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Abstract

Purpose Autophagy is a natural mechanism aimed to degrade and recycle cellular components within cells. Previous studies
reported that autophagy in the intestinal epithelium can be activated and that excessive autophagy can have negative conse-
quences. However, the mechanism by which autophagy is regulated during intestinal epithelial injury remains unclear. This
study aimed to investigate the mechanism of autophagy regulation during intestinal epithelial cells (IEC) injury.

Methods Rat IEC18 were exposed to hypoxia and Lipopolysaccharide (LPS) (200 pg/ml) to induce injury. IEC18 were
treated with autophagy initiation inhibitor, Wortmannin or with autophagy degradation inhibitor, Bafilomycin A1 were
added for 24 h. We assessed the number and diameter of autophagic vacuoles, Cell viability, inflammation and apoptosis.
Results Hypoxia and LPS administration increased the number and diameter of autophagic vacuoles in IEC18. Wortmannin
administration reduced the number and diameter of autophagic vacuoles. On the contrary, Bafilomycin Al administration
increased the number of autophagic vacuoles. Cell viability increased following administration of Wortmannin and decreased
following administration of Bafilomycin Al.

Conclusions We found that accumulation of autophagic vacuoles which characterize excessive or incomplete autophagy was
detrimental to cell survival. This was shown by an increase in the number and size of the autophagic vacuoles with Bafilo-
mycin Altreatment after hypoxia and LPS stressors relative to hypoxia and LPS alone. Conversely, there was a decrease in
the number of autophagic vacuoles with Wortmannin treatment after hypoxia and LPS stressors relative to hypoxia and LPS
alone. Therefore, reducing autophagosomes accumulation may represent a novel therapeutic strategy for intestinal injury.
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Introduction

Autophagy is an intracellular degradation process that medi-
ates the bulk clearance of long-lived and injured proteins,
mitochondria, defective organelles and certain pathogens.
Autophagy also provides a source of nutrition during periods
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of stress to promote healthy cell homeostasis and boost sur-
vival [1].

Autophagy proceeds through the sequential nuclea-
tion and elongation of a double-membraned vesicle called
an autophagosome, encapsulating a portion of cytoplasm
in the process. Then, autophagosomes fuse to lysosomes
and the vacuoles form autolysosomes (Fig. 1a). The acidic
pH and enzymatic action of hydrolases within the lyso-
some lead to the breakdown of the internal membranes of
autophagosomes as well as their contents [2]. Each stage of
autophagy has its own regulations. The master controller of
the initiator of autophagy is the phosphoinositide 3-kinase
(PI3K)—protein kinase B (AKT), a target of the Rapamycin
complex in mammals (mMTOR) pathway, which represses
autophagosome biogenesis and autophagy under basal and
stimulation conditions. Upon the onset of certain stressors,
mTOR becomes deactivated which leads to the initiation of
autophagosome biogenesis and autophagy [3].
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Fig. 1 Autophagic pathway and effects of autophagic inhibitor. a The
autophagic pathway proceeds through several phases, including initia-
tion (formation of a pre-autophagosomal structure leading to an iso-
lation membrane by phagophore), vesicle elongation, autophagosome
maturation and cargo sequestration, and autophagosome-lysosome
fusion. Finally, autophagosomal contents are degraded by lysosomal
acid hydrolases and the contents of the autolysosome are released for
metabolic recycling. Wortmannin can inhibit initiation of autophagy
via inhibiting autophagic sequestration. Bafilomycin Al prevents
cargo degradation and functional autophagic flux. Autophagic vacu-
oles include autophagosomes and autolysosomes. b Transmission

Currently autophagy is largely believed to function as
a pro-survival process due to its critical role in cellular
energy and nutrition homeostasis. In addition, autophagy
protects cells from excessive inflammation by directly sup-
pressing pro-inflammatory complexes or indirectly facili-
tating the efficient clearance of damaged organelles [4,
5]. However, various stress conditions such as hypoxia,
starvation, Lipopolysaccharide (LPS), and reactive oxygen
species (ROS) [6], and/or certain drugs such as Rapamy-
cin [7], Imatinib [8], and Everolimus [9] induce excessive
autophagy. Furthermore, excessive autophagy often com-
promises autolysosomal activity and causes cell death such
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electron micrographs showing autophagic vacuoles within IEC 18
after following administration of hypoxia and LPS together with
Wortmannin or Bafilomycin Al. White triangles show autophagic
vacuoles including autophagosomes and autolysosomes. Number (c)
and diameter (d) of autophagic vacuoles of IEC 18 following admin-
istration of hypoxia and LPS with Wortmannin or Bafilomycin Al
measured using transmission electron microscopy. Data are presented
as means+SD from four independent experiments and differences
between mean values were assessed by one-way ANOVA. p<0.05
was considered significant. N.S. non-significance. Scale bars 2 pm

as apoptosis and autophagy-associated cell death [4, 10].
Previous studies reported that autophagy in the intestinal
epithelium can be activated and that excessive autophagy
can have negative consequences [11]. However, the mech-
anism by which autophagy is regulated in the intestinal
epithelial during injury remains unclear.

In this study, we investigated chemical autophagy dur-
ing intestinal epithelial injury to discern the effects of
decreased autophagosome formation or lysosomal dys-
function on cell viability.
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Materials and methods
Epithelial cells and experimental groups

Rat small-intestinal epithelial cells (IEC 18) were purchased
from the American-Type Culture Collection (ATCC, Manas-
sas, VA) and grown in Dulbecco’s modified Eagle’s medium
containing high glucose (DMEM, Gibco BRL), supple-
mented with 10% fetal bovine serum (FBS, GibcoBRL) and
100 mg/ml penicillin and streptomycin (Sigma-Aldrich).
Cells were cultured at 37 °C in a humidified atmosphere
composed of 5% CO,.

Three experimental groups were utilized in this study:
(1) control: IEC 18 were untreated; (2) hypoxia and LPS
to mimic injury: IEC 18 were exposed to hypoxia (5%
0O,) and LPS (200 pg/ml) for 24 h; (3) hypoxia and LPS
(injury) together with Wortmannin administration: IEC 18
were exposed to hypoxia (5% O,) and LPS (200 pg/ml) to
mimic injury and concomitantly exposed to the inhibitor
of autophagy initiation, Wortmannin (10 uM) (inhibitor of
phosphoinositide 3-kinases: Sigma-Aldrich, W1628) for
24 h; (4) hypoxia and LPS (injury) together with Bafilomy-
cin Al administration: IEC 18 were exposed to hypoxia (5%
0O,) and LPS (200 pg/ml) to mimic injury and concomitantly
exposed to the inhibitor of autophagic flux, Bafilomycin A1l
(10 nM) (inhibitor of vacuolar-type Hydrogen potassium
ATPase) (Sigma-Aldrich, B1793) for 24 h.

Electron microscopy

Cells were fixed with 2% glutaraldehyde and 2% paraform-
aldehyde in 0.1 mol/L sodium cacodylate buffer at a pH
of 7.3 for 2 h at room temperature. Then cells were post
fixed with 1% osmium tetraoxide and dehydrated through a
graded ethanol series from 50 to 100%. Samples were infil-
trated with propylene oxide and embedded in spur resin.
Thin sections of 70 nm were cut by diamond knife and put
on formvar cupper grid. Sections were viewed by Tecnai
FEI T20 at 120 kV.

Cell viability (MTT assay)

Cell viability was tested utilizing a colorimetric assay that
measures formazan, which is a species generated by the
conversion of MTT [3-(4,5-dimethylthiazol-2-yl1)-2,5-di-
phenyltetrazolium bromide] into formazan by the mitochon-
drial enzyme succinate dehydrogenase. After the cells were
treated with hypoxia and LPS, Wortmannin (group 3) or
Bafilomycin A1l (group 4), 0.5 mg/ml MTT (ATCC, Manas-
sas, VA) was added to the media. Following 3 h of incuba-
tion, the insoluble formazan crystals within the cells were
extracted using DMSO, and the absorbance was measured
using a microplate reader (Molecular Devices SpectraMax
Gemini EM) at a wavelength of 570 nm.

Quantitative gene expression

Total RNA was isolated from IEC 18 using TRIzol rea-
gent (Invitrogen, Carlsbad, CA). RNA (1 pg) were reverse
transcribed using qScript cDNA supermix (Quanta Bio-
sciences, Gaithersburg) and SYBR green-based RT-qPCR
was performed with advanced gPCR Supermix (Wisent Inc.,
Quebec, Canada). Gene expression levels were quantified
using Bio-Rad CFX Manager Software (Hercules, USA).
Expression levels were calculated using the AACt method,
and data were normalized to reference housekeeping genes
GAPDH and RPLO. Inflammation (IL-6 and TNFa) and
cellular apoptosis (caspase3) were analyzed. Sequence of
primer in each gene is shown in Table 1.

Statistical analysis

GraphPad Prism6 (GraphPad Software Inc., San Diego, CA,
USA) was used for statistical analyses. Results are presented
as mean + SD, as data were normally distributed (Kolmogo-
rov—Smirnov test). Groups were compared using Student’s
t test or one-way ANOVA with Bonferroni correction as
appropriate. p values of < 0.05 were considered significant.
Data were quoted as mean =+ standard deviation unless indi-
cated otherwise.

Table 1 Primer genes used in
running quantitative reverse

Gene

Forward sequence (5'-3")

Reverse sequence (5'-3')

transcription lpolychfii}f]l r}fa?tion IL6 CCAATTTCCATTGCTCTCCT ACCACAGTGAGGAATGTCCA
(GRT-PCR) along with their TNFa TTCCGAATTCACTGGAGCCTCGAA TGCACCTCAGGGAAGAATCTGGAA
forward and reverse sequences
Caspase 3 CCTCAGACATTCATGG GCAGTAGTCGCCTCTGAAGA
GAPDH TGAAGCAGGCATCTGAGGG CGAAGGTGGAAGAGTGGGAG
RPLO GGCGACCTGGAAGTCCAACT CCATCAGCACCACAGCCTTC

IL6 Interleukin 6, TNFa tumor necrosis factor-alpha, GAPDH glyceraldehyde 3-phosphate dehydrogenase,

RPLO ribosomal protein LO
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Results

Effects of Wortmannin and Bafilomycin A1
on autophagic vacuole number and diameter

Following administration of hypoxia, LPS, and Wortman-
nin or Bafilomycin A1, the number of autophagic vacuoles
including autophagosomes and autolysosomes were meas-
ured using Electron microscopy (Fig. 1b).

We observed a significant increase the number
of autophagic vacuoles 24 h post-administration of
hypoxia+ LPS compared to control (control: 2.2 +1.07,
hypoxia+LPS: 13.4+2.72, p<0.01) (Fig. 1c). Wortman-
nin administration with hypoxia and LPS had a signifi-
cant decrease in the number of autophagic vacuoles and
Bafilomycin Al administration with hypoxia and LPS had
a significant increase in the number of autophagic vacu-
oles in comparison to of hypoxia+ LPS alone (Wortman-
nin administration with hypoxia and LPS: 1.75+1.16,
p<0.01; Bafilomycin Al administration with hypoxia and
LPS: 47.25+11.36, p<0.01).

There was a significantly larger diameter of autophagic
vacuoles 24 h post-administration of LPS 4+ hypoxia com-
pared to control (control: 0.26+0.16 pm, hypoxia + LPS:
1.24 +0.26 pm, p<0.01) (Fig. 1d). Wortmannin admin-
istration with hypoxia and LPS did not show a signifi-
cant difference in the diameter of autophagic vacuoles
relative to hypoxia and LPS. By contrast, Bafilomycin Al
administration with hypoxia and LPS had a significantly
larger autophagic vacuoles compared to administration of
hypoxia+ LPS (Wortmannin administration with hypoxia
and LPS: 1.15+0.31 pm, p=0.35; Bafilomycin A1 admin-
istration with hypoxia and LPS: 2.73+1.01 pm, p <0.01).
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Fig.2 Effect of inhibitor of autophagy flux. a Cell viability of IEC-
18 following administration of hypoxia and LPS with Wortmannin or
Bafilomycin Al measured using an MTT colorimetric assay. b—d Rel-
ative expression of IL6 and TNFa inflammatory markers and caspase
3 apoptotic marker in IEC 18. IL6 (b), TNFa (c¢) and caspase 3 (d)
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Wortmannin increased cell viability
while Bafilomycin A1 decreased cell viability relative
to hypoxia and LPS alone

Following administration of hypoxia, LPS, Wortmannin,
or Bafilomycin Al, cell viability was measured using an
MTT assay after 24 h (Fig. 2a). Compared to control, we
observed a significant decrease in cell viability 24 h post-
administration of hypoxia+ LPS (control: 0.59 +0.14,
LPS + hypoxia: 0.43 +0.05, p <0.01). Compared to admin-
istration of hypoxia+ LPS alone, Wortmannin adminis-
tration with hypoxia and LPS increased cell viability
while Bafilomycin Al administration with hypoxia and
LPS decreased cell viability (Wortmannin administration
with hypoxia and LPS: 0.49 +0.03, p =0.03; Bafilomy-
cin Al administration with hypoxia and LPS: 0.34 + 0.06,
p<0.01).

Wortmannin and Bafilomycin A1 both did
not significantly affect inflammation relative
to the hypoxia and LPS treated groups

The mRNA expressions of inflammatory cytokines
were significantly higher in the groups of cells receiv-
ing hypoxia and LPS compared to control (IL6: p <0.01,
TNFa: p <0.01, Fig. 2b, c¢). There was no significant dif-
ference in IL6 and TNFa among the three groups receiv-
ing stress factors (hypoxia and LPS) indicating that the
administration of Wortmannin or Bafilomycin A1 did not
affect inflammation (Fig. 2b, c).
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relative mRNA expression levels were measured using qPCR. Data
are presented as means+ SD from four independent experiments and
differences between mean values were assessed by one-way ANOVA.
p <0.05 was considered significant. N.S. non-significance
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Caspase 3 (mediator of apoptosis) was decreased
by Wortmannin and increased by Bafilomycin A1

The mRNA expressions of caspase 3 were significantly
higher in the hypoxia and LPS group relative to control
(p<0.01, Fig. 2d). However, during stress factors expo-
sure (hypoxia and LPS), Wortmannin administration
decreased the expression of caspase 3 while Bafilomycin
Al increased this expression, compared to administration
of hypoxia+ LPS alone (Wortmannin administration with
hypoxia and LPS: p=0.04; Bafilomycin A1 administration
with hypoxia and LPS: p=0.04, Fig. 2d).

Discussion

In this study, we demonstrated that accumulation of
autophagic vacuoles was related to cellular toxicity. Our data
show that stimulation of autophagosome synthesis such as
that seen in hypoxia and LPS administration can be cata-
strophic when autophagy flux is defective.

Wortmannin is a selective inhibitor of phosphatidylino-
sitol 3-kinase (PI3K) which is required for autophagy [12].
Inhibition of PI3K with Wortmannin can inhibit initia-
tion of autophagy via inhibiting autophagic sequestration
[13]. Bafilomycin Al inhibits autophagic flux through two
independent targets. By inhibiting the lysosomal proton
pump V-ATPase, Bafilomycin Al prevents autolysosome
acidification and lysosomal enzyme activation. Addition-
ally, Bafilomycin Al-dependent inhibition of the endoplas-
mic reticulum calcium (2+4)-ATPase induces a defect in
autophagosome-lysosome fusion. Bafilomycin A1 prevents
cargo degradation and functional autophagic flux by acting
on the autophagic process [14].

We demonstrated that the hypoxia and LPS-stimulated
IEC 18 showed a significantly decreased cell viability
compared with the control cells. Moreover, we found that
inhibition of autophagy initiation by Wortmannin signifi-
cantly abolished the hypoxia and LPS-mediated decrease
in cell viability and increased apoptosis of IEC 18. In
contrast, inhibition of autophagy flux by Bafilomycin Al
significantly worsened the hypoxia and LPS-mediated cell
viability and increased apoptosis of IEC 18.These effects
on cell viability and apoptosis can be attributed to the regu-
lation of autophagy by Wortmannin and Bafilomycin Al
and highlight the important role that appropriately regulated
autophagy plays in maintaining cells.

Autophagy plays an important role in cellular home-
ostasis and clearance of toxic substrates and damaged
organelles. Moreover, autophagy is an important source
of energy in times of stress, and a defect of protein degra-
dation will eliminate this lifeline [4]. However, excessive
autophagosome synthesis negatively impacts autophagy

and leads to energy and nutrient depletion, which leads
to cellular toxicity. During periods of stress, autophago-
some synthesis is promoted. However, if autophago-
some—lysosome fusion is rendered dysfunctional by an
inhibitor of autophagy flux like Bafilomycin Al, further
non-fused autophagosome synthesis becomes futile to
the cell because autophagy cannot be completed. Also,
excessive stress may cause a feedback loop to induce more
autophagosome formation [15]. Therefore, the synthesis
of non-fused autophagosomes is detrimental to cell sur-
vival by causing more strain on energy levels as well as a
failure to clear potentially harmful toxins and promoting
cell death [16]. Based on our study, reducing accumula-
tion of autophagosomes may ameliorates cell viability of
enterocytes.

Autophagy is induced by multiple stress pathways
which may impact the intestinal barrier such as necrotiz-
ing enterocolitis (NEC) [11, 17] ischemic reperfusion (I/R)
[18] and bacterial infection [19]. Neal et al. stated that
the development of NEC in both mouse and human was
associated with increased enterocyte autophagy; further-
more, they suspected that the induction of autophagy was
not merely a consequence of NEC but a cause of NEC [8].
Moreover, Yu et al. demonstrated that autophagy and apop-
tosis were both rapidly upregulated in the rat experimental
NEC model, where autophagy preceded the onset of apop-
tosis in the intestine [20]. These reports collectively have
also suggested some benefit of depleting autophagy in the
development of NEC [11, 20]. In the intestinal I/R model,
intestinal injury was further deteriorated, and autophagy
was further increased when pretreated with rapamycin
(inhibition of mTOR and promoter of autophagy initia-
tion). These results indicated that activation of autophagy
by rapamycin aggravated intestinal injury induced by I/R
[18]. In the same study, Li et al. also described that it
showed that inhibition of autophagy could reduce intes-
tinal injury induced by I/R [18]. Therefore, our model of
toxicity resulting from accumulation of autophagosomes is
consistent with previous studies and provides mechanistic
insight into this phenomenon. Moreover, stimulation of
autophagosome synthesis such as that induced by hypoxia
and LPS can be worse when autophagy flux is defective.
It is important to note that the most promising strategies
for manipulating excessive autophagy in intestinal disease
treatment have been those geared toward restoring flux,
rather than solely inhibiting autophagosome synthesis.

Finally, our findings suggest that lowering the accumu-
lation of autophagosomes may have a therapeutic value
for intestinal disorders. Future in vitro as well as in vivo
investigations into the toxicity of autophagosome accu-
mulation in enterocytes may offer a new treatment option
for these conditions.
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