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 Background: Myasthenia gravis (MG) is an autoimmune neurological disorder of neuromuscular junctions. In this study we 
established experimental autoimmune myasthenia gravis (EAMG) rat models to investigate the effects of AEB-
071 (AEB), which is a specific inhibitor of protein kinase C that prevents T lymphocyte activation.

 Material/Methods: We utilized animals divided into 4 groups: (1) control rats, (2) EAMG, (3) AEB-071+EAMG, and (4) AZP+EAMG. 
Drug treatment was continued for 10 days. Ten weeks after immunization we measured body weights, as-
sessed mortality rates, and used Lennon scores to evaluate EAMG grades. We also assessed the proportions 
of Treg, Th1, Th2, Th17, and lymphocytes using flow cytometry.

 Results: In the absence of drug treatment, we found a significant decline in body weights in the EAMG group in com-
parison to control rats, and EAMG group rats also had higher Lennon scores (P<0.05). Interestingly, we found 
that AEB-071 restored the body weight of EAMG rats and the decreased mortality rate compared to AZP treat-
ment. Although a decrease in the number of Treg cells was observed, the proportion of Th lymphocytes was sig-
nificantly increased in the EAMG group, and AEB-071 treatment decreased the proportion of Th lymphocytes.

 Conclusions: We concluded that AEB-071 treatment imparts beneficial effects in EAMG rat models by reducing mortality rate 
and restoring Th lymphocyte balance, and thus may be an attractive candidate for use in MG treatment.
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Background

MG is an autoimmune neurological disorder of neuromuscu-
lar junctions. It is a T-cell-dependent and B-cell-mediated dis-
order caused by antibodies targeting the neuromuscular junc-
tion, primarily the acetylcholine receptor (AChR) [1]. Despite 
extensive research in the field, the exact pathogenesis of MG 
remains unclear [2]. MG leads to cellular immune abnormali-
ties mediated by CD4+ T lymphocytes [3]. Native CD4+ helper 
T lymphocytes (Th1, Th2, and Th17 subsets) [4] are elevated in 
MG [5] and are correlated with higher AChR antibody titers [6]. 
In addition, Treg lymphocytes inhibit activation of B cells and T 
cells to maintain immune homeostasis [7]. A loss of active Treg 
cells increases susceptibility to autoimmune diseases, as ob-
served in MG [8,9]. Cumulatively, imbalances of Th17, Treg, and 
Th1/Th2 lymphocytes mediate MG progression [10].

Protein kinase C (PKC) is a serine/threonine kinase that reg-
ulates a wide range of biological processes, including T cell 
activation and the downstream signaling of CD28 and T cell 
receptors [11]. PKC inhibition has been proposed as a thera-
peutic strategy to treat autoimmune diseases [12]. AEB-071 
(AEB, Sotrastaurin) has previously been shown to inhibit the 
activity of PKC isoforms [13] and thus holds promise for the 
treatment of T-cell-associated disease. AEB-071 also has the 
potential to prevent allograft rejection and reduce the inflam-
matory response [14]. AEB-071 has been shown to have cu-
rative effects on psoriasis and autoimmune diabetes [15,16]. 
However, the role of AEB-071 in MG treatment remains un-
known. Azathioprine (AZP) is an oral immunosuppressive drug 
commonly used in clinical practice. AZP is a pro-drug that is 
converted in vivo to 6-mercaptopurine (6-MP), which is sub-
sequently metabolized to the pharmacologically active form 
of 6 thioguanine nucleotides (6-TGN). These metabolites of 
AZP conjugate with ribose and act as nucleoside monophos-
phate analogs, thereby inhibiting DNA replication in lympho-
cytes [17,18]. AZP has been used as a traditional immunosup-
pressive agent to compare the efficacy and adverse effects of 
the new immunosuppressive agent AEB-071. In the present 
study, we treated autoimmune myasthenia gravis rat models 
(EAMG) with AEB-071 to investigate the underlying therapeu-
tic effects as the basis of a novel treatment for MG.

Material and Methods

Animal models

Female Lewis rats (6–8 weeks of age) were used to establish 
the EAMG model according to a previously described proto-
col [19]. Rats were purchased from the Vital River Laboratory 
Beijing (SCXK, Beijing, 2012-0001), and average weights were 
recorded. Animals were maintained in the Experimental Animal 

Center of the 8th Medical Center of Chinese PLA General 
Hospital, with 3 animals per cage. Feeding and handling in 
SPF-class facilities was performed at 23±1°C and 50–70% 
humidity with a light cycle of 12 h and free access to water 
and food. All experiments were approved by the Institutional 
Animal Care and Use Committee of PLA General Hospital and 
were conducted following its guidelines. The license number 
was SCXK (Beijing) 2012-0023.

Reagents and instruments

The R97-116 peptide derived from the rat (AChRα) subunit was 
used as an immunogen. The peptide (DGDFAIVKFTKVLLDYTGHI) 
was obtained from Bankpeptide Technology Co. (Hefei, China) 
(MW: 2252.57 Da, purity >95%). Mycobacterium tuberculosis 
H37RA powder was purchased from DIFCO (Franklin Lakes, 
NJ, USA). Freund’s adjuvants were obtained from Sigma (St. 
Louis, MO, USA.). Rat AChR-Ab ELISA test kits (QS41981) were 
purchased from Qisong Biotechnology Co. (Beijing, China). 
Sotrastaurin (AEB-071) was produced by GLPBIO (Montclair, 
CA, USA). Antibodies (anti-rat CD4-FITC, CD25-PE, and Foxp3-
APC), fixation buffer, true-nuclear transcription factor buffer 
sets, intracellular staining permeabilization buffer, and leuko-
cyte cell activation cocktail were purchased from Bio Legend, 
Inc. Erythrocyte Lysis Buffer and rat interleukin (IL)-17A-APC 
were purchased from eBioscience, Inc. (San Diego, CA, USA) 
Azathioprine (AZP) and 0.9% saline (NS) were provided by the 
Pharmacy Department of the 8th Medical Center of Chinese 
PLA General Hospital. RPMI-1640 was prepared in-house. The 
optical density of the test sample and the standard was deter-
mined with a Bio-Kinetics microplate reader at a wavelength 
of 450 nm. Flow cytometry was performed on a BD LSRII flow 
cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Characterization of EAMG models

EAMG models were established according to previously de-
scribed protocols [20]. R97-116, CFA, and 0.9% NS solutions 
(200 µL, ratio: 1: 1.5: 1.5) were added to H37RA (1 mg), which 
was subcutaneously injected into the footpad, back, and groin 
of rats. Control rats received 0.9% NS only. Booster immuniza-
tions were performed at 30, 45, and 60 days after injection.

Grouping and drug treatment

Rats were randomly divided into 4 groups (n=10 per group): the 
Control group, in which control rats were treated with 0.9% NS 
orally; the EAMG group, in which EAMG rats were treated with 
0.9% NS orally; the AEB-071+EAMG group, which received 30 
mg/kg AEB-071 per day by gavage 15 days after EAMG immu-
nization in accordance with previous studies [14,16]; and the 
AZP+EAMG group, which received the AZP (25 mg/kg) per day 
orally 15 days after EAMG immunization. The concentration 
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of AEB071 was based on previous experiments [21]. The AZP 
manual recommends a concentration of 1–3 mg/kg, which 
was calculated based on the conversion ratio from human to 
animal dosage. A gavage needle was used for intragastric ad-
ministration. Drug trials lasted for 10 days.

Clinical evaluations

Clinical evaluation was performed using Lennon scales accord-
ing to the EAMG Clinical Rating Scale [22]. This was defined 
as 0: no weakness; Grade 1: mild weakness, easy fatigue, es-
pecially after repeated grasping; Grade 2: obvious weakness 
symptoms, tremor, posture change, weak grip; Grade 3: seri-
ous muscle weakness, unable to grasp, moribund state; Grade 
4: death. Rats showing severe muscle weakness or Lennon 
scores ³Grade 3 were humanely sacrificed. After initial im-
munization, we blindly observed the clinical symptoms of dis-
ease, and body weights were assessed on a weekly basis to 
investigate health status.

ELISA for serum Anti-AChR antibody assay

The AChR antibody in the serum was used to assess the suc-
cessful establishment of the EAMG animal model. A commer-
cial rat AChR antibody ELISA kit was used to determine serum 
antibody titers. The ELISA kit was provided with a set of stan-
dards for establishing a curve for determination of absolute 
AChR antibody concentration in serum. Blood was obtained 
from the ocular veins of sacrificed rats and centrifuged for se-
rum collection. Serum was diluted into assay plates (50 μL/well, 
60 min) and incubated with enzyme-conjugated antibodies for 
30 min at room temperature. Chromogenic reagent was then 
added for 20 min followed by stop solution (1M H2SO4) to ter-
minate the reactions (50 μL). The optical density of the test 
sample and the standard was determined with a microplate 
reader at a wavelength of 450 nm.

Flow cytometry analysis

Treg/Th lymphocyte ratio and the total number of CD4+ T cells 
in the blood samples were measured. T helper cells were col-
lected after drug intervention, washed in cytological washing 
solution (PBS+1% FBS), and centrifuged. Cells were labeled 
with anti-CD4-FITC and anti-CD3-APC antibodies in PBS+1% 
FBS for 20 min at room temperature and resuspended in per-
meabilization buffer. Cells were subsequently labeled with flu-
orescently-conjugated anti-IFN-g PE for Th1 detection, anti-IL-4 
PE for Th2 detection, and IL-17A PE for Th17 detection for 30 
min at room temperature. Cells were washed in permeabili-
zation buffer, resuspended in PBS+1% FBS, and analyzed by 
flow cytometry. For Treg lymphocyte detection, cells treated as 
above were labeled with anti-CD4-FITC and anti-CD25-APC an-
tibodies, washed, and labeled in FOXP3 staining solution for 

60 min in the dark. Cells were then washed, resuspended in 
PBS+1% FBS, and analyzed by flow cytometry.

Statistical analysis

SPSS statistical software (SPSS, Chicago, IL, USA) and GraphPad 
Prism 7.0 (GraphPad, San Diego, CA, USA) were used for the 
statistical analysis. Data are shown as the mean ±standard de-
viation. All experiments were carried out at least 3 times. The 
data of the 2 groups were assessed using the t test. Differences 
between various groups were analyzed by one-way analysis 
of variance (ANOVA) and followed by Tukey’s multiple com-
parisons test. A threshold of P<0.05 was used to indicate sta-
tistical difference.

Results

Assessment of clinical symptoms, body weight and Lennon 
score

Two weeks after R97-116 inoculation, the EAMG group showed 
muscle weakness and significant weight loss. The animals ex-
hibited dull coats and listlessness. Focal inflammatory response 
was present at the injection sites. EAMG rats also showed hy-
po-activity, including reduced crawling and grip, weak bite and 
vocalization, and weakness aggravated by activity. EAMG rats 
also showed decreased appetite, reduced food intake, and 
weight loss. Ten weeks after immunization, the EAMG group 
had higher Lennon scores than the control group, as shown in 
Figure 1A. The body weights of EAMG rats (179.68±8.59) were 
significantly lower compared to the control group (238.63±7.46) 
(P<0.05) (Figure 1B). MG is a disease with unknown etiology 
and diverse pathogenesis, which eventually results in dysfunc-
tion of neuromuscular junction transmission due to produc-
tion of autoantibodies to AChR. To confirm EAMG, serum an-
ti-AChR was assessed using ELISA (Figure 1C). ELISA results 
showed that the level of serum anti-AChR in the EAMG group 
was higher (P<0.05). These results show the successful estab-
lishment of the EAMG model.

AEB-071 improved the clinical symptoms of EAMG

In animal models of AEB071 intervention, the experimental pe-
riod is typically short (typically less than 30 days). In our mod-
els, we observed that the symptoms of weakness and local 
inflammation in rats were significantly improved after about 
10 days of intervention. Thus, the experiment was terminat-
ed after 10 days. Rats in the AEB-071+EAMG and AZP+EAMG 
groups showed fewer MG symptoms than the EAMG group. 
The body weights of rats in the AEB-071+EAMG, AZP+EAMG, 
EAMG, and control groups were 212.62±7.63, 189.95±9.86, 
172.53±13.57, and 247.52±10.66, respectively (Figure 2A), 
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indicating the restoration of body weight in response to AEB-
071 treatment. The Lennon scores of the AEB-071+EAMG, 
AZP+EAMG, and EAMG groups were (1.56±0.43, 3.06±1.67, and 
3.52±0.93), respectively. There was a significant decrease in 
local inflammatory response with the AZP and AEB-071 treat-
ment, associated with slowed onset of disease and allevia-
tion of symptoms of EAMG (Figure 2B). Lower Lennon scores 
and higher body weights suggested the curative effect of AEB-
071 and AZP. Also, ELISA results showed that AEB-071 treat-
ment decreased the level of serum anti-AChR in EAMG rats 
(Figure 2C). Furthermore, the AEB-071+EAMG group had lower 
Lennon scores and higher body weights than the AZP+EAMG 
group (P<0.05). In addition, the mortality rates of the AEB-
071+EAMG, AZP+EAMG, and EAMG groups were 20%, 40%, 
and 70%, respectively, at 10 days after the intervention. The 
mortality rates were significantly lower in the AEB-071 group 
compared to the EAMG group (without drug treatment) or 
AZP+EAMG group. These results suggest that AEB-071 has a 
better therapeutic effect compared to AZP.

AEB-071 altered helper T lymphocyte counts in blood of 
EAMG rats

On day 10 after treatment, we observed that the proportion of 
Treg cells was decreased, and the ratios of Th1, Th2, and Th17 
cells were increased in the EAMG group compared to the con-
trol group (P<0.05). Interestingly, treatment with AEB-071 and 
AZP decreased the ratios of Th1, Th2, and Th17 lymphocytes in 
the EAMG group (P<0.05). Furthermore, the AEB-071+EAMG 
group had Treg numbers similar to those in the EAMG group, 
and the number of Treg cells in the AZP+EAMG group was low-
er (Figure 3). These results indicated that AEB-071 interven-
tion significantly reversed the T cell subtype imbalance induced 
by EAMG in rats, and the effect was better than that of AZP.

Discussion

The equilibrium of Treg and Th cells is critical for immune ho-
meostasis, and an alteration in the equilibrium leads to auto-
immune diseases such as MG. CD4+ helper T cells are impor-
tant T cell subtypes that exhibit distinct cytokine secretion 
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patterns. For example, Th1 lymphocytes secrete IFN-g, which 
is increased in EAMG models and enhances the severity of 
MG [23]. Also, Th2 cells have been shown to secrete IL-4 and 
IL-6, induce B cell growth and differentiation, and enhance 
production of Tregs. Th17 lymphocytes have been found to 
secrete IL-17, a pro-inflammatory cytokine [24], the levels of 
which are enhanced in MG and are correlated with anti-AChR 
titers [6,25]. Imbalances in helper T cells and Treg lymphocytes 
induce MG [26]. In this study we observed an increased pro-
portion of Th1, Th2, and Th17 lymphocytes in EAMG and de-
creased Treg lymphocyte numbers, in agreement with previ-
ous reports [3]. Dysregulated numbers of CD4+ helper T cells 
have been linked to a loss of immune balance [26,27] as re-
ported in multiple sclerosis, systemic lupus erythematosus, 
and MG [26–28]. Restoring this balance offers a viable way to 
treat MG [29]. The prevalence of T cells in peripheral tissues 

can be highly variable, and both memory T cells and Tregs can 
be resident in specific tissues, with these tissue-resident lym-
phocytes playing important roles in maintaining immune ho-
meostasis and in autoimmunity [30]. The tissue distribution 
and inhibitory effect on these lymphocyte populations in neu-
romuscular tissues may be critical for the efficacy of AEB071 
and for the activity observed in this study.

PKC signaling regulates an array of cellular processes, includ-
ing T cell activation [31], and is crucial for Th2 and Th17 lym-
phocyte differentiation [32,33]. The general consensus is that 
PKCq positively regulates Th1, Th2, and Th17 lymphocyte func-
tions [34] and is highly expressed in immunological and inflam-
matory disorders [35]. However, PKCq negatively regulates Treg 
function [36], suggesting that it can promote T cell imbalanc-
es. The restriction of positive regulation by PKCq through an 
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of drug intervention. The results are expressed as mean±SD (n = 5 rats/group). * P<0.05 compared to control group; # p<0.05 
compared to EAMG group, & P<0.05 compared to AEB-071+EAMG group.
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NFkB-activating complex to effector T cells may explain the lack 
of effect on Treg numbers by AEB071 in the present study [37].

AEB-071 is a selective PKC inhibitor with strong activity against 
PKCq, a, and b isoforms [38]. AEB-071 can prevent allograft 
rejection and reduce inflammatory responses [14] and has 
been assessed as an immunosuppressant during renal and 
liver transplantation in clinical trials [39]. In this study, we in-
vestigated the effects of AEB-071 on MG disease progression. 
EAMG rats showed an increase in weight and reduced muscle 
weakness in response to AEB-071 treatment. Attenuation of 
focal inflammation was also observed. These results indicat-
ed that AEB-071 inhibits autoimmune disease and inflamma-
tory responses. In the AEB-071 group, Th1, Th2, and Th17 lym-
phocyte ratios were decreased, while Treg levels showed no 
significant decrease. These results indicated that AEB-071 re-
stores Th lymphocyte balance, with clear therapeutic poten-
tial for MG treatment. In the AZP group, MG symptoms and 
focal inflammation were also reduced, highlighting its thera-
peutic effects. However, AZP has a different mechanism of ac-
tion than AEB-071. AZP is a non-specific immunosuppressant 
that interferes with DNA synthesis, leading to a decline in Th 
and Treg cell proportions in the peripheral blood. Despite the 
improved symptoms, rats in the AZP group showed increased 
weight loss, increased Lennon scores, and higher mortality 
rates compared to the AEB-071 group, indicating a lower effi-
cacy of AZP compared to AEB-071.

PKC has been shown to activate B lymphocytes [40], while its 
inhibition results in decreased B cell proliferation. AEB-071 also 
has shown promising curative effects in B cell lymphoma [41]. 
Therefore, we speculated that in addition to regulating cellu-
lar immunity, AEB-071 inhibits humoral immunity and antigen 
presentation through its ability to inhibit B cells via PKC in-
hibition. This may underlie its effectiveness in the treatment 
of MG disease. In addition to its role in the regulation of lym-
phocyte activation and proliferation, PKC may also regulate 
the differentiation of embryonic muscles [42]. We observed 
minimal levels of muscle atrophy in AEB-071-treated rats, al-
though conclusions regarding long-term atrophy effects can-
not be drawn from the present results. PKC has been shown to 
participate in embryonic myoblast differentiation but not fetal 
myoblast differentiation [42]. Based on our data, we speculate 
that use of AEB-071 will not lead to significant muscle atrophy 
in the short term; however, its impact during prolonged treat-
ment needs further investigation. While we did not evaluate 
adverse effects that may be associated with longer-term use 
of AEB071, which can include bone marrow suppression, liver 
damage, and carcinogenesis, we generally observed a lack of 
known possible short-term adverse effects, including gastro-
intestinal symptoms. We also observed the general health of 
mice under treatment by assessment of posture and behavior 
and measured body weight, showing that general health was 

significantly improved in EAMG rats treated with AEC071 com-
pared to the control rats and untreated EAMG rats, and treat-
ed animals did not display signs of general adverse effects.

Our literature search found no reports on the application of 
AEB-071 or other protein kinase C inhibitors in treatment of 
myasthenia gravis (MG). Therefore, the effect of these drugs on 
MG has been previously unknown. The purpose of this study 
was to explore the short-term therapeutic efficacy and toxic-
ity of AEB-071 in a rat model of MG. While the scope of the 
present study does not address the underlying mechanism, 
we clearly demonstrated effective short-term amelioration of 
symptoms in a relevant model of MG with AEB071 treatment. 
As a first step in establishing the phenotypic and clinically rel-
evant effects of the drug, these results justify further in-depth 
mechanistic studies, including those regarding PKC inhibition 
using these models in future studies.

There were some limitations to this study. First, we only ob-
served the short-term curative effects of AEB-071 (the obser-
vation period was only 10 days), meaning no rats were com-
pletely cured and the Lennon scores remained high after drug 
intervention. Improved curative effects may be detected with 
extended observation periods. The long-term safety and effi-
cacy of this compound requires further investigation. Also, this 
was a preliminary study on the use of AEB-071 to treat MG. 
We only focused on the curative effects and drug safety and 
assessed T lymphocyte frequency to explore potential mech-
anisms. Changes in AChR antibodies and muscle and thymus 
histopathology were not assessed. We therefore could not dis-
count alternative therapeutic mechanisms. Future studies in 
this area are required. Finally, the sample size was relative-
ly small. While the numbers were sufficient for confidence in 
the results we have reported, larger numbers will be needed 
to evaluate rarer adverse effects, long-term effects, and the 
mechanism, which will be the subjects of further research. The 
scope of this study was limited to the cellular level. Further re-
search on interleukin levels and effector proteins are warrant-
ed to clarify the mechanism of action.

Conclusions

In summary, our results indicate that AEB-071 shows mini-
mal adverse effects and superior beneficial effects in EAMG 
rat models. Therefore, AEB-071 may be a candidate as an ef-
fective treatment for MG. Compared to AZP, AEB-071 showed 
significantly lower mortality and Lennon scores and improved 
body weight, indicating its superiority to AZP in the treatment 
of EAMG. Further investigations regarding the mechanism may 
provide new avenues for MG treatment.
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