7]. The chal-
lenge of suppressing B cell functions and managing DSAs 
in organ transplantation has been the urgent priorities 
to be addressed. The development of new strategies is 
needed.

18-kDa translocator protein (TSPO) is a conserved 
protein located in the outer mitochondrial membrane [8] 
[9] expressed widely in different types of immune cells 
(e.g., monocytes, T cells, B cells, other subsets) to link to 
the immune response. The TSPO ligands Ro5-4864 and 
PK11195 inhibit the production of interleukin (IL)-1β, 
IL-6, and tumor necrosis factor-α in macrophages [10] 
and relieve nerve inflammation when moderating the 
severity of multiple sclerosis [11]. Previously, we showed 
that treatment with TSPO ligands, FGIN1-27 or Ro5-
4864, inhibited the differentiation and cytokine produc-
tion of human T-helper type-1 cells, and suppressed 
allograft rejection in a murine-skin transplant model 
by inhibiting infiltration by inflammatory cells and 
interferon-γ production [12]. TSPO is also expressed in B 
cells, but relevant research has not been conducted.

Metabolism plays a crucial role in immune cells. Previ-
ous studies have confirmed that when immune cells are 
activated, their energy provided from metabolism must 
be raised up to satisfied cell vitality and play the effec-
tor function [13, 14]. Mitochondria are key organelles for 
energy production, and TSPO is mainly located in the 
mitochondrial outer membrane and is a key regulator of 
mitochondrial homeostasis [15]. Previous studies have 

shown that TSPO deficiency can inhibit the mitochon-
drial function of microglia cells and significantly reduce 
the levels of mitochondrial oxidative phosphorylation 
(OXPHOS) and glycolysis, thus inhibiting microglia acti-
vation [16].

In this study, we confirmed that TSPO ligands, FGIN1-27 
and Ro5-4864, inhibited the activation and proliferation of 
B cells. Also, TSPO ligands constrained the B cells differ-
entiated into plasma cells and the antibodies, IgG and IgM, 
production in vitro. In  vivo, we established a mixed anti-
body-mediated rejection model in rat hearts. TSPO ligands 
prolonged the duration of survival of cardiac allografts, 
reduced infiltration by inflammatory cells and relieved the 
circulating DSAs and deposition of the complement com-
ponent C4d in grafts. TSPO ligands inhibited the mitochon-
drial-related metabolic ability of B cells by downregulating 
expression of pyruvate dehydrogenase kinase (PDK)1 and 
proteins in the electron transport chain (ETC) complexes I, 
II, and IV. This study may provide new ideas and drug tar-
gets for the clinical treatment of postoperative AMR.

Methods
Animal and human materials
Animal experiments were undertaken in the Guangdong 
Province Animal Center (Guangdong, China). The study 
protocol was approved (KY-Q-2022-157-01) by the Ani-
mal Care and Use Committee of Guangdong Province 
People’s Hospital (Guangdong, China).

Male Brown Norway (BN) rats and Lewis rats 
(200–250  g) were purchased from Beijing Vital River 
Laboratory Animal Technology (Beijing, China). Periph-
eral-blood mononuclear cells (PBMCs) were obtained 
from Oricell (Shanghai, China).

B‑cell cultures in vitro
CD19+ B cells were purified by anti-CD19-positive 
magnetic beads (Miltenyi Biotec, Bergisch Gladbach, 
Germany) from human PBMCs and the purity was con-
sistently > 95% (as determined by flow cytometry). B cells 
were cultured with CpG plus anti-IgM (MilliporeSigma) 
in the presence or absence of TSPO ligands, FGIN1-27 
(Tocris, Baldwin, MO, USA) or Ro5-4864 (Millipore-
Sigma, Burlington, MA, USA) in an atmosphere of 5% 
 CO2 at 37 °C.

For detecting the secretion of immunoglobulin,  CD19+ 
B cells were cultured for 9 days. The supernatants were 
harvested, and the concentrations of IgG and IgM were 
measured by ELISA.
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For detecting the activation and proliferation,  CD19+ 
B cells were cultured for 2 days. The activated molecule 
CD25 and CD69 were measured by FACs, and the pro-
liferative capacity was evaluated by BrdU incorporation 
assay.

Enzyme‑linked immunosorbent assay (ELISA)
Supernatants were harvested at day 9. The concentra-
tions of IgG and IgM were measured using ELISA kits 
(BD Bioscience, San Jose, CA, USA) according to manu-
facturer instructions.

Brdu incorporation assay
Purified B cells were cultured for 2 days and the BrdU 
was added at the final 1 h of incubation. The cells were 
stained with the FITC-conjugated anti-BrdU according to 
the BrdU incorporation assay (FITC BrdU Flow kit, BD 
Bioscience).

Transplant surgery and treatment
The BN rat was the donor, and the Lewis rat was the 
recipient. Inhalation anesthesia was undertaken with 
isoflurane (~ 2%). For skin transplantation, the tail skin 
graft (1.5–2.0 × 2  cm) from the donor was transplanted 
onto the dorsal area of the recipient. For the mixed AMR 
model, recipient rats received the donor cardiac allograft 
14 days after skin graft pre-sensitization. Cyclosporin A 
(CSA) was injected subcutaneously at a dose of 20  mg/
kg/day, from day 0 after skin transplantation to allo-heart 
loss or obtained for detection.

The detailed processes of cardiac transplantation have 
been described previously [17, 18]. Briefly, a graft from 
a donor heart was harvested and transplanted into the 
abdominal cavity of a recipient rat by anastomosing the 
aorta and pulmonary artery of the graft end-to-side to 
the aorta and vena cava, respectively, of the recipient. 
Survival of the cardiac graft was defined as production of 
a heartbeat. Cardiac arrest denoted rejection of the car-
diac graft. Rats were euthanized at the day 4 after heart 
transplantation of organ extraction or at the endpoint 
of observation with an overdose of anesthetics and neck 
dislocation.

The simply heard transplantation without pre-sensi-
tized with allo-skin was mainly recognized as acute cel-
lular rejection. Compared with the non-sensitized, this 
pre-sensitized model exhibited a typical AMR presenta-
tion, highly level of circulating-DSAs and C4d deposition 
in the graft (Additional file 1: Fig S1A–B).

Animal experimental protocol
For experiments based on the skin transplantation and 
cardiac AMR transplantation, recipients were assigned 
randomly to three groups: [1] FGIN1-27 (1 mg/kg/day); 

[2] Ro5-4864 (1  mg/kg/day); [3] control (equal volume 
of physiologic (0.9%) saline daily). The FGIN1-27, Ro5-
4864, and control groups were treated every day from 
day 0 till the animal is euthanized or dies of natural. The 
drugs were administration orally to the animals.

Assay to determine the circulating level of donor‑specific 
antibodies (DSAs)
Circulating levels of DSAs were detected by flow cytom-
etry. Sera were collected at the indicated time (in skin 
transplantation model: every four days from 0 to 36 days 
after skin transplantation; in heart transplantation model: 
4 days after cardiac transplantation) from the orbit of the 
recipient rat. Sera were incubated with donor splenocytes 
for 30 min at 37 °C. After washing twice with phosphate-
buffered saline, splenocytes linked with DSAs were incu-
bated with anti-rat FITC-IgM and Percpcy5.5-IgG for 1 h 
at 4  °C. Cells were analyzed by flow cytometry, and the 
results are shown as the mean fluorescence intensity.

Histology and IHC analyses
Cardiac grafts were obtained 4 days after cardiac trans-
plantation. Tissues were embedded in paraffin after fixing 
with 4% paraformaldehyde overnight. Then, embedded 
tissues were cut into sections of thickness 3  μm and 
stained with hematoxylin and eosin (H and E) and the 
corresponding primary antibodies. Antibodies against 
cluster of differentiation (CD)3, CD4, CD8, CD68, and 
C4d in rats used for IHC staining were purchased from 
Abcam (Cambridge, UK). A Horseradish Peroxidase Kit 
(Beyotime Institute of Biotechnology, Shanghai, China) 
and 3,3′-diaminobenzidine (Dako, Carpinteria, CA, USA) 
were employed for chromogen visualization. The average 
optical density (AOD) was measured by image pro plus 
for the quantitative analysis of the positive stain.

Terminal deoxynucleotidyl transferase (TdT)‑Mediated 
dUTP Nick‑End labeling (TUNEL) staining
 Paraffin sections were prepared by de-paraffinization and 
rehydration, and then subjected to TUNEL staining using 
a one-step TUNEL Apoptosis assay kit (Beyotime Insti-
tute of Biotechnology). DAPI staining was used for visual 
observation.

Flow cytometry
For the detection of cell activation in  vitro, purified 
 CD19+ B cells were cultured for 2 days and incubated 
with APC-CD25 and PE-CD69 (BD Bioscience) for 
30 min at 4 °C in dark.

For the detection of lymphocytes in the model, periph-
eral blood, fresh cardiac grafts and recipient spleens were 
obtained on 4 days after cardiac transplantation, before 
the allo-graft failure. Fresh recipient cardiac grafts were 
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digested in phosphate-buffered saline supplemented with 
1% heat-inactivated fetal bovine serum with collagenase 1 
and DNase for 60 min at 37 °C, before pressing through a 
200 mesh nylon screen. The collected cells were isolated 
by gradient density centrifugation using ficoll-paque pre-
mium (Cytiva, Washington, USA). Collected lympho-
cytes were stained with fluorescently labeled antibodies. 
Pacificblue-CD45, PE-CD45R, fluorescein isothiocyanate 
(FITC)-CD3, APCcy7-CD4, Percp-CD8, PEcy7-CD11b, 
APC-CD161, FITC-immunoglobulin (Ig)M, and 
Percpcy5.5-IgG antibodies used for flow cytometry were 
from BD Biosciences.

Detection was determined by a flow cytometer (Cyto-
FLEX; Beckman Coulter, Fullerton, CA, USA) and data 
were analyzed by FlowJo (Tree Star, Ashland, OR, USA).

Seahorse XF assay
Extracellular acidification rate (ECAR) and oxygen con-
sumption (OCR) were determined using a Seahorse 
XF-96 Extracellular Flux Analyzer (Seahorse Bioscience, 
Agilent Technologies, CA, US). An XF96 cell-culture 
microplate was coated with Cell-Tak™ before inocula-
tion with B cells, and B cells were seeded at 4 ×  105 cells/
well in plates.  The assay medium was unbuffered RPMI-
1640 (with 10 mM glucose, 1 mM pyruvate, and 2 mM 
L-glutamine at pH 7.4). Baseline ECAR and OCR and 
their response to the indicated compounds (2.5 mM oli-
gomycin, 1.5 mM FCCP, 500 nM rotenone, and 500 nM 
antimycin A) were determined (all from Seahorse Biosci-
ence). Pathway analysis was performed by the clusterPro-
filer package.

Western blotting
Purified human  CD19+ B cells were stimulated with 
anti-IgM plus CpG with or without FGIN1-27 or 
Ro5-4864 for 48  h and lysed in lysis buffer (Beyotime 

Institute of Biotechnology). The total proteins were 
quantified by BCA protein quantitation kit (Ther-
mos Fisher Scientific, Waltham, MA, USA). Samples 
were separated by 10% sodium dodecyl sulfate–poly-
acrylamide gel electrophoresis and blotted onto poly-
vinylidene fluoride (PVDF) membranes (Millipore, 
Waltham, MA, USA). PVDF membranes were blocked 
with 5% (w/v) non-fat milk (TBS) and incubated with 
the primary antibodies against pyruvate dehydroge-
nase kinase 1 (PDK-1) (MW:47KD; antibody dilute: 
1:1000), succinate dehydrogenase subunit alpha 
(SDHA) (MW:70KD; antibody dilute: 1:1000), NADH-
ubiquinone oxidoreductase chain 1 (ND1) (MW:36KD; 
antibody dilute: 1:1000), cytochrome C oxidase subu-
nit 1 (COX1) (MW:68KD; antibody dilute: 1:1000), 
cytochrome B (CYTB) (MW:26KD; antibody dilute: 
1:1000), and β-actin (Abcam) (MW:42KD; antibody 
dilute: 1:1000) diluted by antibody dilution (5% (w/v) 
BSA + TBS). After incubation with the relevant second-
ary antibodies (antibody dilute: 1:2000), PVDF mem-
branes were visualized using the ECL Western Blotting 
Analysis System (GE AI600; GE Healthcare, Fairfield, 
CT, USA).

Real‑time reverse transcription‑quantitative polymerase 
chain reaction (RT‑qPCR)
Transcript levels were determined using real-time RT-
qPCR. RNA from tissues or cells was extracted with 
Rnase Micro Kit (Qiagen, Hilden, Germany) according 
to manufacturer protocols. For reverse transcription, 
PrimeScript RT Master Mix (Roche, Basel, Switzerland) 
was used. For qPCR, SYBR Green I Master Mix (Roche) 
was employed, and the cytoskeletal gene β-actin was 
used for the normal control. The primer sequences we 
used are shown in Table 1.

Table 1 Primers used for qPCR

Gene Forward (5′–3′) Reverse (5′–3′)

PDK1 CTG TGA TAC GGA TCA GAA ACCG TCC ACC AAA CAA TAA AGA GTGCT 

PDHA1 ATG GAA TGG GAA CGT CTG TTG CCT CTC GGA CGC ACA GGA TA

PDHA2 GGG CGG AGG GGC TTA AAT AC GTG ACA GAA ACC GCG AAT GAA 

CS TGC TTC CTC CAC GAA TTT GAAA CCA CCA TAC ATC ATG TCC ACAG 

IDH1 (NADP+) TGT GGT AGA GAT GCA AGG AGA TTG GTG ACT TGG TCG TTG GTG 

OGDH GGC TTC CCA GAC TGT TAA GAC GCA GAA TAG CAC CGA ATC TGTTG 

ND1 (NDUFS1) TGG AAG ACA AGA ACA TTG GGC GCA AAC CTG ATG CAG CGA G

SDHA TGG CAT TTC TAC GAC ACC GTG GCC TGC TCC GTC ATG TAG TG

CYTB GCT GTT ATG TAC CCA AGC AAAGA TCC CCA CTC AAT TCC ATC ACT 

COX1 AAC CCA ATA CCA AACGC CTT CAG GGT GAC CGAAA 

β-actin CAT GTA CGT TGC TAT CCA GGC CTC CTT AAT GTC ACG CAC GAT 
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Statistical analyses
For comparison of the data from two groups, we used the 
Student’s t-test to analyze significant differences. Graft 
survival was evaluated by the log-rank test. Data are the 
mean ± standard deviation. Statistical analyses were car-
ried out by Prism (GraphPad, La Jolla, CA, USA). P < 0.05 
and P < 0.01 were considered significant.

Results
TSPO ligands inhibit the differentiation and antibody 
secretion of B cells in vitro
We first verify the expression of TSPO on B cells. As it 
shown in Additional file 1: Fig S2, both rest and activated 
CD19 + B cells expressed TSPO. We further assessed the 
effect of TSPO ligands on B cells by carrying out experi-
ments on B-cell cultures. To exclude the possibility that 
TSPO ligands inhibit B-cell function by promoting apop-
tosis, purified B cells were cultured with different con-
centrations of FGIN1-27 or Ro5-4864 for 48 h. Staining 
(annexin V/propidium iodide) was undertaken to evalu-
ate cell survival. Treatment with FGIN1-27 or Ro5-4864 
had little effect on B-cell survival at concentrations of 10 
µM to 100 µM (Additional file 1: Fig S3). We chose a con-
centration of 50 µM for subsequent in vitro experiments.

Next, we investigated the effect of TSPO ligands on 
the differentiation and antibody secretion of B cells. 
Human  CD19+ B cells were cultured in the presence of 
FGIN1-27, Ro5-4864, or equal volume solvent (dimethyl 
sulfoxide), and exposed to CpG plus anti-IgM for 9 days. 
Expression of CD27, CD138, and IgG was measured by 
flow cytometry. Treatment with FGIN1-27 or Ro5-4864 
significantly reduced the differentiation of  CD138+ 
plasma cells,  CD27+CD138+ memory plasma cells, and 
IgG secretory B cells from naïve B cells (Fig.  1A–G). 
Moreover, the concentrations of IgG and IgM in the 
supernatant were evaluated by ELISA at day 9. Levels of 
IgG and IgM in FGIN1-27- and Ro5-4864-treated cells 
were markedly lower than those in control cells (Fig. 1H, 
I). These data indicated that treatment with FGIN1-27 
or Ro5-4864 inhibited the differentiation and antibody 
secretion of B cells significantly in vitro.

TSPO ligands reduce the proliferation and activation of B 
cells
With respect to the proliferation and activation of B cells, 
we used the label bromodeoxyuridine (Brdu) as well as 
the markers CD25 and CD69 to evaluate them. After 
culture for 2 days, the number of brdu-labeled cells was 
reduced significantly after treatment with TSPO ligands 
compared with the number in the control group (Fig. 2A, 
D). Expression of an early (CD69) and late (CD25) marker 

of activation was also obviously lower in the TSPO treat-
ment group than that in the control group (Fig. 2B, C, E, 
F).

TSPO ligands inhibit DSA generation in vivo
To investigate whether DSAs were affected by TSPO 
ligands, we first used a skin-graft model in rats (Fig. 3A). 
Lewis rats received the tail skin of donors (BN rats) 
and were treated with FGIN1-27, Ro5-4864, or vehicle. 
From day-4 to day-30 after skin transplantation, the cir-
culating levels of IgG of recipients increased gradually 
and significantly. Compared with the control group, the 
FGIN1-27 and Ro5-4864 groups had a significant reduc-
tion in the upward trend of the IgG level (Fig. 3B). There 
was no upward trend in the IgM level, which indicated 
a low responsiveness to skin grafts, and the circulating 
IgM level in the FGIN1-27 and Ro5-4864 groups showed 
no significant difference with that in the control group 
(Fig.  3C). Therefore, rats treated with TSPO ligands 
showed lower donor-specific IgG (but not IgM) produc-
tion, in the skin-transplantation model we created.

TSPO ligands attenuate DSA‑mediated cardiac‑allograft 
injury and prolong graft survival
To further understand the effect of TSPO ligands in vivo, 
we established a major histocompatibility complex 
(MHC) mismatch model of heart transplantation in rats. 
Recipients (Lewis) rats were pre-sensitized with the tail 
skins of BN rats for 14 days before transplantation with 
BN hearts (Fig. 4A), and treated with vehicle, FGIN1-27, 
or Ro5-4864. All recipients received CSA on the day of 
skin transplantation to reduce the interference caused by 
the infiltration of T cells, as well as to retain and magnify 
the effect of B cells and DSAs. An isograft group with the 
hearts of Lewis rats transplanted into recipients (Lewis 
rats) was also established.

In the isograft group, all transplanted hearts sur-
vived > 15 days, which indicated that the allograft was 
tolerated. The mean duration of graft survival in the 
AMR control group was (5.0 ± 0.7) days, whereas it was 
(9.0 ± 2.5) days in the FGIN1-27 group and (8.6 ± 2.2) 
days in the Ro5-4864 group. Therefore, TSPO ligands 
prolonged the survival of transplanted hearts markedly in 
a DSA-mediated model in rats (n = 5; P < 0.01) (Fig. 4B).

For the further examination, we performed another 
set of models (n = 5). The cardiac graft and serum from 
circulating blood were obtained four days after heart 
transplantation when the allo-hearts of three groups 
have not been lost. In the cardiac graft of control group, 
H&E staining revealed severe interstitial hemorrhage, 
infiltration by inflammatory cells, tissue edema, and 
focal liquefaction and necrosis in tissue. In the groups 
of TSPO-ligand treatment, the number of these lesions 
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was reduced significantly (Fig.  4C). We also undertook 
terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL) staining for apoptotic cells in the 
graft: TSPO treatment attenuated the number of tissue 
lesions significantly, with fewer apoptotic cells observed 
compared with the control group (Fig. 4D). C4d depos-
ited, the specific marker for acute of AMR diagnosis, was 
shown intense and diffuse in capillaries in control group. 
However, FGIN1-27 and Ro5-4864 treatment signifi-
cantly attenuated the C4d deposition in the graft capil-
laries (Fig. 4E–F). Flow cytometry showed that the serum 
donor-specific IgG levels in the FGIN1-27 and Ro5-4864 
groups were approximately 25% lower than those in the 

control group (P < 0.01), but significant differences in IgM 
levels were not observed (Fig. 4G).

TSPO ligands reduce the number of lymphocytes and B 
cells in the cardiac allograft and host spleen
To further explore infiltration by inflammatory cells in 
grafts, we carried out flow cytometry in the cardiac allo-
graft. The percentages and absolute numbers of  CD45+ 
lymphocytes were lower in FGIN1-27-treated and Ro5-
4864-treated hearts than those in the hearts of rats in the 
control group (Fig.  5A–C). The same phenomenon was 
observed in  CD45R+IgG+ secretion from B cells gated on 
 CD45+ cells in the cardiac graft (Fig. 5D–F). Treatment 

Fig. 1   TSPO ligands suppress plasma-cell formation and antibody secretion in vitro. Purified  CD19+ B cells were stimulated with CpG + anti-IgM, 
CpG + anti-IgM + FGIN1-27, or CpG + anti-IgM + Ro5-4864, for 9 days. A–D Representative flow-cytometry results and bar graphs of flow cytometry 
of  CD138+ cells,  CD27+ cells, and  CD138+CD27+ cells in  CD19+ B cells. E–G Representative flow-cytometry results and bar graphs of  CD19+ B cells. 
H, I Concentrations of IgG and IgM in the culture supernatant were determined by ELISA. Data are the mean ± SD of five independent samples. 
n = 5; *P < 0.05; **P < 0.01; ns: no significant difference
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Fig. 2 TSPO ligands reduce the proliferation and activation of B cells Purified  CD19+ B cells were stimulated with CpG + anti-IgM, 
CpG + anti-IgM + FGIN1-27, or CpG + anti-IgM + Ro5-4864, for 2 days. A, D Representative bromodeoxyuridine expression and bar graphs of 
flow-cytometry data. B, E and (C, F) Representative expression of CD69 and CD25 and bar graphs of flow-cytometry results. Data are the mean ± SD 
of five independent samples. n = 5; *P < 0.05; **P < 0.01
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with FGIN1-27 or Ro5-4864 did not reduce the per-
centages of  CD45+ lymphocytes or  CD45R+IgG+ B cells 
in the host spleen but reduced the absolute numbers of 
them markedly (Fig. 5G–L).

TSPO ligands reduce the number of infiltrating T cells 
and macrophages in cardiac grafts
Graft-infiltrating T cells and macrophages 4 days after 
heart transplantation were evaluated by flow cytometry 
and IHC analyses. Treatment with FGIN1-27 or Ro5-
4864 reduced the numbers of  CD3+ T cells,  CD3+CD4+ 
T cells, and  CD3+CD8+ T cells in the cardiac graft mark-
edly (Fig. 6A–H). Treatment with FGIN1-27 or Ro5-4864 
reduced the number of  CD11b+ macrophages (Fig.  6I–
K). These outcomes were further confirmed by IHC 
staining for CD3, CD4, CD8, and CD68 (Fig. 6L, M).

TSPO ligands inhibit mitochondrial respiration 
and glycolysis in B cells in vitro
TSPO is located on the outer mitochondrial membrane 
and is responsible for respiration and electron transport 
in mitochondria. We speculated that TSPO ligands may 
disturb the cellular respiration and metabolism mediated 
by mitochondria. We assessed the effect of TSPO ligands 

on the metabolic capacity of B cells using the Seahorse 
XF assay. The oxidative phosphorylation (OXPHOS) and 
aerobic glycolysis stress was respectively determined by 
OCR and ECAR. In the presence of FGIN1-27 or Ro5-
4864, OXPHOS was impaired profoundly in activated B 
cells. Basal respiration, maximal respiration, and spare 
respiratory capacity were significantly different after 
treatment (Fig. 7A, B). Aerobic glycolysis stress was also 
impaired severely in activated B cells in the presence of 
FGIN1-27 or Ro5-4864 (Fig. 7C, D). These data corrobo-
rated our hypothesis that TSPO ligand-mediated mito-
chondrial respiration was crucial during B cell activation.

TSPO ligands decrease levels of molecules associated 
with mitochondrial metabolism
To gain insight into the molecular mechanism by which 
TSPO ligands inhibit mitochondrial respiration and 
glycolysis in B cells, we searched for the metabolic 
targets of TSPO ligands. RT-qPCR was used to meas-
ure mRNA expression of mitochondrial metabolism-
related molecules, including pyruvate dehydrogenase 
complex (PDH), PDK1, catalytic enzymes in the tri-
carboxylic acid cycle, citrate synthase, isocitrate dehy-
drogenase, oxoglutarate dehydrogenase, as well as 

Fig. 3   The TSPO ligands FGIN1-27 and Ro5-4864 inhibit donor-specific IgG secretion in vivo. The recipients (Lewis rats) after skin transplantation 
were divided into three groups, FGIN1-27, Ro5-4864, and control, who were administered FGIN1-27 (1 mg/kg), Ro5-4864 (1 mg/kg), or an equal 
volume of physiologic (0.9%) saline, respectively by gavage every day for 36 days. Sera from the orbit of recipient rats were collected and incubated 
with donor spleen cells. Levels of donor-specific IgG and IgM were measured by flow cytometry. A Experimental protocol of skin transplantation. B, 
C Circulating DSA levels were determined as the mean fluorescence intensity (MFI) ± SD (n = 5). *P < 0.05; **P < 0.01; ***P < 0.001
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mitochondrial ND1, COX1, SDHA, and CYTB. Treat-
ment with FGIN1-27 or Ro5-4864 inhibited expression 
of PDK1, SDHA, ND1, and COX1 in activated B cells 
(Fig.  8A–J), and western blotting confirmed this sce-
nario at the protein level (Fig. 8K).

Taken together, we confirmed that TSPO ligands 
interrupted the ETC by inhibiting the transmembrane 
protein complex proteins SDHA, ND1, and COX1 and 
obstructing glycolysis by suppressing PDK1 expression.

Disscussion
AMR is the most serious complication after organ 
transplantation and is the main cause of immune-medi-
ated graft failure. Specific drug treatment for AMR is 
lacking. Activated B cells and DSA production are the 
main reasons for AMR. Expression of TSPO (located in 
the outer mitochondrial membrane) is believed to be 
highly upregulated in many inflammatory diseases and 
immune cells.  TSPO ligands have also been reported 

Fig. 4   TSPO ligands attenuate DSA-mediated injury and prolong the survival of cardiac allografts. A Experimental protocol of creation of a model 
of antibody-mediated cardiac allograft rejection. B Survival curve of a cardiac allograft. Representative images of (C) hematoxylin and eosin (H 
and E), (D) TUNEL, and C4d (E) staining of cardiac allografts 4 days after cardiac transplantation. F Average Optical Density (AOD) of C4d staining. 
G Circulating levels of DSAs, IgG, and IgM were determined by flow cytometry (n = 5). E *P < 0.05; **P < 0.01
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Fig. 5   TSPO ligands reduce the infiltration of lymphocytes and B cells in a cardiac allograft and host spleen. Infiltration by lymphocytes in allografts 
and lymphocytes from the peripheral circulation into the spleen were determined by flow cytometry 4 after heart transplantation in the model. 
 CD45+ cells were determined as the lymphocytes and  IgG+CD45R+ were determined as B cells. Representative scatter plots and the frequencies 
and counts of cells in a cardiac allograft (A–F) and host spleen (G–L). Data are the mean ± SD of five independent samples. n = 5; *P < 0.05; **P < 0.01
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Fig. 6   TSPO ligands reduce infiltration by T cells and macrophages in cardiac grafts. A–H Representative scatter plots and the frequencies and 
counts of  CD3+ T cells,  CD3+CD4+ T cells, and  CD3+CD8+ T cells in cardiac allografts. I–K Representative scatter plots and the frequencies and 
counts of  CD11b+ macrophages in cardiac grafts. L Immunohistochemical staining of CD3, CD4, CD8, and CD68 in cardiac allografts. M AOD of CD3, 
CD4, CD8, and CD68 staining. Magnification: 400×. n = 5; *P < 0.05; **P < 0.01
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for use in PET imaging of inflammatory disease [19] 
and as a therapeutic option in the treatment of lympho-
cytic leukemia [20]. These evidence provide important 
clues regarding the physiological function of TSPO 
ligands in AMR.

In this study, we demonstrated that TSPO had high 
expression in activated B cells and that treatment with 
TSPO ligands attenuated AMR after allograft trans-
plantation by inhibiting the differentiation and antibody 
secretion of B cells. Due to the close relationship between 
mitochondrial respiration and TSPO, we first demon-
strated that TSPO ligands suppressed B-cell effector 
functions by downregulating expression of PDK1 and fac-
tors in ETC complexes I, II, and IV to inhibit mitochon-
drial respiration and glycolysis in B cells (Fig. 7L). These 
findings suggest the potential value of TSPO ligands in 
preventing AMR after organ transplantation.

First, we found that, TSPO ligands, FGIN1-27 and Ro5-
4864, inhibited the antibody production by suppressing B 
cells in multiply pathways. Treatment with FGIN1-27 or 
Ro5-4864 inhibited the proliferation and activation of B 
cells significantly, disturbed the differentiation of B cells 
into  CD138+ plasma cells, and reduced the production of 
antibodies, in vitro.

DSAs (including IgG and IgM) are produced mainly by 
MHC-reactive B cells [21, 22]. Pre-existing IgG (but not 
IgM) and newly generated donor-specific IgG are asso-
ciated with rejection and indicates a poor prognosis for 
graft survival [23, 24]. We established a rat skin-graft 
model and demonstrated the inhibitory effect of FGIN1-
27 and Ro5-4864 upon DSA production.

Afterwards, we set up a mix-antibody mediate rat-
heart transplantation model to explore the TSPO ligands 
effect in attenuate DSA-mediated allograft injury. We 
found that, treatment with FGIN1-27 or Ro5-4864 inhib-
ited the increasing trend in circulating IgG levels sig-
nificantly. Furthermore, after treatment with FGIN1-27 
or Ro5-4864, the duration of survival of cardiac grafts 
nearly doubled. In addition, the pathologic damage to 
cardiac grafts was attenuated significantly and C4d depo-
sition (which indicates irreversible damage to a graft) was 
reduced after treatment with TSPO ligands. These data 
indicate that TSPO ligands could reduce the tissue dam-
age that improves the prognosis of AMR.

AMR is caused mainly by the activation and antibody 
secretion of donor-specific B cells [2, 25, 26]. In the heart-
transplantation model, the proportion and absolute num-
ber of B cells in grafts after treatment with FGIN1-27- or 

Fig. 7   TSPO ligands inhibit mitochondrial respiration and glycolysis in B cells in vitro. A The oxygen consumption rate (OCR) of human B cells 48 h 
after treatment with FGIN1-27 or Ro5-4864. B Bar graph of basal and maximal (Max.) respiration of B cells 48 h after treatment with FGIN1-27 or 
Ro5-4864. C The extracellular acidification rate (ECAR) of human B cells 48 h after treatment with FGIN1-27 or Ro5-4864. D Bar graph of glycolysis 
and glycolytic (Glyco.) capacity of B cells 48 h after treatment with FGIN1-27 or Ro5-4864. n = 5; *P < 0.05; **P < 0.01
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Ro5-4864 were lower than those from the control group. 
Antibody-secreting plasma cells are the terminally dif-
ferentiated forms of B cells that carry out effector func-
tions [27–29]. Combined with the evidence of reduced 
circulating levels of IgG and C4d deposition in grafts, this 
finding strongly suggested that TSPO ligands inhibited 

the activation and antibody secretion of B cells signifi-
cantly in vivo.

Although we used the CSA to reduce the disturbance 
of T cells and macrophages as much as possible, this 
model inevitably involved cell-mediated rejection but 
mainly antibody-mediated rejection. Except for the 

Fig. 8   TSPO ligands reduce expression of metabolically relevant molecules in B cells. A–J mRNA expression of metabolically relevant molecules in 
mitochondria was determined by real-time RT-qPCR. mRNA expression was normalized to that of β-actin. K Protein expression of PDK1, ND1, COX1, 
SDHA, and CYTB was determined by western blotting. L Effect of TSPO ligands on B cells (schematic). n = 5; *P < 0.05; **P < 0.01
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deposition of complement, we tested for infiltration by 
inflammatory cells. Secreting B cells  (CD45R+IgG+), 
but also the numbers of  CD3+ T cells and  CD11b+ 
macrophages, were reduced after treatment with TSPO 
ligands. In accordance with other studies and our pre-
vious results, that the inhibition of TSPO ligands is not 
specific for one type of lymphocyte, and that the mech-
anism may be relevant for all types of lymphocytes.

TSPO is a part of mitochondrial membrane transition 
pore and associated with various mitochondrial func-
tions. One study showed that TSPO knockout impaired 
mitochondrial oxidative respiration and glycolysis in 
microglia [30] and TSPO knockouts microglia produce 
significantly less ATP, suggesting reduced metabolic 
activity [31]. Mitochondria are the protagonists of cel-
lular energy metabolism [32–34] and target organelles 
for TSPO ligands. We discovered that TSPO ligands 
reduced the basal and spare respiratory capacities of B 
cells significantly. A glycolysis stress test demonstrated 
that TSPO ligands reduced the glycolysis capacity of B 
cells significantly. These data suggest that TSPO ligands 
reduce energy metabolism in B cells by inhibiting mito-
chondrial respiration and glycolysis.

The energy demands of B cells vary according to the 
different stages of proliferation and differentiation 
[35]. If B cells are activated, the levels of mitochon-
drial respiration and glycolysis increase. Plasma cells 
have relatively higher metabolic demands because they 
require high levels of energy and nutrients for anti-
body secretion [36, 37]. Therefore, the ability of TSPO 
ligands to reduce the metabolic output in B cells might 
be the main mechanism underlying their inhibition of 
B-cell activation, plasma-cell formation, and antibody 
secretion.

PDH facilitates pyruvate entry into mitochondria [38] 
and catalyzes the conversion of pyruvate to acetyl coen-
zyme A [39]. PDH is phosphorylated by PDK1. We found 
that treatment with TSPO ligands downregulated PDK1 
expression significantly after B-cell activation. Therefore, 
the reduction in glycolysis upon treatment with TSPO 
ligands was likely due to inhibition of PDK1 expression.

We next discovered that TSPO ligands blocked metab-
olism in B cells by inhibiting expression of factors in the 
ETC (ND1, SDHA, COX1). The ETC is composed mainly 
of electron-transferring protein complexes I, II, and IV 
[40, 41] located on the inner membrane of mitochondria, 
and are vital for oxidative phosphorylation [42–45]. The 
loss or downregulation of expression of these proteins 
affects mitochondrial oxidative respiration directly and 
leads to reduced production of adenosine triphosphate 
[46, 47]. We demonstrated that TSPO ligands reduced 
mitochondrial respiration in B cells by inhibiting expres-
sion of complex molecules in the respiratory chain.

Conclusions
In summary, we found that TSPO ligands, FGIN1-27 
and Ro5-4864, inhibited the B cell differentiation and 
proliferation in vitro and suppressed the DSA produc-
tion in  vivo. Subsequently, we provide evidence that 
the significant role of TSPO ligands in prolonging the 
survival and attenuating injury of cardiac allografts in 
a mixed model of AMR. We also clarified the internal 
mechanism underlying the effect of treatment by TSPO 
ligands in B cells may through blunting expression of 
the glycolysis-regulating molecule PDK1 and ETC pro-
teins, thereby reducing the B cell glycolytic capacity 
and mitochondrial respiration capacity. Importantly, 
our study provides novel drug targets for the clinical 
treatment of AMR after transplantation.
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