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Abstract

Aim: Carbon monoxide (CO) functions as a therapeutic molecule in various disease models because of its anti-
inflammatory and antiapoptotic properties. We investigated the capacity of CO to reduce hypoxia-induced islet
cell death and dysfunction in human and mouse models.
Results: Culturing islets in CO-saturated medium protected them from hypoxia-induced apoptosis and
preserved b cell function by suppressing expression of proapoptotic (Bim, PARP, Cas-3), proinflammatory
(TNF-a), and endoplasmic reticulum (ER) stress (glucose-regulated protein 94, grp94, CHOP) proteins. The
prosurvival effects of CO on islets were attenuated when autophagy was blocked by specific inhibitors or when
either ATG7 or ATG16L1, two essential factors for autophagy, was downregulated by siRNA. In vivo, CO
exposure reduced both inflammation and cell death in grafts immediately after transplantation, and enhanced
long-term graft survival of CO-treated human and mouse islet grafts in streptozotocin-induced diabetic non-
obese diabetic severe combined immunodeficiency (NOD-SCID) or C57BL/6 recipients.
Innovation: These findings underline that pretreatment with CO protects islets from hypoxia and stress-induced
cell death via upregulation of ATG16L1-mediated autophagy.
Conclusion: Our results suggested that CO exposure may provide an effective means to enhance survival of
grafts in clinical islet cell transplantation, and may be beneficial in other diseases in which inflammation and
cell death pose impediments to achieving optimal therapeutic effects. Antioxid. Redox Signal. 28, 1309–1322.
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Introduction

Carbon monoxide (CO) functions as a ‘‘protective
molecule’’ in cellular processes based on its anti-

inflammatory, antiapoptotic, and other protective properties.
Salutary effects of CO exposure or administration of CO-
releasing molecule (CORM)-A1 have been shown in models
of endotoxic shock (53), uvetis (13), organ transplantation
(16, 55), hyperoxic lung injury (64), vascular injury-induced
arteriosclerosis (54), intimal hyperplasia (49), aeroallergen-
induced airway inflammation (45), experimental allergic en-
cephalomyelitis (14), sclerosis (12), and others (23, 32, 56).

Pancreatic islet/b cell death is a major problem for patients
with type 1 or type 2 diabetes. In the murine islet transplan-
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Innovation

That pretreatment with carbon monoxide (CO) protects
islets from hypoxia and stress-induced cell death via up-
regulation of ATG16L1-mediated autophagy provides a
novel mechanism of CO action. CO exposure may provide
a unique and effective means to enhance survival of islet
graft in clinical islet cell transplantation, and may be
beneficial in other diseases in which inflammation and cell
death pose impediments to achieving optimal therapeutic
effects.
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tation model, 50–60% of islet cells die of apoptosis 2–3 days
post-transplantation; cell death is mainly caused by stresses
including hypoxia, nutrient deprivation, inflammation, hy-
perglycemia, and lipotoxicity (28a, 35a, 63a). Islet cell death
hinders the application of islet transplantation for the treat-
ment of type 1 diabetes, in part because at least two donors
are required to achieve normoglycemia in most islet allograft
recipients. Although insulin independence may be observed 1
year post-transplantation, the insulin-independence rate is
generally poor at 5 years post-transplantation (1, 52). Novel
immunological and tissue protective strategies such as using
monoclonal or polyclonal antibodies to target new costimu-
latory pathways, and the use of stem cells and regulatory T
cells, have been developed and showed efficacy in improving
islet transplantation outcomes (60, 61). In this context, CO
exposure or pharmacological application of CO using
CORM-A1 may enhance survival and function of trans-
planted islets by their abilities to ameliorate islet-directed
autoimmunity and immune rejection. Previous studies re-
ported that CO possessed anti-inflammatory, antiapoptotic,
and immunodulatory effects and the potential induction of b
cell regeneration (42, 43, 62).

Two major signaling pathways lead to apoptosis in cells:
the intrinsic (mitochondrial-dependent) pathway, which is
activated by intracellular signals such as the Bcl-2 family
proteins, and the extrinsic (death receptor-initiated) pathway,
which is initiated by cell surface death receptors (e.g., FasL,
TNF-a receptor) (2, 17). Both pathways are involved in
pancreatic b cell death (34, 57). Mitochondrial-dependent,
intrinsic apoptotic pathway is mediated by changes in redox
potential initiated by hypoxia; it plays a predominant role in
the loss of isolated islets in vitro under various culture con-
ditions (48). The death receptor-dependent, extrinsic apo-
ptosis pathway also triggers selective apoptosis in human islet/
b cells, leading to immune-mediated type 1 diabetes, as evi-
dent by Fas expression by b cells and FasL expression on the
infiltrating cells in the pancreas of type 1 diabetic patients (38).

Autophagy is a lysosomal-dependent self-degradation
process in cells, which disassembles unnecessary or dys-
functional cellular components by a regulated process, and
helps balance sources of energy during development or under
conditions of nutrient starvation (15). The autophagosome/
lysosome system plays a housekeeping role in cellular ad-
aptation to stress via clearance of misfolded proteins and
damaged organelles as well as degradation of intracellular
pathogens. A major step in the formation of an autophago-
some is the covalent attachment of phosphatidylethanol-
amine (PE) to microtubule-associated protein 1 light chain 3
b (MAP1LC3B) to form LC3-PE, a common marker of au-
tophagy (21, 25, 33). Autophagy plays a protective role in
high-fat diet-induced b cell dysfunction, as well as in de-
fending human islets from amyloid polypeptide-induced
toxicity (10, 51). Rapamycin-stimulated autophagy induction
delays diabetes and inhibits b cell apoptosis in the Akita
diabetes mouse model (3).

We have previously shown in murine allogeneic islet
transplantation that exposing donor islets ex vivo to CO in-
creases survival and function of transplanted islets (16, 18,
62). Here, we have investigated the mechanisms contribut-
ing to CO-mediated protection from hypoxia-induced islet
death, and have assessed effects of CO on autophagy. Using
Food and Drug Administration-approved autophagy-inducing

drugs (amiodarone HCl, trifluoperazine [TF]) and adenoviral
vectors for expressing autophagy-related genes (ATG4B,
Beclin-1, ATG7, and ATG16L1), we assessed the effects of
CO exposure on human and mouse islet death under hypoxia
in vitro, and we determined the short-term and long-term
survival of CO-exposed human and mouse islets after trans-
plantation into diabetic recipients.

Results

CO protects islets from hypoxia-induced apoptosis
and dysfunction

As we have previously shown, CO protects b cells and
mouse islets from apoptosis post-transplantation (18, 62), and
hypoxia is a major cause of islet death and dysfunction after
transplantation. To assess the capacity of CO to protect
human islets from hypoxia-induced apoptosis, we first com-
pared apoptosis of human islets cultured in CO-saturated or
control media. When exposed to hypoxic conditions (1% O2),
control islets underwent dramatic cell death as indicated
by elevated release of lactate dehydrogenase (LDH) (Fig. 1A)
and of cytoplasmic histone-associated DNA fragments
(mono- and oligonucleosomes) (Fig. 1B). In contrast, islets
cultured in CO-saturated medium (CO islets) or treated with
the CORM-A1 underwent significantly reduced cell death
when exposed to hypoxic conditions (Fig. 1A, B). We further
measured expression of pro- and antiapoptotic genes and
proinflammatory genes in control, CO only, control, and CO-
islets exposed to hypoxic conditions. At the mRNA level,
CO-islets showed reduced expression of Bax and TNF-a, and
increased expression of Bcl-2 under hypoxic conditions
(Fig. 1C). At the protein level, CO-islets showed reduced
expression of hypoxia-induced HIF-1a, and of apoptotic
markers including Bim, cleaved poly (ADP-ribose) poly-
merase (c-PARP), and cleaved Caspase 3 (c-Cas-3), and in-
creased expression of Bcl-2 in a time-dependent manner
(Fig. 1D and Supplementary Fig. S6A; Supplementary Data
are available online at www.liebertpub.com/ars). In addition,
CO exposure inhibited expression of endoplasmic reticulum
(ER) stress-related genes including glucose-regulated protein
78 (GRP78), GRP94, and CHOP, indicating that CO suppressed
hypoxia-induced ER stress in human (Fig. 1E and Supple-
mentary Fig. S6B) and mouse islets (Supplementary Fig. S1).

Hypoxic conditions lead to islet fragmentation and in-
creased membrane permeability, which allows propidium
iodide (PI) to enter the cell nucleus (46). Viability staining
using Syto Green 13 and PI confirmed that CO exposure
protected human islets from cell death under hypoxic con-
ditions compared with control islets (Fig. 1F). Similar to
human islets, exposure of mouse islets to CO protected those
islets from hypoxia-induced cell death as indicated by de-
creases in LDH release and DNA fragmentation under hyp-
oxic conditions (Supplementary Fig. S2A, B).

To examine whether CO exposure preserved or improved
b cell function, glucose-induced insulin secretion assays
were performed under normoxic or hypoxic conditions. CO
islets responded significantly better than control islets after
high-glucose stimulation under both conditions, shown by
greater amounts of insulin secreted and increased insulin
secretion indexes (Fig. 1G, H). CO islets exhibited more
dense insulin staining under hypoxic conditions than con-
trol islets, suggesting better preservation of insulin+ b cells

1310 KIM ET AL.



(Fig. 1I), which may have contributed to sustained insulin
secretion upon glucose stimulation.

Induction of autophagy protects human islets
from hypoxia-induced islet death

Hypoxia induces autophagy in some cell types, and au-
tophagy induced by hypoxic stress may contribute, under
different conditions, either to cell death or to survival. We
used expression of LC-3II, a specific autophagy marker (36),
to monitor autophagy induced by hypoxia in islets. Exposure
to hypoxic conditions resulted in a time-dependent induction
of autophagy as indicated by elevated expression of LC-3II,
which was accompanied with changes in expression of apo-
ptotic and ER stress-related genes in islets (Supplementary

Figs. S1A, B and S11A, B). We then treated human islets
with autophagy inhibitors, 3-methyladenine (3-MA) and the
autophagosome-autolysosome fusion inhibitor, chloroquine
(CQ), and measured hypoxia-induced cell death in the ab-
sence of autophagy. Islets treated with autophagy inducers,
amiodarone hydrochloride (AH) and TF, were used as posi-
tive controls. After 24 h under hypoxic conditions, signifi-
cantly more cell death was observed in islets pretreated with
3-MA and CQ than in islets cultured under normoxic con-
ditions or under hypoxic conditions without inhibitors
(Fig. 2A). In contrast, pretreatment with AH or TF signifi-
cantly reduced hypoxia-induced islet death (Fig. 2A), which
was confirmed by expression of death-related genes, in-
cluding c-PARP, cleaved Cas-9, c-Cas-3 (Fig. 2B and Sup-
plementary Fig. S7), and LC-3II (Supplementary Figs. S3

FIG. 1. CO-preincubation inhibits hypoxia-induced apoptosis and ER stress in human islets. Apoptosis in human
islets cultured for 48 h under normoxia or hypoxia (HPX) with or without CO or CORM A1 was measured by LDH assay
(A) or apoptosis ELISA kit (B). *p < 0.05 versus Con, #p < 0.05 versus HPX, one-way ANOVA. Messenger RNA (C) and
protein (D, E) expression of specific genes were measured by qPCR and Western blot. *p < 0.05 versus Con, #p < 0.05 versus
HPX, one-way ANOVA. (F) Representative confocal z-stacked images of islets, stained for live/dead cells (live, green;
dead, red), after 48 h of culture in 1% O2 with or without CO. (G) Insulin secretion in islets cultured with or without CO
under normal or hypoxic conditions. *p < 0.05 versus low-glucose Con, #p < 0.05 versus low-glucose CO, $p < 0.05 versus
low-glucose HPX+CO, ^p < 0.05 versus high-glucose Con, &p < 0.05 versus high-glucose HPX, one-way ANOVA. (H) GSIS
in islets cultured with or without CO under normal or hypoxic conditions. *p < 0.05 versus Con, #p < 0.05 versus CO, $p < 0.05
versus HPX, one-way ANOVA. (I) Insulin (red) and glucagon (green) costaining in control and CO islets cultured under
hypoxic conditions. DAPI stains nuclei (blue). CO, carbon monoxide; CORM, CO-releasing molecule; ELISA, enzyme-linked
immunosorbent assay; ER, endoplasmic reticulum; GSIS, glucose-stimulated insulin release; HPX, hypoxia; LDH, lactate
dehydrogenase; qPCR, quantitative polymerase chain reaction. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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and S12). Together, these results showed that inhibition of
autophagy increased hypoxia-induced apoptosis, whereas
induction of autophagy reduced hypoxic-induced apoptosis,
which suggests that autophagy may be an islet cell cytopro-
tective mechanism in response to hypoxia.

ATG4B and Beclin-1 are essential autophagy genes that
contribute to vesicle nucleation, an initial step for autopha-
gosome formation in the process of autophagy (29, 35). To
further confirm the role of autophagy in protecting islets
from hypoxia-induced cell death, we tested whether over-
expression of ATG4B or Beclin-1 reduced hypoxia-induced
apoptosis in islet cells. Overexpression of ATG4B and
Beclin-1 after infection with adenoviral expression con-
structs was verified by immunoblot analysis (Fig. 2C and
Supplementary Fig. S8). Islets overexpressing ATG4B or
Beclin-1 showed reduced apoptosis after 6 or 48 h under
hypoxic conditions as indicated by decreased expression of
c-Cas-3 and cytoplasmic histone-associated DNA fragments
(mono- and oligonucleosomes) compared with empty vector
control islets. Expression levels of c-Cas-3 and elevated
DNA fragments were inhibited in an ATG4B or Beclin-1
adenoviral multiplicity of infection (MOI)-dependent man-
ner (Fig. 2C, D and Supplementary Fig. S8). These results
indicate that induction of autophagy protects human islets
from hypoxia-induced apoptosis.

CO protects human and mouse islets
from hypoxia-induced apoptosis via upregulation
of autophagy

To determine whether CO protected islets from hypoxia-
induced apoptosis through regulation of autophagy, islets
were exposed to CO and challenged with hypoxia in the
presence of autophagy inhibitors, CQ or 3-MA. The protec-
tive effects of CO on hypoxia-induced cell death were di-
minished when autophagy was blocked (Fig. 3A, B and
Supplementary Fig. S9A), suggesting that autophagy induc-
tion is required for CO to protect islets from hypoxia-induced
cell death. To verify that exposure to CO enhanced autophagy
in human islets, we counted the number of autophagic vac-
uoles within islet cells using electron microscopy (EM).
Few visible autophagic vacuoles were observed in human
islet cells under normoxic conditions (0.25 – 0.46 autophagic
vacuoles per cell). More autophagic vacuoles were observed in
cells exposed to CO under normoxic conditions (2.38 – 0.92/
cell) or to hypoxia alone (1.38 – 0.92/cell). Considerably more
autophagic vacuoles were seen in cells exposed to CO and
hypoxia (6.38 – 0.92/cell) (Fig. 3C). Finally, increased autop-
hagic flux in response to CO was also demonstrated by ac-
celerated degradation of GFP-LC-3, which is less stable than
RFP-LC-3 in the acidic pH of the autolysosomes. A reduction

FIG. 2. Effect of autophagy in hypoxia-induced human islet cell death. (A) Cell death in human islets challenged with
hypoxia in the absence or presence of autophagy inhibitors 3-MA (5 mM), CQ (25 lM), autophagy inducers, AH (10 lM), or
TF (25 lM) for 24 h. Cell death was measured by Apoptosis ELISA kit. *p < 0.05 versus Con, #p < 0.05 versus HPX, one-
way ANOVA. (B) Western blot analysis of expression of c-PARP, c-Caspase 9, and c-Caspase 3 in human islets cultured
under normoxic or hypoxic conditions in the absence or presence of autophagy inhibitors 3-methyladenine (3MA) (5 mM),
CQ (25 lM), autophagy inducers, AH (10 lM), or TF (25 lM) for 12 h. (C–D) Human islets were infected with adenovirus
expression constructs AdATG4B or AdBeclin-1 (10, 50, and 100 MOI), and exposed to hypoxia for 6 h. (C) Protein
expression levels were examined by Western blot. (D) Apoptosis was measured by apoptosis ELISA kit. *p < 0.05 versus
Con, #p < 0.05 versus HPX, one-way ANOVA. 3-MA, 3-methyladenine; AH, amiodarone hydrochloride; CQ, chloroquine;
MOI, multiplicity of infection; TF, trifluoperazine.
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of GFP-LC-3 relative to RFP-LC-3 autolysosome maker in
CO-treated groups indicates an induction of autophagy in
human islets under both normoxic and hypoxic conditions
by CO (Fig. 3D and Supplementary Fig. 4).

We measured expression of autophagy-related genes in
control and CO islets cultured under normoxic or hypoxic
conditions in the presence or absence of CQ for 24 h. Similar
mRNA expression levels of Atg3, 5, 7, 12, and Beclin-1 were
observed in control and CO islets under hypoxic conditions,
whereas expression of Atg16l1 was significantly increased in

CO islets under hypoxic conditions (Fig. 3E). At the pro-
tein level under normoxic conditions, CQ treatment and/or
CO exposure induced substantial increases in autophagy-
related markers ATG4B, ATG16L1, and LC-3 II (Fig. 3F and
Supplementary Fig. S9B). ATG3, ATG4B, ATG5-12, and
Beclin-1 were downregulated in control islets under hypoxic
conditions, whereas CO treatment reversed this reduction
after hypoxia exposure. Expression of LC-3 II was increased
in CO islets compared with control islets under either nor-
moxic or hypoxic conditions, and the addition of CQ further

FIG. 3. CO-induced autophagy protects human islets from hypoxia-induced cell death. (A) Human islets were
cultured for 48 h in normoxia or hypoxia (1% O2) with or without CO, CO+CQ, CO +3MA, CQ (25 lM), or 3-MA (5 mM).
Cell death was measured by ELISA. *p < 0.05 versus Con, #p < 0.05 versus HPX, $p < 0.05 versus HPX+CO, one-way
ANOVA. (B) Human islets were cultured for 24 h in normoxia or hypoxia with or without CO preincubation and CQ.
Protein expression levels were examined by Western blot. Data are expressed as mean – standard error of the mean;
*p < 0.05 versus HPX, #p < 0.05 versus HPX+CO, one-way ANOVA. (C) Representative electron microscopy micrographs
of cell-in-cell structure showing autophagic vacuoles (red arrow) in islets cultured in normoxia (NOX) and hypoxia (HPX)
with or without CO. Results were quantified by counting the number of autophagic vacuoles per cell. *p < 0.05 versus NOX,
#p < 0.05 versus NOX+CO, $p < 0.05 versus HPX, one-way ANOVA. (D) Quantification of autophagosomes (AP, overlap of
GFP- and RFP-LC-3, yellow) and autolysosomes (AL, RFP-LC-3) per cell in different conditions. The results are re-
presented as the average puncta fluorescence per cell from 20 cells per experiment. At least three experiments have been
performed. *p < 0.05 versus AP per cell Con, #p < 0.05 versus AP per cell CO, $p < 0.05 versus AP per cell HPX, &p < 0.05
versus AL per cell Con, ^p < 0.05 versus AL per cell CO, %p < 0.05 versus AL per cell HPX, one-way ANOVA. (E) Relative
mRNA expression of genes in human islets cultured in normoxia with or without CO preincubation for 24 h or hypoxia with
or without CO preincubation for 6 h. *p < 0.05 versus Con, #p < 0.05 versus CO, &p < 0.05 versus HPX, one-way ANOVA.
(F) Western blot analysis of autophagy-related genes in human islets treated with autophagy inhibitor CQ under normoxic
or hypoxic conditions. To see this illustration in color, the reader is referred to the web version of this article at
www.liebertpub.com/ars
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enhanced the upregulation of LC-3 II in CO groups, indi-
cating an induction of autophagy in CO islets (Fig. 3E). In
addition, ATG16L1 expression was increased in both control
and CO islets under hypoxic conditions compared with nor-
moxic conditions (Fig. 3F), suggesting a potential role of
ATG16L1 in CO-mediated islet protection. ATG7 was also
downregulated by hypoxia and CO has no significant effect
on ATG7 expression (Fig 3F).

ATG16L1 expression is essential for the antiapoptotic
effects of CO

ATG16L1 is an important regulator of autophagy in
hypoxia-induced osteoclast differentiation (58). To deter-
mine whether ATG16L1 mediated the antiapoptotic effects
of CO, ATG16L1 expression was knocked down in human
islets with adenovirus encoding siRNA against ATG16L1. At
an MOI of 10, expression of ATG16L1 was substantially
knocked down (Fig. 4A, B and Supplementary Fig. S10A).
We then measured the effect of ATG16L1 knockdown on
hypoxia-induced apoptosis in control and CO islets after 6 h
under hypoxic conditions. Depletion of ATG16L1 resulted in
islet cell death as indicated by increased expression of c-
PARP and c-Cas-3 (Fig. 4C). Depletion of ATG16L1 atten-
uated autophagy and antiapoptotic effects of CO in islets,

indicating that ATG16L1 is required for the protective effects
of CO in hypoxia-induced autophagy and apoptosis (Fig. 4C–
E and Supplementary Fig. S10B, C). Although CO failed to
upregulate ATG5 and ATG7, we confirmed the positive ef-
fect of ATG5 or ATG7 on hypoxia-induced apoptosis in CO
islets after 6 h under hypoxic conditions using ATG5 or
ATG7 siRNAs. Against all expectations, the protective ef-
fects of CO diminished in cell lines depleted for ATG7 as
indicated by expression of c-Cas-3, but not ATG5 (Fig. 4E
and Supplementary Fig. S10C). These results indicate that
inhibition of autophagy under hypoxic conditions leads to
islet cell death, and CO protects islet cells from hypoxia-
induced apoptosis through ATG7 and ATG16L1-mediated
induction of autophagy.

Islet grafts exposed to CO exhibited reduced
inflammation and elevated autophagy immediately
after transplantation

More than half of transplanted islets die immediately after
transplantation, as their viability is severely compromised
by hypoxia and inflammation associated with tissue trauma
during islet isolation and after transplantation (5, 47).
To determine whether CO protected islets from death via
enhancing autophagy post-transplantation, we transplanted

FIG. 4. ATG16L1 is required for CO-induced autophagy and prevention of islet death. (A) Mouse islets were
infected with ATG16L1 siRNA AAV (MOI 1, 10, 100) for 48 h. Expression of ATG16L1 was measured by Western blot.
(B) Expression of ATG16L1 quantified relative to b-actin. *p < 0.05 versus siATG16L1 0 MOI, one-way ANOVA.
(C) Western blot analysis of expression of death-related factors in human islets exposed to hypoxia with or without CO for
6 h. (D) Autophagic flux was assessed by confocal microscopy. (E) bTC3 cells were transfected for 72 h with a control
siRNA or specific siRNAs against ATG5, ATG7, and ATG16L1. After transfection, cells were incubated for 6 h under
normoxia or hypoxia with or without CO. The immunoblot panels show the effect of ATG5, ATG7, or ATG16L1
knockdown on c-Cas-3 levels. AAV, adeno-associated virus; c-Cas-3, cleaved-Caspase 3. To see this illustration in color,
the reader is referred to the web version of this article at www.liebertpub.com/ars
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control or CO-treated human islets under the kidney capsules
of streptozotocin (STZ)-induced, diabetic non-obese diabetic
severe combined immunodeficiency (NOD-SCID) mice, and
measured cell death, macrophage infiltration, and autophagy
3 days post-transplantation by immunofluorescent staining
for c-Cas-3, F4/80, and LC3, respectively. Significantly fewer
c-Cas-3+ and F4/80+ cells were observed in CO grafts than in
control grafts (Fig. 5A), suggesting that CO treatment before
grafting inhibited stress-induced apoptosis and macrophage
infiltration after transplantation. Furthermore, increased autop-
hagy was observed in CO-treated grafts compared with control
grafts as indicated by increased LC-3+ cells (Fig. 5B), con-
firming our in vitro finding that CO protected islets from apo-
ptosis at least, in part, via enhancing induction of autophagy.

These findings were supported by RNAseq analysis of CO
and control islet grafts retrieved from NOD-SCID recipients
3 days post-transplantation, which showed that 253 genes
were differentially expressed (fold change >1.5; and p < 0.05)
(Supplementary Fig. S5A). Through gene ontology analysis,
we found that CO treatment inhibited genes critical for regu-
lation of cytokine secretion (e.g., ANXA1, WNT5A, F2R,
CD34, GAS6, and LRRC32) and for cytokine receptor binding
(e.g., CRLF1, CXCL5, CXCL6, CXCL8 [IL8], ECM1,
ITGA5, KITLG, LIF, and PXDN). We also performed ca-
nonical pathway enrichment analysis using ingenuity pathway
analysis (IPA) tools and calculated significance for each
pathway according to the fit of CO differential regulation data
(https://apps.advaitabio.com/ipg/report/9901/contrast/11796)
to the IPA database (Supplementary Fig. S5B). It has previ-
ously been shown that IL-8 was among the most highly in-
duced genes after islet isolation and in islets cultured for 3 days

without any treatment (40). Our data support the notion that the
primary effect of CO is to downregulate inflammation-related
pathways such as the IL-8 signaling pathway in transplanted
islets (Supplementary Fig. 5B). By quantitative polymerase
chain reaction (qPCR) analysis, we confirmed the RNAseq
results that expression levels of CXCL5 and CXCL8 were
downregulated in CO grafts compared with controls (Supple-
mentary Fig. S5C).

Transplanted CO islets exhibit improved survival
and function

To assess the effects of CO exposure in long-term islet
transplant survival and function, we performed islet trans-
plantation using suboptimal number of islets. In the mouse
model, 150 islets from C57BL/6 mice are a suboptimal
number of islets that generally cannot reverse hyperglycemia
in most syngeneic diabetic recipients. Indeed, when control
islets were transplanted, only one of four (25%) recipients
reached normoglycemia at 31 days post-transplantation; the
other recipients remained hyperglycemic through the end of
the study (day 60, Fig. 6A). In contrast, three of four (75%)
recipients that received CO islets reached normoglycemia at
day 50, and these remained normoglycemic through the end
of the study (Fig. 6A). In addition, recipients that received
CO islets exhibited better function in an intravenous glucose
tolerance test (IVGTT) (Fig. 6B) and in area under the curve
(AUC) at 45 days post-transplantation (Fig. 6C). Mice that
received CO islets also exhibited better physical condition
including slightly higher body weights and higher survival
rate after surgery (Fig. 6D).

FIG. 5. Immunohistochemistry analysis of CO and control islet grafts 3 days post-transplantation. (A) Im-
munohistochemical staining of CTR or CO human islet grafts at 3 days post-transplantation using anti-insulin, anti-F4/80,
and c-Cas-3 staining. Scale bar: 50 lM. (B) Immunohistochemical staining of human islet grafts using anti-insulin and anti-
LC3 A/B antibodies. Scale bar: 50 lM. CTR, control. To see this illustration in color, the reader is referred to the web
version of this article at www.liebertpub.com/ars
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When suboptimal number of human islets were trans-
planted under the kidney capsule of STZ-induced diabetic
NOD-SCID mice, 66.7% of recipients that received CO islets
reached normoglycemia at 25 days post-transplantation,
whereas only 50% of recipients that received control grafts
reached normoglycemia (Fig. 6E, p < 0.05, log rank test).
More than 60% of mice that received CO islets survived until
the end of the experiment (90 days post-transplantation),
whereas all mice that received control islets died before the
end of the experiment, including those reaching normogly-
cemia (Fig. 6F). These results again indicate that CO pre-
incubation before transplantation enhances islet engraftment
and survival.

Discussion

Despite strong demand from millions of patients with type
1 diabetes, islet transplantation has yet to become a major
treatment option for this patient population. Stresses induced
during islet isolation and/or after transplantation including
hypoxia, cytokines, oxidative stress, and ER stress cause
dramatic islet cell death and early phase nonimmune-related
graft loss, which remain major hurdles for the clinical ap-
plication of this otherwise promising treatment option (9, 11,
65). We previously showed that CO exposure protects bTC3
cells and mouse islets from apoptosis (18, 62). To further
assess the possible clinical utility of CO in the prevention of
transplant-related islet cell death in diabetes, we investigated

the mechanisms of action of CO in protecting human and
mouse islets from hypoxia-induced apoptosis in vitro and
after transplantation.

We found that CO decreased the expression of proa-
poptotic (Bax, Bim), anti-inflammatory (TNF-a), and ER
stress-related proteins, and increased the expression of anti-
apoptotic protein Bcl-2 and autophagy marker LC-3II in
human and mouse islets. The short-term effects of CO pre-
incubation in human islet/b cells included increased resis-
tance to apoptosis and preservation of insulin secretory
capacity when islets were challenged by hypoxia. CO treat-
ment enhanced autophagy in islet cells when exposed to
hypoxia in vitro and immediately after islet transplantation
in vivo. The prosurvival effects of CO exposure resulted in
improved engraftment and improved survival of transplanted
islets in diabetic NOD-SCID or C57BL/6 mice. Furthermore,
the immune modulation effects of CORM-A1 resulted in
ameliorated islet-directed autoimmunity in animal models of
type 1 diabetic NOD or C57BL/6 mice via the suppression of
inflammation and apoptosis (42). Taken together, these ob-
servations highlight the potential clinical application of CO
preincubation or CORM-A1 to augment human islets/b cell
mass and function in the context of islet transplantation for
treatment of diabetes.

CO has been shown to regulate autophagy in various cell
types (8, 27, 28). In this regard, rapamycin-induced autophagy
leads to b cell death via crosstalk with the apoptosis pathway in
islets (59). We found that autophagy was increased in islet

FIG. 6. Survival and function of control and CO islets after islet transplantation. (A) Percentage of C57BL/6 mice
transplanted with 150 CO (n = 4) or control mouse islets (n = 4) that achieved normoglycemia (<200 mg/dL). (B) Intravenous
glucose tolerance test performed 45 days after transplantation in mice that received CTR (n = 4) or CO islets (n = 4).
*p < 0.05, Student’s t-test. (C) AUC for blood glucose levels during 120 min after glucose injection. *p < 0.05, Student’s
t-test. (D) Survival rate of C57BL/6 mice after receiving CO or control mouse islets. (E) Percentage of diabetic NOD-SCID
mice receiving CO (n = 7) or control human islets (n = 8) that achieved normoglycemia. (F) Survival rate of diabetic NOD-
SCID mice after receiving CO or control human islets. AUC, area under the curve; NOD-SCID, non-obese diabetic severe
combined immunodeficiency.
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cells in response to hypoxic conditions. Inhibition of autop-
hagy by chemical inhibitors (3-MA and CQ) increased apo-
ptosis in islets cultured under hypoxic conditions. However,
autophagy induced by CO preconditioning, by autophagy in-
ducers, or by overexpression of ATG4B or Beclin-1 protected
islets from apoptosis, which is consistent with other reports
(63). These observations raise the question of why autophagy
induced by hypoxia leads to cell death, whereas autophagy
induced by CO or autophagy inducers is protective. It is rea-
sonable to assume that although autophagy induced by hyp-
oxia is a prosurvival mechanism, it is insufficient to protect
islets from cell death, whereas autophagy induced by CO and
autophagy inducers was sufficient to protect islets from
hypoxia-induced cell death. Importantly, our study provides
evidence that supports a protective role of autophagy during
hypoxia-induced human and mouse islet cell death.

We found that enhancement of autophagy by CO was re-
sponsible for the increased survival of human islets chal-
lenged by hypoxia. Previous studies have shown that CO
protects against hyperoxia-induced cell death in a variety of
circumstances by enhancing Beclin-1-dependent autophagy
and phagocytosis (8, 27, 28). The protective effect of Beclin-
1-induced autophagy was confirmed in islets in our study;
however, we found that ATG16L1, rather than Beclin-1,
mediated the protective effects of CO in human and mouse
islets. To further understand the mechanisms of how autop-
hagy played a role in CO-dependent protection against hyp-
oxia, we depleted ATG16L1 in human islets, and confirmed
that ATG16L1 was, indeed, critical for CO-induced autophagy
induction and islet protection. We also observed increased
autophagy in transplanted islets 3 days post-transplantation,
further indicating that the prosurvival effects of CO were
mediated through ATG16L1-dependent induction of autop-
hagy in islets. However, it is noteworthy that although au-
tophagy induction by rapamycin could improve diabetes and
prevent b cells apoptosis in Akita mice (41), many studies
demonstrated that rapamycin had detrimental effects on b cell
survival and function (4, 59). It is, therefore, possible that a
lighter autophagy inducer such as CO exposure or CORM-A1
could induce beneficial effect of autophagy while avoiding the
toxic effects of rapamycin in b cells. Further studies comparing
the action of rapamycin with CO or CORM-A1 may be able to
answer this question.

ER stress induced by hypoxia can cause massive islet loss
in recipients after transplantation (7, 62, 65). In most cell
types, the ER stress pathway interacts with the apoptotic
pathway via Bcl-2 family proteins that tightly regulate the
caspase cascade. For example, the BH3-only domain proteins
PUMA and Bim are known to be activated by ER stress, and
then convey the signal to the mitochondrial apoptotic ma-
chinery (7). CO has been shown to exert antiapoptotic effects
against ER stress (24, 30). We found that CO exposure sup-
pressed expression of ER stress proteins grp78, grp94, and
CHOP, the proapoptotic gene Bim, and upregulated Bcl2.
These results indicate that the antiapoptotic effect of CO is at
least, in part, mediated via its ability to suppress ER stress.

There is ample evidence that islet grafts undergo inflam-
matory responses before and after transplantation (6, 20). In
previous studies, we have shown that, by suppressing
proinflammatory cytokine expression, exposure of donor is-
lets to CO results in a higher percentage of islet allografts
reaching normoglycemia in recipients (18, 62). Similarly, in

this study, we found that islets preincubated in CO-saturated
media survived and functioned better after transplantation.
Immunohistological analysis showed that CO-treated islets
were better preserved, and exhibited decreased Caspase 3
activation, reduced infiltrating mononuclear leukocytes, and
increased autophagy in the islet graft. The RNAseq data
further confirmed that the anti-inflammatory effects of CO, in
addition to its antiapoptotic effects, contributed to improved
islet survival after transplantation.

CO functions as a cellular signaling molecule in many cell
types, including islet cells, wherein CO has been suggested to
stimulate insulin and glucagon release (19). A number of the
known effects of CO as a signaling molecule are believed to
depend on stimulation of soluble guanylate cyclase (22, 37,
50). In this study, we found that CO enhanced insulin se-
cretion by an effect exerted at the level of insulin granule
exocytosis. Lundquist et al. reported that CO not only plays a
regulatory role in glucose-stimulated insulin release through
the guanylate cyclase-cGMP system but is also a trigger of
intracellular calcium transients thought to coordinate the
secretory activity of b cells (31). CO can strengthen the se-
cretory activities of islets for longer times and over longer
distances than nitric oxide, another critical gaseous signaling
molecule (19, 44). Taken together, we suggest that CO im-
proves b cell function through increased insulin secretion.
Further studies will be required to address the exact mecha-
nism(s) by which CO regulates insulin secretion.

CO and CORMs are gradually being accepted as a cyto-
protective and homeostatic molecule in multiple preclinical
models of organ transplantation and inflammatory disorders
(39), and may have potential translational application in
clinical islet transplantation. For example, we are currently
testing the protective effect of isolating islets in CO-saturated
medium in the prevention of islet death and surgical diabetes
in chronic pancreatitis patients undergoing total pancrea-
tectomy and islet autotransplantation (NCT02567240). In
summary, we have found that CO pre-exposure inhibits
hypoxia-induced mouse and human islet death via upregu-
lation of autophagy. CO exposure quenches inflammation
and cell death in vitro and after islet transplantation. We
identify mechanisms by which CO protects islets from stress-
induced apoptosis. CO exposure has potential as a simple and
efficient approach to improve efficacy of human islet trans-
plantation and to reduce stress-induced islet cell death in
diabetes.

Materials and Methods

Animals

Male C57BL/6 and NOD-SCID mice at 6–8 weeks of age
were purchased from the Jackson Laboratory (Bar harbor,
ME). Mice were fed normal chow. All procedures and pro-
tocols were approved by the IACUC committee of the
Medical University of South Carolina.

Exposure of islets to hypoxia and CO

Human or mouse islets were cultured at 37�C in an Oxy-
cycler (Biospherix)-controlled incubator. Normoxic condition
was 5% CO2 with normal air; hypoxic condition was 1% O2.
CO exposure was in medium containing 1% CO. Bubbling
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preservation solution with 1% CO for 10 min resulted in a
CO concentration of 13 – 2.5 lmol/L in solution (26).

Real-time polymerase chain reaction analysis

RNA was extracted from cells and reverse transcribed into
cDNA using a real-time polymerase chain reaction (RT-
PCR) kit (Applied Biosystems). Expression levels of ATG3,
ATG5, ATG7, ATG12, ATG16L1, Beclin-1, Bcl-2, Bax,
Bim, and TNF-a mRNA were analyzed using commercially
available primers from Applied Biosystems. PCRs were
performed using the ABI 7700 sequence detection sys-
tem (Perkin-Elmer, Applied Biosystems) as described pre-
viously (16). Fold changes in gene expression normalized
to GAPDH expression were plotted, and compared be-
tween groups.

Isolation of mouse islets

Islets were excised and placed in normal or CO-saturated
media. Islets were isolated from mice as described (62). In
brief, pancreas was perfused with 5 mL of 0.6 mg/mL col-
lagenase (Sigma) in Hanks’ buffered saline solution (Hy-
clone) via the pancreatic duct, dissected, and digested at
37�C for 7 min; the digested pancrease was then passed
through a 400-lm wire mesh. The digested pancreas was
rinsed with Dulbecco’s modified Eagle medium (DMEM)
(Hyclone) containing 10% (v/v) bovine serum albumin
(Hyclone), and islets were separated by density gradient
centrifugation in Histopaque (Sigma). After several washes
with DMEM, islets were handpicked under a dissecting
microscope and cultured overnight in DMEM containing
10% fetal bovine serum (FBS), 100 U/mL penicillin, and
streptomycin (Hyclone) in humidified 5% CO2 and 95% air
at 37�C. Islets isolated with CO-bubbled mediums were
cultured in Oxycycler containing 250 ppm of CO, 5% CO2,
and 95% of air.

Human islets

Isolated human islets were obtained from Georgetown
University. None of the donors had a previous history of
diabetes or metabolic disorders. Islet purity was 90–95%, as
assessed by dithizone staining. Islet viability was assessed by
the Live/Dead viability/cytotoxicity kit for mammalian cells
(Molecular Probe, L-3224). Human islets were cultured in
normal or CO-saturated media.

Cell culture and transfection

bTC3 cells were cultured in DMEM with 10% FBS, 100 U/
mL penicillin, and streptomycin (Hyclone) in humidified
5% CO2, 95% air at 37�C. Transfection of bTC3 using the
ptfLC3 Plasmid (Addgen, plasmid #21074) was performed
using LipofectAMINE2000 (Invitrogen) according to the
manufacture’s protocol. Stable transformants were selected
in medium containing 500 lg/mL G418 (Invitrogen). In
both ATG5 and ATG7 RNA knocking down experiments,
cells were transfected with a 50 nM final concentra-
tion of corresponding siRNAs using LipofectAMINE2000
(Invitrogen).

Diabetes induction and islet transplantation

Diabetes was induced in male C57BL/6 mice or NOD-
SCID mice by a single intraperitoneal injection of STZ
(130 mg/kg; S-0130-1G, Sigma). Serum glucose levels were
monitored using a FreeStyle Lite glucometer (FreeStyle). In
cases wherein blood glucose levels were above the maximum
meter reading, 500 mg/dL was recorded. Mice were consid-
ered diabetic when nonfasting blood glucose exceeded
300 mg/dL for at least 2 consecutive days. Islets were trans-
planted under the kidney capsule in recipients. For mouse
islets, 150 C57BL/6 islets were transplanted per recipient;
300 human islets were transplanted per NOD-SCID mouse
recipient. Mice with blood glucose levels <200 mg/dL were
considered normoglycemic.

LDH and apoptosis enzyme-linked
immunosorbent assay

Islets were incubated in a hypoxia chamber (1% O2, 37�C)
for the indicated time. Apoptosis was measured using an
LDH activity assay kit (Sigma) and an In Situ Cell Death
Detection Kit (Sigma) according to the manufacturer’s rec-
ommendation.

Intravenous glucose tolerance test

For IVGTT, mice were fasted overnight and injected with
glucose solution (1 g/kg) via tail vein. Blood glucose levels
were measured at 0, 15, 30, 45, 60, 90, and 120 min after
glucose injection. AUC from each mouse was calculated and
used to compare efficacy of glucose disposal.

Gene expression profile by RNAseq analysis

Islet grafts under the kidney capsule were retrieved 3 days
post-transplantation. RNA was extracted using the ISOLATE
II RNA Mini kit (BIOLINE), and gene expression profiles
were analyzed by RNAseq. Gene expression profiles were
uploaded to the Ingenuity Analysis Software, and the differ-
ential expression of individual genes was used to obtain the
most relevant biochemical networks with functional links.

Glucose-stimulated insulin release

Glucose-stimulated insulin release (GSIS) was performed
by stimulating islets with 3 or 11 mM glucose. Insulin se-
cretion was measured by an insulin chemiluminescence
enzyme-linked immunosorbent assay (ELISA) kit (ALPCO,
80-INSHU-E01.1). A stimulation index was calculated using
the ratio of insulin secreted at 11 mM glucose divided by
insulin secreted at 3 mM glucose in each group.

Adenovirus construction and transfection

Adenovirus expression vectors for Beclin-1 (AdBeclin-1)
or ATG4B (AdAT4B) were constructed with the corre-
sponding complementary DNAs using the ViraPower Ade-
noviral Gateway Expression Kit (Invitrogen, Carlsbad, CA).
ATG16L1 adeno-associated virus (AAV) siRNA pooled vi-
rus (serotype 2) was purchased from ABM (Applied Biolo-
gical materials Inc.). Islets were infected with AdBeclin-1 or
AdATG4B at 1–10 MOI in defined medium or DMEM, re-
spectively. AdGFP or Adb-galactosidase (AdLacZ) was used
as empty vector controls.
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Western blot

Control or CO islets were cultured under normoxic or
hypoxic conditions for indicated times and washed with PBS.
Total cell lysates (30 lg) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis, transferred to
polyvinylidene fluoride membranes, and incubated with pri-
mary antibodies against AKT (#9272; Cell Signaling Tech-
nology), Atg3 (3415P; Cell Signaling Technology), ATG4B
(13507S; Cell Signaling Technology), Atg5 (12994P; Cell
Signaling Technology), ATG7 (8558P; Cell Signaling
Technology), ATG16L1 (8089P; Cell Signaling Technol-
ogy), b-actin (sc-492; Santa Cruz), Bax (sc-493; Santa Cruz),
Beclin-1 (3495P; Cell Signaling Technology), Bcl-2 (sc-
69879; Santa Cruz), Bim (#2933S; Cell Signaling Technol-
ogy), CHOP (sc-575; Santa Cruz), c-Cas-3 (9664P; Cell
Signaling Technology), cleaved-caspase-9 (7237P; Cell
Signaling Technology), cleaved-PARP (5625P; Cell Signal-
ing Technology), eIF2a (9722S; Cell Signaling Technology),
GRP78 (sc-13968; Santa Cruz), GRP94 (ADI-SPA-850;
Enzo lifesciences), HIF-1a (MAB5382; EMD Millipore),
IRE1a (3294S; Cell Signaling Technology), LC3A/B (12741P;
Cell Signaling Technology), p62 (Cell Signaling Technology),
p-AKT (9272s; Cell Signaling Technology), p-eIF2a (35987S;
Cell Signaling Technology), or p-PERK (sc-32577; Santa
Cruz). Horseradish peroxidase-conjugated secondary anti-
bodies were from Cell Signaling Technology. Signals were
visualized using an enhanced chemiluminescence detection
kit (34096; Thermo Scientific). Relative protein expression
of genes was quantified using ImageJ software.

Assessment of islet cell death and inflammation

Immunohistochemistry of islet grafts was performed as
described previously (62). Kidney carrying islet grafts was
snap frozen in precooled 2-methylbutanol in liquid nitrogen.
Sections (5 lm) were fixed in cold acetone for 3 min, fol-
lowed by staining with anti-insulin (A0564; DAKO), anti-F4/
80 (ab6640; Abcam), antic-Cas-3 (9661; Cell Signaling), and
anti-LC3A/B antibodies (12741P; Cell Signaling); all anti-
bodies were used at a 1:200 dilution. Positively stained cells
were observed and quantified under a fluorescent microscope.

Preparation of cells for EM

For EM analysis, cells were pelletized and fixed in 2%
phosphate buffered glutaraldehyde (EMS, 16536-10) for 1 h.
Cell pellets were rinsed in 0.1 M phosphate buffered rinse,
and then post fixed in 2% aqueous osmium tetroxide (75632;
Sigma) for 30 min. After rinsing in distilled water, the pellets
were dehydrated through a series of graded ethyl alcohol
(32205-500ML; ETOH, Sigma) steps: 50% ETOH for 5 min,
70% ETOH for 5 min, 95% ETOH for 5 min, and twice with
100% ETOH for 5 min each. The dehydrant was removed
using the intermediate fluid, propylene oxide (EMS, 20401),
two changes of 10 min each. The pellets were infiltrated with
a 1:1 solution of propylene oxide and EMbed 812 (EMS,
14120) for 1 h. The infiltration was continued using a 1:2
solution of propylene oxide and EMbed 812, overnight. The
pellets were embedded in EMbed 812 the following day and
polymerized in a 60�C oven for 48 h. Preliminary 1/2 lm
sections were cut and stained with toluidine blue (EMS,
22050) and examined using a light microscope.

Statistical analyses

Percentage of recipients reaching normoglycemia after
transplantation was compared by Kaplan–Meier survival
curves plotted using StatView software. Statistical analyses
were carried out by Student’s t-test or one-way ANOVA
followed by Turkey’s post hoc test. A p value of <0.05 was
taken as evidence of statistical significance.
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Abbreviations Used

3-MA¼ 3-methyladenine
AAV¼ adeno-associated virus

AH¼ amiodarone hydrochloride
AUC¼ area under the curve

c-Cas-3¼ cleaved-Caspase 3
CO¼ carbon monoxide

CORM¼CO-releasing molecule
CQ¼ chloroquine

CTR¼ control
DMEM¼Dulbecco’s modified Eagle medium
ELISA¼ enzyme-linked immunosorbent assay

EM¼ electron microscopy
ER¼ endoplasmic reticulum

FBS¼ fetal bovine serum

GSIS¼ glucose-stimulated insulin release
HPX¼ hypoxia
IPA¼ ingenuity pathway analysis

IVGTT¼ intravenous glucose tolerance test
LDH¼ lactate dehydrogenase
MOI¼multiplicity of infection

NOD-SCID¼ non-obese diabetic severe combined
immunodeficiency

NOX¼ normoxia
PE¼ phosphatidylethanolamine
PI¼ propidium iodide

qPCR¼ quantitative polymerase chain reaction
RT-PCR¼ real-time polymerase chain reaction

STZ¼ streptozotocin
TF¼ trifluoperazine
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