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Abstract: Type 1 diabetes mellitus (T1DM) is an autoimmune disease due to progressive injury of islet cells medi-
ated by T lymphocytes (T cells). Our previous studies have shown that only cathepsin G (CatG), not other proteases, 
is involved in the antigen presentation of proinsulin, and if the presentation is inhibited, the activation of CD4+ T 
cells induced by proinsulin is alleviated in T1DM patients, and CatG-specific inhibitor reduces the activation of CD4+ 
cells induced by proinsulin in T1DM patients. Therefore, we hypothesize that CatG may play an important role in the 
activation of CD4+ T cells in T1DM. To this end, mouse studies were conducted to demonstrate that CatG impacts 
the activation of CD4+ T cells in non-obese diabetic (NOD) mice. CatG gene expression and the activation of CD4+ 
T cells were examined in NOD mice. The effect of CatG inhibitor was investigated in NOD mice on the activation of 
CD4+ T cells, islet β cell function, islet inflammation and β-cell apoptosis. Furthermore, NOD mice were injected 
with CatG siRNA in early stage to observe the effect of CatG knockdown on the activation status of CD4+ T cells 
and the progression of diabetes. During the pathogenesis of diabetes, the expression level of CatG in NOD mice 
gradually increased and the CD4+ T cells were gradually activated, resulting in more TH1 cells and less TH2 and 
Treg cells. Treatment with CatG-specific inhibitor reduced the blood glucose level, improved the function of islet β 
cells and reduced the activation of CD4+ T cells. Early application of CatG siRNA improved the function of islet β 
cells, reduced islet inflammation and β cell apoptosis, and lowered the activation level of CD4+ T cells, thus slowing 
down the progression of diabetes.
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Introduction

Type 1 diabetes mellitus (T1DM) is an autoim-
mune disease due to progressive injury of β 
cells mediated by T lymphocytes (T cells) [1, 2]. 
So far, the molecular mechanisms of patho- 
genesis of T1DM are still largely unknown. Al- 
though numerous efforts have been made to 
develop effective treatments for T1DM, espe-
cially immune therapies, immunotherapy is not 
available for life-long relief of the disease [3- 
5]. Therefore, it is of great significance to have 
better understanding of the pathogenesis of 
T1DM and identify new and effective therapeu-
tic targets. 

Studies have shown that a variety of immune 
cells are involved in the pathogenesis of T1DM, 
such as CD4+ and CD8+ T cells and B cells. 
Among them, CD4+ T cells play a central role 
[6]. According to the secreted cytokines, CD4+ 
T cells can be roughly divided into helper T cells 

(TH), such as TH1, TH2, TH17, regulatory T cells 
(Treg) and other subsets. Many studies have 
shown that these cells and their cytokines play 
an important role in the damage of islet cells, 
the aggravation of islet inflammation and the 
occurrence of diabetes. TH1/TH2 cell imbal-
ance is shown to play an important role in the 
pathogenesis of T1DM and islet cell injury medi-
ated by cell cytokines secreted by TH1 is the 
cause of T1DM, while cytokines secreted by 
TH2 and Treg cells can protect β cells [7, 8]. 
Previously, we found that only cathepsin G 
(CatG), not other proteases, is involved in the 
antigen presentation of proinsulin, and its 
inhibitor reduces the proinsulin-induced activa-
tion of CD4+ T cells in T1DM patients [9]. 
Therefore, we speculate that CatG may be 
closely related to the activation of CD4+ T cells 
in T1DM patients. 

Cathepsins were found in 1920. They are lyso-
somal protein hydrolases activated in acidic 
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environment. According to the amino acids in 
the active sites, cathepsins are divided into 
three categories: serine protease (CatA and G), 
aspartic protease (CatD and E) and cysteine 
protease (CatB, C, F, H, K, L, S, V, X and AEP). 
Studies have found that cathepsins are as- 
sociated with many diseases [10]. Studies with 
NOD rats have shown that CatL is essential for 
developing autoimmune diabetes [11], CatL 
knockout rats are diabetes-free, CatS or CatB 
knockout rats had reduced incidence of diabe-
tes [12-14]. Floyel found that CatH can regu- 
late β cell function and disease progression in 
newly diagnosed T1DM patients [15] and CatK 
is associated with osteoporosis [16]. Our previ-
ous studies have found that patients with T1DM 
had increased level of CatG [9]. 

CatG has been studied as a proteolytic enzy- 
me secreted by neutrophils and found to play 
an important regulatory role in inflammatory 
response. However, little is known about its in- 
volvement in the pathogenesis of autoimmune 
disease, for example T1DM, as an antigen-pro-
cessing enzym. Previous studies found that 
CatG is involved in antigen presenting and pre-
sentation of tetanus toxin fragment C, hemag-
glutinin and myelin basic protein [17, 18]. CatG-
specific inhibitor blocks the antigen processing 
and presenting in primary mDC [17]. In addi-
tion, we have recently found that CatG is a key 
protease that is responsible for the processing 
and presentation of proinsulin and only CatG 
inhibitor (not other protease inhibitors) reduces 
the immune response mediated by diabetogen-
ic T cells [9]. Therefore, we speculate that CatG 
plays an important role in immune pathogene-
sis of T1DM, antigen presentation is mainly 
mediated by CatG and CatG is the main effec-
tor that activates CD4+ T cells. This study was 
conducted to demonstrate the hypothesis in 
vivo for potential treatment of T1DM using CatG 
inhibitor in the future.

Materials and methods

animals

NOD mice used in the study were purchased 
from Slackking experimental animal co., Hu- 
man, China, and were maintained throughout 
the experimental period in sterile cages, with 
four animals each, under controlled tempera-
ture and lighting, with free access to filtered 
water and diet. This study received approval by 

the Animal Research Ethics Board at the Se- 
cond Affiliated Hospital of Nanchang University. 

Diabates modelling and treatments

NOD mice were fed with standard for about 10 
weeks and then measured for blood glucose 
twice a week. The mice that had two repeat- 
ed reading of blood glucose of > 16.7 mmol/L 
were considered diabetes. For CatG inhibitor 
treatment, diabetes mice were intraperitoneal-
ly injected with CatG inhibitor (0.1 mg/animal, 
Sigma, USA) every other day for 8 weeks. For 
CatG siRNA treatment, pre-DM mice was intra-
peritoneally injected with 5 nmol/animal of 
CatG siRNA twice a week for 8 weeks. The se- 
quences of CatG siRNA and negative control 
were 5’-CCTGCTCCTGTTGACCTTTATTCTA, and  
5’-GGACGAGAATTCATCTATGTCCTGCTCCTAGGT- 
AGATACA, respectively, and all animals were 
then scarified for analysis at the end of ex- 
periments. 

Cytometry 

Peripheral blood mononuclear cells (PBMCs) 
and spleen lymphocytes were isolated as de- 
scribed [19] and incubated with fluorescent-
labeled anti-mouse monoclonal antibodies ag- 
ainst CD3, CD4, CD25, CD127, IFN-γ and IL-4 
(BD, USA). The cells were then sorted analy- 
zed on a flow cytometer (FACSCalibur, BD, USA) 
[20].

qRT-PCR

Total RNA was extracted from PBMCs using 
TRIzol Reagent (Life Technologies, Carlsbad, 
CA, USA) according to supplier’s protocols, 
determined for quantity and quality spectro-
metrically. RNA was reversely transcripted into 
cDNA and quantified using real-time qRT-PCR 
using SYBR Green qPCR SuperMix (Invitrogen, 
USA) on a Real time PCR instrument (Bio-Rad, 
USA). Mouse β-actin was used as internal con-
trol. The primers used for the PCR reactions 
were CatG-F: 5’-GTTAGGACGAAGTCTTCTCGC, 
CatG-R: 5’-CCCTACATG GCATTTCTTCTGAT; β- 
actin-F: 5’-ATCGTCCACCGTAAATGC; β-actin-R: 
5’-TGAAGTGGTAGTCGGGTG. The PCR was car-
ried out in a total volume of 20 μl containing 
1.5 μl of diluted and pre-amplified cDNA, 12.5 
μl of 2 × ULtraSYBR Mixture and 1 μl of each 
fluorescence TaqMan probe. The cycling condi-
tions were 50°C for 2 min, 95°C for 10 min fol-
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Figure 1. Gene expression of CatG and the activation of CD4+ T cells in NOD mice. A. mRNA level of CatG; B. Upper panel: cytometry assay of T cells, lower panel: 
percentage of CD4+ T subsets. ** and *** denote P < 0.01 and 0.001 vs normal. 
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lowed by 40 cycles, each one consisting of 10 s 
at 95°C and 1 min at 51.8°C. Samples were 
run in triplicate and the mean value was calcu-
lated for each case. 

The data were managed using the Applied Bio- 
systems software RQ Manager v1.2.1. Relative 
expression was calculated by using compara-
tive Ct method and obtaining the fold change 
value (2-ΔΔCt) according to previously described 
protocol [21].

Isolation of islet 

Islet was isolated as previously described [22]. 
Briefly, the mice were anesthetized and celioto-
mized to expose the pancreas and common 
bile duct. The bile duct was ligated into the  
duodenum. 2 ml pre-chilled collagenase P was 
slowly injected into the pancreas from the bile 
duct to fully inflate the pancreas. The mice were 
then scarified by cutting off the heart and the 
pancreas was isolated and digested in 3 ml 
pre-chilled collagenase P at 37°C for 17 min. 
The digests were shaken and added with 10 ml 
pre-chilled Hanks solution with 10% FBS to 
stop the digestion. After filtered through a stain-
less steel mesh of 600 µm, the cells were cen-
trifuged at 1500 rpm for 2 min and the pellet 

was collected after washing with pre-chilled 
Hanks solution with 10% FBS. 

Islet hematoxylin and eosin (HE) stain

Islet tissues were fixed with 4% paraformal- 
dehyde, embedded in paraffin and sectioned. 
The slices were stained as described [23] and 
examined under light microscope. 

apoptosis assay

Islet β cells were isolated and purified from the 
islet and apoptotic cells were detected through 
double staining with Annexin V-PI (Annexin V-PI 
Apoptosis Detection Kit I, BD Biosciences, USA) 
on a flow cytometer (BD, USA). The quantitation 
of apoptotic cells was calculated by CellQuest 
software. 

Statistical analysis

All data were expressed as means ± stand- 
ard error of the mean (SEM) obtained from at 
least three independent experiments. Statisti- 
cal comparisons between experimental and 
control groups were assessed by using the 
Student’s t-test. P < 0.05 was considered sta- 
tistically significant. 

Figure 2. Effect of cathepsin G inhibitor on blood glucose, insulin levle and islet β cell apoptosis in NOD mice. A. 
Blood glucose level over time; B. Serum insulin level over time, C. Islet H&E staining; D. Flow cytometry assay of 
apoptotic cells and apoptotic rate. ** Denotes P < 0.01 vs control. 



Cathepsin G and diabetes  

5132 Am J Transl Res 2017;9(11):5127-5137

Results

The expression of CatG and the activation of 
CD4+ T cells were elevated in diabetic NOD 
mice 

Analysis showed that CatG was highly express- 
ed in NOD diabetic mice. Compared with con-

trol mice, mice in pre-DM group and DM group 
had higher CatG level at mRNA (Figure 1A), and 
higher activation status of CD4+ T cells with 
significantly more TH1 cells, and less TH2 and 
Treg cells in both spleen and peripheral blood 
(Figure 1B). The results showed that the expres-
sion of CatG was different in the two groups of 
mice, resulting in different levels of activation 

Figure 3. Effect of cathepsin G inhibitor on the activation of CD4+ T cells in NOD mice. A. Cytometry assay of T cells 
and percentage of CD4+ T subsets in spleen and peripheral blood; B. mRNA level of CatG. **P < 0.01 vs control. 
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of CD4+ T cells, with increased TH1 cells and 
reduced TH2 and Treg cells at higher CatG level. 

CatG inhibitor reduced blood glucose level and 
improved islet β cell function

To investigate whether treatment with CatG-
specific inhibitor has effect on blood glucose 
and islet β cell function, NOD mice were inject-
ed with the CatG inhibitor at 12 week. Analysis 
showed that blood glucose level was reduced 
and insulin content was increased (Figure 2A, 
2B) after treatment with CatG inhibitor for 8 
weeks. To further elucidate the protective ef- 
fect, we analyzed the inflammation of the islets 
and apoptosis of islet β cells and found that the 
inflammation of the islets and apoptosis rate  
of β cells was significantly reduced (Figure 2C, 
2D) after CatG inhibitor treatment.

Treatment with CatG inhibitor reduced the acti-
vation of CD4+ T cells

We further analyzed the activation of CD4+ T 
cells after CatG inhibitor treatment and found 
that the percentage of TH1 was significantly 
reduced while those of Treg and TH2 cells were 
significantly increased (Figure 3A) as compared 
with control. Expression analysis showed that 
GatG was significantly down-regulated in the 
mice treated with GatG inhibitor (Figure 3B) as 
compared with control. These results suggest 
that CatG inhibitor can lower the activation of 
CD4+ T cells, thereby reducing the blood glu-
cose and improving islet β cell function. 

Early use of CatG siRNA protected islet β cell 
function and delayed the progression of dia-
betes

To further elucidate the role of CatG in the 
pathogenesis of T1DM, we downregulated the 
expression of CatG in NOD mice using CatG 
siRNA in the pre-DM stage. It was found that 
compared with control, the expression of CatG 
was significantly down-regulated after CatG 
siRNA treatment (Figure 4A). In comparison 
with control, mice in the pre-DM-CatG siRNA 
group had significantly lower blood glucose 
level, higher insulin level, less inflammation 
and less apoptotic islet β cells (Figure 4B-E) at 
16 weeks, suggesting that early application of 
CatG siRNA can protect islet β cell function, 
reduce islet β cell apoptosis, thus delaying the 
progression of diabetes. As a result, the mice in 
CatG siRNA group did not develop diabetes at 

16 weeks. These results indicate that CatG 
plays an important role in the pathogenesis of 
T1DM, and the early down-regulation of GatG 
can delay the progression of diabetes.

Down-regulation of CatG in pre-DM reduced 
the activation of CD4+ T cells

Similarly, we found that after 8 weeks of CatG 
siRNA injection, in addition to reduced blood 
glucose level, increased insulin level and reduc- 
ed apoptosis in islet β cells, the percentage  
of TH1 cells was significantly decreased while 
those of TH2 and Treg cells were significantly 
increased as compared with control (Figure 5). 
These results suggest that CatG may be an 
important target for the treatment of T1DM.

Discussion

In the pathogenesis of T1DM, autoantigens, 
proteolytic enzymes and antigen presenting 
cells (APC) are indispensable. During the pro-
cess, autoantigens are degraded by cathepsins 
into antigen fragments, which then bind to 
major histocompatibility complex (MHC) mole-
cule II in APC to be presented to T and CD4+ 
cells to induce their activation. This also trig-
gers the initiation of T1DM [24]. However, it has 
been unclear how the autoantigens promote 
the evolution of T cells into diabetogenic T cells 
(DTLs) to mediate autoimmune response and 
induce cell injury. Due to the existence of mul-
tiple autoantigens in islet cell, immunosuppres-
sive therapies targeting the autoantigens have 
not been able to neutralize all the antigens, 
while single antigen-targeted therapies are not 
effective enough to prevent T1DM [5, 25]. 
Therefore, it is of great significance to deliber-
ate how the autoantigens are degraded into 
antigen fragments and which cathepsins are 
involved in the degradation. This would result in 
identification of new therapeutic targets for 
T1DM.

In this study, we found that the expression of 
CatG in NOD mice was increased, and CD4+ T 
cells were in the state of abnormal activation. 
Studies have shown that CatG may be involved 
in the autoimmune response via the apoptotic 
pathway, while the deprivation of CatG reduces 
apoptosis [26]. When CatG was downregulated, 
the apoptosis of pancreatic islet β cells was sig-
nificantly decreased, thus reducing the damage 
to pancreatic islets. Our results showed that 
CatG inhibitor alleviates T1DM and down-regu-
lates the expression of CatG and reduces the 
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apoptosis of islet β cells. Furthermore, we sh- 
owed that the down-regulation of CatG has an 
impact on the activation of CD4+ T cells, result-
ing in decreased TH1 cells and increased TH2 
and Treg cells. Therefore, it is likely that higher 
CatG may damage islet β cells.

To further demonstrate that the alleviation  
of T1DM by the down-regulation of CatG is 
achieved through impacting the activation of 
CD4+ T cells, we profiled CD4+ T subsets in the 
spleen and peripheral blood and found that 
once CatG was knockdown in pre-DM NOD 
mice, the proportion of TH1 cells decreased 

while those of TH2 and Treg cells increased. 
These results suggest that the prevention of 
T1DM due to the downregulation of CatG might 
also be associated with the activation of CD4+ 
T cells. Deficiency of CatL was found to increase 
the number of Treg cell [13], suggesting that 
cathepsin is involved in the activation of CD4+ 
T cells. Therefore, we speculate that CatG plays 
important role in the activation of CD4+ T cells 
in autoimmune diabetes of mice. This is proba-
bly due to its involvement of degradation of 
islet autoantigens, resulting in the conversion 
of T cells into DTLs that trigger the pathogene-
sis of diabetes.

Figure 4. Effect of CatG siRNA on the blood glucose, insulin levels and β cell apoptosis in NOD mice. A. Relative GatG 
mRNA level; B and C. Blood glucose and insulin levels over time; D. Islet H&E staining; E. Flow cytometry assay and 
percentage of apoptosis. ** Denotes P < 0.01 vs control. 
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The target of CatG siRNA may be peripheral T 
cells. When the atelocollagen changes, siRNA 
can bind it to form a nanoparticle complex of 
100-300 nm in diameter. The complex is sta-
ble, resistant to nucleases and other enzymes. 
In addition, CatG siRNA was found to specifi-
cally reduce the mRNA level of CatG as com-
pared with control. To further clarify the rela-
tionship between CatG and CD4+ T cell activa-
tion in NOD mice, we used CatG siRNA in pre-
DM mice to knockdown CatG expression and 
found that the down-regulation of CatG could 
not only alleviate but also prevent T1DM in NOD 

mice and that the down-regulation reduced  
the activation of CD4+ T cells. These results 
further demonstrate that CatG is involved in  
the pathogenesis of TIDM and down-regulation 
of CatG in pre-DM stage could inhibit the acti-
activation of CD4+ T cells, leading to reduced 
blood glucose level and protection of islet func-
tion to delay or block the pathogenesis of dia-
betes. TH1, TH2 and Treg cells are also impor-
tant for the maintenance of immune homeos- 
tasis and prevention of T1DM [15]. Compared 
with the control, an increase in TH1 cells and 
decrease in TH2 and Treg cells were observed 

Figure 5. Effect of CatG siRNA treatment on the ac-
tivation of CD4+ T cells in pre-DM NOD mice. Upper 
panel: cytometry assay of T cells, lower panel: per-
centage of CD4+ T subsets in spleen and peripheral 
blood. ** Denotes P < 0.01 vs control.
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during the progression of T1DM in NOD mice. 
These data suggest that therapeutic effect of 
CatG on autoimmune diabetes is likely depen-
dent on the activation of CD4+ T cells. There- 
fore, the use of CatG inhibitors or CatG siRNA 
targeting CD4+ T cells is expected to be a fur-
ther therapeutic target for the prevention and 
treatment of T1DM, although in vivo works are 
needed to verify this. 

Taking together, our study has demonstrated 
that CatG plays a very important role in the acti-
vation of CD4+ T cells in T1DM. CatG inhibitor 
or CatG siRNA can mitigate the activation of 
CD4+ T cells in autoimmune diabetic NOD mice, 
leading to reduced blood glucose and improved 
function of islet β cells. Therefore, CatG may be 
a new therapeutic target for autoimmune dia-
betes although more in vivo studies are needed 
for clinical use. 
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