
Theranostics 2019, Vol. 9, Issue 13 
 

 
http://www.thno.org 

3940 

TThheerraannoossttiiccss  
2019; 9(13): 3940-3951. doi: 10.7150/thno.31647 

Research Paper 

Clathrin-mediated Endocytosis of Alpha-1 Antitrypsin is 
Essential for its Protective Function in Islet Cell Survival 
Jingjing Wang1*, Wenyu Gou1*, Do-sung Kim1, Charlie Strange2#, Hongjun Wang1,3# 

1. Department of Surgery, Medical University of South Carolina, Charleston, 29425  
2. Department of Medicine, Medical University of South Carolina, Charleston, 29425 
3. Department of Regenerative Medicine and Cell Biology, Medical University of South Carolina, Charleston, 29425  

*JW and WG contributed equally and should be considered as co-first authors. 

#CS and HW share senior authorship. 

 Corresponding author: Hongjun Wang, Ph.D. Department of Surgery, Medical University of South Carolina, CRI 410, 173 Ashley Avenue, Charleston, SC 
29425. Tel: 843-792-1800, Fax: 843-792-3315, Email: wangho@musc.edu. 

© Ivyspring International Publisher. This is an open access article distributed under the terms of the Creative Commons Attribution (CC BY-NC) license 
(https://creativecommons.org/licenses/by-nc/4.0/). See http://ivyspring.com/terms for full terms and conditions. 

Received: 2018.11.19; Accepted: 2019.04.01; Published: 2019.05.31 

Abstract 

Cytokine-induced pancreatic β cell death plays a pivotal role in both type 1 and type 2 diabetes. Our 
previous study showed that alpha-1 antitrypsin (AAT) inhibits β cell death through the suppression 
of cytokine-induced c-Jun N-terminal kinase (JNK) activation in an islet transplantation model. The 
aim of this study was to further understand how AAT impacts β cells by studying AAT endocytosis 
in human islets and a βTC3 murine insulinoma cell line. 
Methods: In vitro, human islets and βTC3 cells were stimulated with cytokines in the presence or 
absence of chlorpromazine (CPZ), a drug that disrupts clathrin-mediated endocytosis. Western 
blot, real-time PCR and cell death ELISA were performed to investigate β cell death. The oxygen 
consumption rate (OCR) was measured on human islets. In vivo, islets were harvested from 
C57BL/6 donor mice treated with saline or human AAT and transplanted into the livers of syngeneic 
mice that had been rendered diabetic by streptozotocin (STZ). Islet graft survival and function were 
analyzed.  
Results: AAT was internalized by β cells in a time- and dose-dependent manner. AAT 
internalization was mediated by clathrin as treatment with CPZ, profoundly decreased AAT 
internalization, cytokine-induced JNK activation and the downstream upregulation of c-Jun mRNA 
expression. Similarly, addition of CPZ attenuated cytokine-induced caspase 9 cleavage (c-casp 9) and 
DNA fragmentation, which was suppressed by AAT. Treatment of donor mice with AAT produced 
AAT internalization in islets, and resulted in a higher percentage of recipients reaching 
normoglycemia after syngeneic intraportal islet transplantation.  
Conclusion: Our results suggest that AAT is internalized by β cells through clathrin-mediated 
endocytosis that leads to the suppression of caspase 9 activation. This process is required for the 
protective function of AAT in islets when challenged with proinflammatory cytokines or after islet 
transplantation. 
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Introduction 
Allogeneic islet transplantation is a promising 

treatment modality for patients with type 1 diabetes 
(T1D) [1]. Autologous islet transplantation is used to 

prevent pancreatogenic diabetes in chronic 
pancreatitis patients undergoing total pancreatectomy 
[2]. However, the outcomes of both forms of islet 
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transplantation remain suboptimal. One of the major 
hurdles that limits clinical usage of islet 
transplantation is early loss of islet grafts mostly 
caused by an instant blood-mediated inflammatory 
reaction (IBMIR). These stresses induce islet cell death 
post transplantation in up to 60% of cells [3]. Similar 
to the process of islet damage in transplantation, the 
destructive effects toward β cells in T1D patients seem 
to overlap with several innate immune responses, 
including leukocyte infiltration and cytokine secretion 
[4]. These antigen-independent, inflammation- 
dependent events precede, as well as determine, the 
degree of antigen-specific immune responses in both 
T1D and allogeneic islet transplantation [5-7]. Indeed, 
pancreatic β cells are particularly prone to injury 
during inflammatory conditions, responding 
profoundly to cytokines such as interleukin-1 β 
(IL-1β) [8-10], which is further potentiated by tumor 
necrosis factor α (TNF-α) and interferon γ (IFN-γ) 
[11-13]. Therefore, drugs that can protect islets from 
inflammation could improve therapeutic outcomes 
for T1D with or without islet transplantation. 

AAT is a major endogenous serine-protease 
inhibitor that suppresses the enzymatic activity of 
neutrophil elastase, cathepsin G, proteinase 3, and 
other proteinases [14]. Plasma AAT concentration can 
rise up to 4-fold in response to inflammatory stimuli 
[15, 16]. Purified plasma-derived AAT has been used 
in the treatment of emphysema in AAT-deficient 
individuals [17-19]. The importance of AAT in 
improving islet cell survival after transplantation was 
demonstrated in syngeneic, allogeneic islet 
transplantation models in rodents and cynomolgus 
models [20, 21]. We have shown that AAT protects 
islets from IBMIR in a syngeneic intraportal murine 
islet transplantation model [22]. Yet, the mechanism 
of action of AAT on islets still remains largely unclear. 
In the present study, we determine the molecular 
mechanism of AAT endocytosis in human islets and 
βTC3 cells, which will help further understand the 
mechanism by which β cells are protected by AAT.  

Results 
1. Kinetics of the internalization of AAT by β 
cells. 

To investigate cellular uptake of AAT by β cells, 
human islets were incubated with increasing 
concentrations of AAT (0.01 to 0.5 mg/ml). A 
time-dependent AAT internalization, beginning as 
early as 10 min following incubation with AAT was 
observed. The internalization reached saturation at 1 
hour (h) as observed by Western blot analysis (Figure 
1A). Immunofluorescence confirmed these results and 
further showed that AAT was still presented in most 

islet cells 3 h after AAT treatment (Figure 1B). 
Co-staining with the anti-insulin or the anti-glucagon 
antibody showed that both β and α cells internalized 
AAT (Supplemental data, Figure 1A). A dose- and 
time-dependent internalization of AAT was also 
observed in βTC3 cells (Figure 1 C & D). AAT 
internalization was further confirmed by using a 
fluorescently labeled AAT in mouse islets and βTC3 
cells (Supplemental data, Figure 1B & C). 

2. Mechanism of the internalization of AAT by 
β cells 

Clathrin-mediated endocytosis plays an essential 
role in transporting molecules from the cell surface to 
cytosolic compartments. To explore the role of 
clathrin in the uptake of AAT in β cells, CPZ, a 
cationic amphiphilic inhibitor of clathrin-dependent 
endocytosis [23], was added to human islets and βTC3 
cells 30 minutes (min) before the addition of AAT. 
CPZ prominently suppressed AAT internalization by 
human islets in the presence of either 0.1 mg/ml or 0.5 
mg/ml AAT (Figure 2A), indicating that the 
endocytosis of a therapeutic dose of AAT (0.5 mg/ml) 
can be efficiently reduced by CPZ in human islets. 
Furthermore, among the two doses of CPZ used in 
this study, both doses (20 µM and 60 µM) were 
sufficient to inhibit AAT internalization (76% ± 16.8% 
vs. 62% ± 9.1% respectively). The 20 µM dose was 
selected for the following experiments. 
Immunofluorescent analysis showed strong inhibition 
of AAT presence in human islets following CPZ 
pretreatment (Figure 2B).  

To confirm that CPZ block AAT endocytosis in β 
cells, βTC3 cells were incubated with AAT with or 
without CPZ pretreatment. Presence of AAT was 
observed in both the membrane and cytosol fractions 
of cells after incubation in a dose-dependent manner 
(Figure 2C). With the addition of CPZ, the cytosolic 
fraction of AAT was markedly reduced, indicating 
that AAT endocytosis was blocked. In contrast, 
membrane presence of AAT was not affected by CPZ 
in cells treated with 0.5 mg/ml AAT (Figure 2C). 
Consistent with these results, immunofluorescent 
analysis showed a diminished cytosol signal but 
strong membrane signal of AAT staining in βTC3 cells 
(Figure 2D). Similar results were also observed in 
mouse islets and βTC3 cells incubated with 
fluorescently labeled AAT (Supplemental data, 
Figure 1 B&C). Another major mechanism of 
endocytosis in cells is through the 
clathrin-independent pathway using caveoli [24, 25]. 
We therefore treated cells with the caveola inhibitor, 
filipin, to explore the possibility of AAT endocytosis 
through this clathrin-independent pathway. We 
found that pretreatment of human islets with filipin 
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did not affect AAT uptake by islet cells, both at 0.1 
mg/ml and 0.5 mg/ml AAT incubation 
(Supplemental data, Figure 2). These data 
demonstrated that AAT internalization by β cells is 
mostly mediated by clathrin-dependent endocytosis. 

3. AAT endocytosis in cytokine-induced JNK 
pathway 

We reported that AAT suppressed 
cytokine-induced JNK phosphorylation in β cells [22]. 
To investigate if AAT endocytosis plays a role in this 
pathway, human islets were pretreated with CPZ 
and/or AAT followed by the stimulation of a cocktail 
of cytokines including IL-1β, INF-γ and TNF-α. AAT 
significantly decreased JNK phosphorylation at 15 
min after cytokine treatment. This effect was reversed 
by the addition of CPZ (Figure 3A). To validate 
suppression of the cytokine-induced JNK signaling 
cascade by AAT, we quantified expression of the 
c-Jun gene, whose promoter transcriptional activity is 
positively regulated by JNK [26, 27]. A significant 
reduction by two-fold in c-Jun mRNA expression in 
human islet cells treated with cytokines for 6 h was 
observed (Figure 3B). Moreover, CPZ pre-treatment 

significantly blocked the inhibitory effect of AAT on 
cytokine-induced c-Jun mRNA expression (Figure 
3B). Similar results were also observed in βTC3 cells 
(Figure 3C). These results demonstrated that 
clathrin-dependent endocytosis is required for the 
inhibitory effect of AAT on cytokine-induced JNK 
pathway activation. 

4. AAT endocytosis in cytokine-induced 
mitochondrial dysfunction 

To further elucidate the mechanistic impacts of 
AAT on cytokine-induced β cell death, the oxygen 
consumption rate (OCR) of human islets was 
measured since this correlates with islet viability and 
mitochondria function [28, 29]. OCR was significantly 
suppressed by cytokine treatment (68.2% ± 2.9% in 
cytokine-treated group vs non-treated controls) in 
human islets after incubation with cytokines for 24 h. 
Treatment with AAT significantly ameliorated this 
decrease (91.5% ± 6.1% of control group). Inhibition of 
clathrin moderately reversed the protective effect of 
AAT (74.8% ± 1.6% of control group) (Figure 4A). The 
levels of human islet OCR after each treatment are 
shown in Supplemental Table 1. Furthermore, 

 

 
Fig. 1. Time course and dose response of AAT uptake by β cells. (A) Western blot on human islets cultured in the presence of AAT at indicated concentrations for 
indicated time periods. (B) Representative fluorescent micrographs show human islets stained for AAT (green), insulin (red) and nuclei (blue). Scale bar = 25 µm. (C) Western 
blot on βTC3 cells cultured in the presence of AAT at indicated concentrations for indicated time periods. (D) Representative fluorescent micrographs show human islets 
stained for AAT (green) and nuclei (blue). Scale bar = 25 µm. These experiments were repeated three times. 
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cytokines significantly suppressed the expression of 
peroxisome proliferator-activated receptor γ 
coactivator 1 α (PGC1α), a key regulator of 
mitochondrial function and integrity [30, 31]. 
Treatment with AAT completely prevented the 
reduction of PGC1α. Addition of CPZ abolished the 
protective effect of AAT in respect of PGC1α mRNA 
expression (Figure 4B), suggesting that clathrin- 
mediated AAT endocytosis modulates mitochondrial 
function via regulation of PGC1α expression.  

We measured the expression of BCL-2-like 
protein 11 (Bim) and nitric oxide synthase 2 (NOS2), 
both are associated with mitochondrial dysfunction 
and mitochondria-mediated apoptosis in cells. AAT 
significantly attenuated cytokine-induced 
upregulation of Bim mRNA expression (30%) in 
human islets 24 h after incubation in cytokines, which 
was reversed by CPZ pretreatment (Figure 4C). 
Furthermore, AAT significantly suppressed 
cytokine-induced NOS2 mRNA expressions as early 
as 6 h (40%) (Figure 4D) after cytokine stimulation, 
which lasted until 24 h post-treatment (37%) (Figure 4 

E). Inhibition of clathrin diminished the protective 
effect of AAT, as evidenced by the upregulation of 
NOS2 gene expression in cells treated with CPZ, AAT 
and cytokines, to a similar level as the cells treated 
with cytokines only at 6 h after cytokine incubation. 
However, this reversal effect of CPZ was not observed 
after 24 h of cytokine treatment (Figure 4E). 

5. AAT endocytosis in cytokine-induced β cell 
death 

We next determined whether clathrin-mediated 
endocytosis is required for the anti-apoptotic effect of 
AAT. Human islets were cultured with cytokines for 
96 h with or without AAT and/or CPZ pretreatment, 
and subjected to a cell death ELISA analysis that 
detects the level of DNA fragmentation as an 
indicator of apoptosis. As shown in Figure 5A, AAT 
significantly ameliorated cytokine-induced human 
islet cell death. CPZ partially reversed the beneficial 
effect of AAT after cytokine treatment on human 
islets. Studies showed that AAT improved cell 
survival by inhibition of cleaved-caspase 3 (c-casp3) 

 

 
Fig. 2. Effect of CPZ on AAT internalization in β cells. (A) CPZ inhibits AAT internalization in human islets. Top panel: representative immunoblot showing reduced AAT 
in CPZ pretreated human islets. Bottom panel: quantification of immunoblot result plotted as the mean fold-change in AAT internalization ± SEM from 3 independent 
experiments. * P < 0.05 by one-way ANOVA. (B) Human islets stained for AAT (green), insulin (red) and nuclei (blue). Scale bar = 25 µm. (C) CPZ inhibited AAT internalization 
in βTC3 cells. Top panel: representative immunoblots showing reduced AAT in cytosol fractions in CPZ-pretreated βTC3 cells. ATP1A1: ATPase Na+/K+ transporting subunit 
alpha1. Bottom panel: quantification of immunoblot result plotted as the mean fold-change in AAT internalization ± S.E. (D) βTC3 stained for AAT (green) and nuclei (blue). Scale 
bar = 10 µm. 
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[22, 32, 33]. However, above results suggested 
additional mechanisms might be responsible for the 
protective effects of AAT on β cells earlier than the 
activation of caspase 3 in the apoptosis pathway. To 
examine this possibility, we measured the expression 
level of cleaved caspase 9 (c-casp9) using Western blot 
analysis. Our data showed that cytokine-induced 
c-casp9 was significantly suppressed by AAT 
treatment on human islets, and the addition of CPZ 
diminished this protective effect (Figure 5B). In 
addition, cleaved Poly (ADP-ribose) polymerase 
(c-PARP) levels were significantly reduced in 
AAT-treated cytokine-stimulated islets, compared 
with cytokine only group. Again, the addition of CPZ 
markedly upregulated c-PARP levels regardless of the 
presence of AAT (Figure 5C). These observations 
indicate that clathrin-dependent AAT endocytosis 
promotes human islet survival through the inhibition 
of cytokine-induced c-casp9 activation, and results in 
reduced c-PARP and DNA fragmentation. 

6. Islets from AAT-treated donors exhibited 
better outcome after transplantation 

Next, we tested whether these findings can be 
translated into therapy to benefit islet survival after 
transplantation. We first assessed whether AAT can 
be internalized by islet cells when given to mice via 
intraperitoneal injection before islet isolation. 
C57BL/6 mice were treated with human AAT (80 
mg/kg or 160 mg/kg i.p.) and islets were isolated 24 h 

after AAT injection. A robust level of human AAT 
was presented in islets harvested from AAT-treated 
mice as analyzed by Western blot and 
immunofluorescence analysis (Figure 6 A&B). AAT 
islets exhibited significantly higher OCR compared 
with those from vehicle-treated control mice (Figure 
6C). Increased OCR was also confirmed in islets 
isolated from the Swiss mice treated with AAT 
compared to those treated with saline before islet 
isolation (Supplemental data, Figure 3B).  

To further assess the survival advantage of islets 
isolated from mice treated with AAT, a marginal 
number of islets from C57BL/6 mice treated with 
saline (control) or AAT were transplanted into 
streptozotocin (STZ)-induced diabetic C57BL/6 mice. 
As shown in Figure 6D, Mice receiving islets from 
AAT-treated donors exhibited markedly improved 
islet graft survival. In the AAT treated group, 80% of 
recipients reached normoglycemia (n=15, P=0.02 vs. 
control by log-rank test) compared with 38.5% in the 
control group (n=13) at day 60 post-transplant. The 
average blood glucose levels in the AAT group were 
lower than control group (supplemental data, Figure 
3A), suggesting that fewer islets had graft death after 
AAT exposure. At both time points, mice that 
received islets from AAT-treated donors showed a 
more rapid glucose clearance and had a significantly 
less area under the curve (AUC) after the glucose 
challenge than control mice during the intravenous 
glucose tolerance test (IVGTT) at day 7 and 28 post 

 
Fig. 3. Effect of AAT endocytosis on cytokine-induced JNK pathway. (A) Immunoblots and quantification of pJNK/JNK show cytokine-induced JNK phosphorylation in 
human islets was suppressed by AAT, and the addition of CPZ reduced this effect. The mRNA expression of c-JUN was measured in human islets (B) and βTC3 cells (C) after 
incubation with cytokines for 6 hours with or without AAT and/or CPZ pretreatments. Data are expressed as mean ± SEM from 3-5 independent experiments. * P < 0.05, ** P 
< 0.01 and *** P < 0.001 by one-way ANOVA.  
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transplantation, respectively (Figure 6E). These data 
provided strong evidence that islets from 
AAT-treated donors internalized AAT, and exhibited 

enhanced mitochondria function and graft survival 
and function after islet transplantation. 

 

 
Fig. 4. Effect of AAT on mitochondrial dysfunction. (A) AAT attenuated the inhibition of oxygen consumption rate (OCR) by cytokine treatment in human islets, and CPZ 
blocked human islets protective effect. The mean OCR/DNA (nmolO2/min·mg DNA) values were calculated and normalized to “fold change” against negative control. The 
mRNA expression of PGC1α (B), Bim (C) and NOS2 (D & E) was measured in human islets after incubation with cytokines for 6 or 24 h with or without AAT and/or CPZ 
pretreatments. Data are expressed as mean ± SEM from 3 independent experiments. * P < 0.05 by One-way ANOVA. 

 
Fig. 5. Effect of AAT endocytosis on cytokine-induced cell death. (A) Cell death measured in human islets pretreated with AAT and/or CPZ, followed by incubation with 
cytokines for 96 h using the Cell Death ELISA kit. Immunoblots show that AAT reduced (B) cytokine-induced cleaved caspase 9 (c-casp9) and (C) c-PARP expression in human 
islets, and CPZ reversed this effect. Data are expressed as mean ± SEM from 3 independent experiments. * P < 0.05 ** P < 0.01 by One-way ANOVA and Student's t test. 
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Fig 6. AAT donor-treatment enhances islet graft survival after transplantation. C57BL/6 mice were treated with saline (CTR) or human AAT at 80 mg/kg or 160 
mg/kg body weight (AAT) for 24 h and islets were isolated and transplanted in diabetic C57BL/6 recipients. (A) Immunoblot and (B) immunofluorescence micrographs show the 
presence of human AAT in islets isolated from AAT-treated donors. Scale bar = 25 µm. (C) OCR of islets isolated from AAT-treated C57BL/6 mice donors. Donors treated with 
saline (CTR); Donors treated with 80 mg/kg AAT, and donors treated with 160 mg/kg AAT. Samples were measured in triplicates and mean was used for final calculation. (D) Islet 
graft survival curve shows that AAT donor-treatment leads to a higher percentage of recipients with normoglycemia. (E) Blood glucose levels during the IVGTT show at day 7 
(E) and day 28 (F) that AAT islets function better in the recipients. Insets: area under the curve (AUC) of IPGTT glucose. *P < 0.05, 

 
Fig. 7. Simplified scheme showing the molecular mechanism of the protection effect of AAT on β cells. AAT enters β cells through clathrin-mediated endocytosis, 
resulted in the suppression of cytokine-induced JNK pathway activation, leading to the inhibition of mitochondrial dysfunction and caspase 9 activation. This protects β cells from 
cytokine-induced cell death. 
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Discussion 
Pro-inflammatory cytokines play critical roles in 

the pathogenesis of T1D as well as in the 
inflammatory reactions associated with islet isolation 
and islet transplantation. AAT is an 
anti-inflammatory glycoprotein that exerts beneficial 
effects in islet transplantation and T1D. Despite 
growing evidence for the anti-inflammatory 
properties demonstrated for AAT, the mechanism of a 
direct effect of AAT on β cells remains to be defined. 
In this study, we found that AAT is internalized by β 
cells through clathrin-dependent endocytosis, leading 
to the suppression of the JNK pathway, inhibition of 
caspase 9 activation, and inhibition of mitochondria- 
mediated apoptosis. Furthermore, the benefit of AAT 
internalization was translated in vivo where we 
observed improved islet graft survival after syngeneic 
islet transplantation in mice receiving islets isolated 
from AAT treated donors. These results provide new 
insights into the mechanism(s) by which AAT 
achieves its protective effect on cytokine-induced islet 
damage. 

The presence of AAT in the cytosol after 
incubation with exogenous AAT has been reported in 
lung endothelial cells, human monocyte-derived 
macrophages, primary rat alveolar macrophages, 
neutrophils, CD4+ T cells, mesenchymal stem cells, 
and Min6 cells [24, 33-36]. In this study, we show for 
the first time, that AAT was rapidly internalized by 
both human islets and βTC3 cells in a dose- and 
time-dependent manner, which is primarily regulated 
by clathrin-dependent endocytosis.  

In lung endothelial cells, AAT is taken up 
predominantly by clathrin-mediated endocytosis. 
Cigarette smoke exposure decreased the ability of 
endothelial cells to internalize AAT both in vitro and 
in vivo, suggesting that internalization of AAT 
contributes to the maintenance of alveolar structure in 
addition to inhibition of extracellular neutrophil 
elastase [34]. Similarly, AAT internalized by CD4+ T 
cells resulted in the inhibition of HIV-1 replication by 
blocking the activation of the NF-κB pathway, which 
was abolished by CPZ, suggesting that 
clathrin-dependent endocytosis is required for the 
suppression of NF-κB pathway in CD4+ T cells [24]. In 
accordance with these results, we found that 
clathrin-dependent endocytosis plays a crucial role in 
the anti-apoptotic effects of AAT on β cells. In our 
previous study, we discovered that AAT reduced 
cytokine-induced JNK phosphorylation that served as 
a novel mechanism underling the beneficial effects of 
AAT on islets [22]. Importantly, in the current study, 
we further showed that clathrin-dependent AAT 
internalization is required for the suppressive effects 
of AAT on the JNK pathway previously reported. On 

the other hand, Bergin et al. demonstrated that surface 
AAT had the capacity of interrupting ligand-receptor 
interaction between TNF receptor 1/TNF receptor 2 
and TNF-α and directly modulated TNF-α signaling 
in neutrophils [50]. This is consistent with our result 
that increased cell survival by AAT treatment was not 
completely abolished by the addition of CPZ. While 
we cannot irrefutably rule out the contribution of 
non-clathrin and non-caveoli-mediated endocytosis or 
macropinocytosis to the uptake of the protein, the 
observed effects using CPZ and filipino indicated that 
AAT was primarily internalized by 
clathrin-dependent endocytosis.  

CPZ was reported to attenuate pancreatic β cell 
function through insulin receptor 2 degradation on 
mouse islets. However, the effective dose (50 µM) was 
more than two-fold higher than the dose that was 
used in the current study on AAT protective 
mechanisms (20 µM) [37]. Furthermore, CPZ treated 
islets showed no significant difference compared to 
non-treated islets in cell death-related parameters 
measured in this study (Figure 4 & 5), indicating the 
results observed in AAT plus CPZ plus cytokine 
groups are primarily caused by cytokine stimulation 
and the prevention of AAT endocytosis. Therefore, 
optimizing the uptake of AAT by human islets has the 
potential to become a target for therapy in T1D with 
or without islet transplantation for the purpose of 
improving islet survival under stress.  

OCR is an indicator of islet cell viability and is 
used to predict the outcome of clinical islet 
autotransplantation [29, 38]. The effect of AAT on 
OCR seems to vary among different cells. Dendritic 
cells, regulatory T cells and natural killer cells from 
AAT-treated mice exhibited markedly higher OCR, 
whereas CD4+ and CD8+ effector T cells from the same 
animals showed lower OCR, compared to the control 
group [39]. We found that AAT slightly increased 
OCR in human islets. Furthermore, 
cytokine-suppressed OCR was ameliorated by the 
addition of AAT, strongly indicating that AAT 
promotes islet respiration. The upregulated OCR can 
also be attributed to the anti-apoptotic effect of AAT. 
Further, gene expression studies showed that AAT 
treatment influenced the expression levels of PGC1α, 
a key regulator of mitochondrial function and 
integrity, and Bim and NOS2, mitochondria-regulated 
apoptosis-related genes [40-43], implying that AAT 
reduced mitochondria-mediated apoptosis caused by 
cytokines in human islets. 

In accordance with the suppression of JNK 
pathway as well as Bim and NOS2 expression, we 
found that expression of c-casp9, which is the initiator 
of the caspase cascade in the mitochondria-mediated 
apoptosis pathway that triggers the activation of 
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c-casp3 [44], was also reduced by AAT treatment 
following cytokine stimulation. This is important 
because previously, studies have reported the direct 
inhibitory activity of AAT on c-casp3 in cell-free 
enzymatic activity assays and lung endothelial cell 
and other cells [32, 33, 45, 46]. Therefore, the 
anti-apoptotic effect of AAT was largely attributed to 
its inhibition of c-casp3. Our observation that AAT 
significantly reduced c-casp9 expression strongly 
indicated that AAT exerts protective effects on islets 
at stages earlier than the activation of c-casp3. A 
comprehensive analysis of AAT inhibitory ability on 
all caspases known to be involved in apoptosis 
showed that AAT only inhibited the effector caspases 
(-3, -6 and -7), but not the initiator caspases including 
c-casp9 [46]. Thus, the reduced c-casp9 by AAT in this 
study has most likely resulted from the suppression of 
the JNK pathway after cytokine stimulation. Our 
results proved that the anti-apoptotic effect of AAT on 
islets is not only caused by the direct inhibition of 
c-casp3 activity, but also the regulation of upstream 
factors of cytokine-induced apoptotic pathways, most 
likely beginning with the suppression of JNK 
phosphorylation. These novel findings shed light on 
the mechanisms underlying the protective effects of 
AAT on inflammation-induced islet cell death. 

We show that a single injection of AAT to donor 
mice at a clinically relevant dose (160 mg/kg) 
significantly improved islet graft survival and 
function after syngeneic islet transplantation. Since 
transplant recipients did not receive any other 
treatment, the beneficial effect of AAT was likely 
explained by AAT uptake by islets and the 
attenuation of inflammatory response in islet cells. 
Importantly, this protection was sustained during the 
isolation process. These results not only confirmed 
that AAT endocytosis in islet cells occurs in vivo, but 
also provided a novel therapeutic strategy in islet 
transplantation. Our study offers evidence that it may 
be beneficial to give AAT before pancreatectomy in 
patients undergoing autologous islet transplantation.  

To the best of our knowledge, this is the first 
report describing the use of AAT in the context of 
donor treatment in islet transplantation. In the context 
of allogeneic transplantation, islets suffer similar 
insults during the peri-transplant period. Our results 
of donor-treatment suggest that AAT could protect 
islets from stress, and has potential usage in 
allogeneic islet transplantation, by improving the 
outcome of islet isolation. This work extends the 
current paradigm of AAT as a potential 
anti-inflammatory therapy for recipients and reveals 
important additional functions of AAT in promoting 
islet survival through the process of islet 
procurement. 

One limitation of this study is that it is difficult to 
inhibit AAT internalization by islet cells to confirm 
the precise role of AAT endocytosis in the improved 
islet graft function in vivo. β cell-specific clathrin 
knockout mice may be required to confirm this effect. 
In vitro culture of islets with AAT with or without 
CPZ before transplantation may also provide answers 
to this question. In fact, Abecassis and colleagues 
showed that AAT-pre-treated islet grafts exhibited 
increased IL-1 receptor antagonist, which were 
associated with significantly reduced levels of TNFα 
and IL-1β [47]. However, more studies on long-term 
graft survival and function are required to conclude 
the potential benefits of in vitro culture of islets with 
AAT and whether endocytosis plays a role in this.  

In conclusion, this study demonstrated the 
mechanistic insight that AAT is internalized by β cells 
through clathrin-dependent endocytosis, leading to 
protection from cell death in vitro and after 
transplantation. Donor treatment with AAT may 
serve as an option to improve islet survival after 
transplantation.  

Material and Methods 
Mice 

Male C57BL/6 and Swiss mice at 7-8 weeks of 
age were purchased from the Jackson Laboratory (Bar 
Harbor, ME) and the Taconic Biosciences 
(Germantown, NY). All experiments were approved 
by the Institutional Animal Care and Use Committee 
at the Medical University of South Carolina (protocol 
#AR170117). 

Human AAT injection 
Human AAT (Prolastin-C, Grifols) was 

dissolved in sterile water at 5 mg/ml and snap frozen 
in -80 ° C freezer before each use. Mice were injected 
with AAT (i.p.) or saline (control) 24 h before islets 
isolation.  

Mouse islets isolation, diabetes induction, and 
islet transplantation 

Islets were isolated by collagenase digestion as 
described previously [48]. C57BL/6 mice were 
rendered diabetic by a single dose streptozotocin 
(STZ) injection (225 mg/kg, i.p.; Sigma-Aldrich). At 
5-7 days post STZ injection, mice with non-fasting 
blood glucose >300 mg/dL were used as recipients. 
For AAT donor treatment, C57BL/6 mice were 
treated with human AAT (80 mg/kg or 160 mg/kg, 
i.p.) and islets were isolated 24 h after injection. For 
each transplantation, 200-300 hand-picked mice islets 
(11 islets per gram of body weight) were transplanted 
into the recipients’ liver as previously described [22]. 
Non-fasting blood glucose levels were measured 
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every two or three days until 60 days post 
transplantation using a Freestyle Lite glucometer 
(Freestyle). Mice with blood glucose levels < 200 
mg/dL were considered normoglycemic.  

IVGTT 
Recipient mice were fasted for 4 h and injected 

with glucose solution at 1g/kg via tail vein. Blood 
glucose levels were measured at 0, 15, 30, 60, 90, and 
120 min after injection. Blood glucose area under the 
curve during the IVGTT was calculated using the 
Trapezoidal method [49].  

Culture of human islets and βTC3 cells 
 Human islets were obtained from Georgetown 

University and cultured in CMRL 1066 (Corning) 
supplemented with 10% fetal bovine serum (FBS) 
(Gibco), 100 U/mL penicillin and 100 mg/mL 
streptomycin (Hyclone). βTC3 cells were cultured in 
DMEM with 10% FBS (Gibco), with 
penicillin-streptomycin (100 U/ml, Thermo Fisher). 

Human islets and βTC3 treatment and 
Western blot 

Human islets or βTC3 cells were incubated with 
AAT for 2 h before the addition of cytokines (50 U/ml 
TNFα + 50 U/ml IL-1β + 1000 U/ml INF-γ) for human 
islets, and 100 U/ml IL-1β and 1000 U/ml IFN-γ for 
βTC3 cells. For CPZ group, islets were incubated in 
CPZ for 1 h before AAT pretreatment. Samples were 
collected and lysed using RIPA Lysis and Extraction 
buffer (Thermo Fisher). Cytosolic or membrane 
fractions were extracted with the Plasma Membrane 
Protein Extraction Kit (Biovision), using the 
manufacturer’s protocol. Lysates (10-30 µg) were 
separated by SDS-PAGE, transferred to PVDF 
membranes, and incubated with primary antibodies 
against phospho-JNK, total JNK, β-actin, ATPase 
Na+/K+ transporting subunit α 1 (ATP1A1), GAPDH 
(Cell Signaling Technology) and AAT (Sigma). 
Horseradish peroxidase-conjugated secondary 
antibodies were from Cell Signaling Technology. 
Signals were visualized using an ECL detection kit 
(Thermo Scientific). Relative protein expression of 
genes was quantified using ImageJ (NIH) or Image 
Lab™ Software (Bio-Rad). 

AAT labeling and treatment 
AAT was labeled using Alexa Fluor 488 Protein 

Labeling Kit (Invitrogen) following the 
manufacturer’s instruction. Islets or βTC3 cells were 
cultured in the presence of labeled-AAT for 2 h, 
washed with cold PBS and immediately subjected to 
imaging using a Leica SP5 confocal microscope. 
Nuclei were stained with 4′,6-diamidino-2- 
phenylindole (DAPI). 

Real-time PCR (qPCR) Analysis 
RNA was extracted and reverse transcribed into 

cDNA using an RT-PCR kit (Bio-Rad). The Advanced 
Universal SYBR Green Supermix (Bio-Rad) was used 
for quantitative RT-PCR in a CFX96 Real-Time 
Thermalcycler (Bio-Rad). Fold changes in gene 
expression normalized to GAPDH or β-actin 
expression were plotted and compared between 
groups.  

Immunofluorescence 
Human islets were embedded in OCT 

compound (Sakura) and were cut into sections with a 
thickness of 5 μm. Sections were fixed in cold acetone 
for 5 min. βTC3 cells were washed and fixed in 2% 
paraformaldehyde for 15 min at room temperature. 
Sections were stained with anti-insulin (Invitrogen) 
and anti-AAT (Sigma) antibodies. Images were 
collected using a Leica SP5 confocal microscope. 

Apoptosis ELISA Assay 
 Human islets were incubated in cytokine 

cocktails for 96 h. Apoptosis was measured using an 
In Situ Cell Death Detection Kit (Sigma) according to 
the manufacturer’s recommendation. 

Measurement of OCR 
OCR was measured in islets using the 

MicroOxygen Uptake System, FO/SYSZ-P175 
(Instech Laboratories, Plymouth Meeting, PA). DNA 
concentration of each sample was measured by fluoro 
spectrophotometry using the Quant-iTTM PicoGreen 
dsDNA Assay kit (Molecular Probes, Eugen, OR). 
Fluorescence was read by a microplate reader. The 
mean OCR/DNA (nmolO2/min·mg DNA) values 
were calculated and normalized to “fold change” 
against a negative control.  

Statistical analysis 
 Percentages of mice reaching normoglycemia 

were plotted by Kaplan- Meier curves, and differences 
in graft survival were compared by the logrank test. 
Differences between groups were compared for 
statistical significance by ANOVA or Student’s t test; p 
< 0.05 denoted significance. ANOVA was used for 
analyzing IVGTT results. Data are expressed as mean 
± standard error of the mean (SEM).  

Abbreviations 
AAT: Alpha-1 antitrypsin; AUC: area under the 

curve; Bim: BCL-2-like protein 11; c-casp: cleaved 
caspase 9; CPZ: chlorpromazine; JNK: c-Jun 
N-terminal kinase; OCR: Oxygen consumption rate; 
IBMIR: instant blood-mediated inflammatory 
reaction; IL-1β: interleukin-1 β; NOS2: nitric oxide 
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synthase 2; IFN-γ: interferon γ; PGC1α: peroxisome 
proliferator-activated receptor γ coactivator 1 α; STZ: 
streptozotocin; c-PARP: cleaved Poly (ADP-ribose) 
polymerase; T1D: Type 1 diabetes.  

Supplementary Material  
Supplementary figures and table. 
http://www.thno.org/v09p3940s1.pdf  
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