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Recent studies have implicated mitochondrial dysfunction as a
trigger of inflammatory bowel diseases, including Crohn’s dis-
ease (CD) and ulcerative colitis (UC). We have investigated the
role of the mitochondria gate-keeper protein, the voltage-
dependent-anion channel 1 (VDAC1), in gastrointestinal
inflammation and tested the effects of the newly developed
VDAC1-interacting molecules, VBIT-4 and VBIT-12, on UC
induced by dextran sulfate sodium (DSS) or trinitrobenzene
sulphonic acid (TNBS) in mice. VDAC1, which controls meta-
bolism, lipids transport, apoptosis, and inflammasome activa-
tion, is overexpressed in the colon of CD and UC patients and
DSS-treated mice. VBIT-12 treatment of cultured colon cells
inhibited the DSS-induced VDAC1 overexpression, oligomeri-
zation, and apoptosis. In the DSS-treated mice, VBIT-12
suppressed weight loss, diarrhea, rectal bleeding, pro-inflam-
matory cytokine production, crypt and epithelial cell damage,
and focal inflammation. VBIT-12 also inhibited the infiltration
of inflammatory cells, apoptosis, mtDNA release, and activa-
tion of caspase-1 and NRLP3 inflammasome to reduce the in-
flammatory response. The levels of the ATP-gated P2X7-Ca

2+/
K+ channel and ER-IP3R-Ca2+ channel, and of the mitochon-
drial anti-viral protein (MAVS), mediating NLRP3 inflamma-
some assembly and activation, were highly increased in DSS-
treated mice, but not when VBIT-12 treated. We conclude
that UC may be promoted by VDAC1-overexpression and
may therefore be amenable to treatment with novel VDAC1-in-
teracting molecules. This VDAC1-based strategy exploits a
completely new target for UC treatment and opens a new
avenue for treating other inflammatory/autoimmune diseases.
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INTRODUCTION
Inflammatory bowel disease (IBD) is a group of chronic inflammatory
conditions of the gastrointestinal tract, leading to multiple symptoms
such as diarrhea, bloody stools, abdominal pain, and weight loss.1

Twomain forms of IBD are Crohn’s disease (CD) and ulcerative colitis
(UC), which each have characteristic but diverse clinical, histopatho-
logical, endoscopic, and radiological features.1 Specifically, CD typi-
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cally presents with transmural inflammation that may affect any part
of the gastrointestinal tract, and disease presentation is dependent
upon both the location and severity of inflammation. On the other
hand, UC primarily affects the mucosa in the colon and rectum.

Although there is no cure for IBD, a variety of therapeutics (e.g., cor-
ticosteroids, immune modulators, antibiotics, amino salicylates, and
biologic therapies) are employed to helpmanage the symptoms of dis-
ease. Nonetheless, the effects of these treatments are variable and
increase the potential risk of morbidity in patients over time.1 The
precise etiology of IBD is unclear, but it is thought to be triggered
by a complex interaction between genetic, environmental, and im-
mune regulatory factors, including mitochondrial DNA (mtDNA).2,3

Gut epithelial cells have high energy requirements, andmitochondrial
dysfunction can disrupt the maintenance of mucosal and intestinal
stem cells (ISCs)4 and lead to epithelial cell apoptosis and to intestinal
diseases including IBD.5,6 Intriguingly, the intermediates of the mito-
chondrial Krebs cycle, succinate and citrate, act as pro-inflammatory
modulators of dendritic cells and macrophages.7 Mitochondria in the
epithelium of IBD patients have lower ATP levels and higher levels of
mitochondrial reactive oxygen species (mtROS), as well as evidence of
misfolded proteins, ultrastructural changes, inflammasome activa-
tion, and pro-inflammatory cytokine production.6

Mitochondria serve as an essential signaling hub in the regulation of
both innate and adaptive immunity.8–10 mtROS are necessary for the
release of neutrophil extracellular traps in a process called NETosis,
an Society of Gene and Cell Therapy.
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by which the cell death of low-density granulocytes releases oxidized
nuclear DNA, as well as mtDNA to trap bacteria.2 Release of mtDNA
into the cytosol triggers inflammasome activation and pro-inflamma-
tory responses through the cGAS-STING cytosolic DNA-sensing
pathway.3

During active IBD, mtDNA is released into the serum and acts as a
key pro-inflammatory factor and damage-associated molecular
pattern (DAMP) for immune cell activation, with a pathogenic role
in several inflammatory diseases.11 The mechanism for this release
is poorly understood, but we recently demonstrated that a large
pore formed by oligomerization of the voltage-dependent anion
channel 1 (VDAC1) mediates mtDNA movement across the outer
mitochondrial membrane (OMM).12

VDAC1 is the most abundant of the three mammalian isoforms found.
The strategic location in the OMM allows the protein to mediate the
transfer of nucleotides and metabolites such as pyruvate, malate, succi-
nate, NADH/NAD, ions such as Ca2+, and ROS between the mitochon-
drionand the cytoplasm.VDAC1 is also involved in the transport of fatty
acids, cholesterol, and hemes, and regulates the cell redox state.13–15

VDAC1 has now been estimated to interact with over 100 proteins,
some of which are involved in key cellular functions including meta-
bolism, apoptosis, signal transduction, anti-oxidation, or regulation
of DNA and RNA.13 As a result, VDAC1 has been implicated in
cell death13–16 and intracellular communication between the ER
and mitochondria, involving transfer of Ca2+ and phospholipids, as
well as mitochondrial fission, autophagy, and inflammation13,17 and
inflammasome activation.18

One major role of VDAC1 involves regulation of the release of mito-
chondrial pro-apoptotic proteins such as cytochrome c (cyto c), from
the intermembrane space (IMS) to the cytosol, and apoptosis regula-
tion via interactions with apoptosis regulatory proteins such as Bcl-2,
Bcl-xL, and hexokinase (HK).13–15 We recently demonstrated that
VDAC1 exists in a dynamic equilibrium, where inducers of apoptosis
by upregulating VDAC1 expression shift the protein state frommono-
mers toward oligomers. The oligomer forms a large channel in the
mitochondrial membrane that enables the release of pro-apoptotic
proteins, leading to cell death16,19 and the transport mtDNA.12
Figure 1. VDAC1 is overexpressed in human colon pathologies and in DSS-tre

release that are inhibited by VBIT-12

Immunohistochemical (IHC) staining of VDAC1was performed on tissuemicroarray slide

healthy (H, 4 samples), colitis (Co, 4 samples), ulcerative colitis (UC, 4 samples), and Cro

the indicated tissues were IHC stained for VDAC1 using specific antibodies. Scale bars a

area of the provided sections. Staining intensity was quantified using a panoramic micro

not significant (n = 4 for each group). (C–E) Representative images of colon tissue sectio

control and n = 7 for DSS). Scale bar is 50 mm. (D–I) CT-26 cells were incubated with the

20 mM) (n = 3). Then samples were analyzed for VDAC1 expression level by immunoblott

by PI staining and flow cytometry) (F), intracellular Ca2+ levels (G), mtROS (H), and mtD

Results, mean ± SEM, *p < 0.05, **p < 0.01, ***p < 0.001, n = 3, NS, not significant. (J) Pr

and VDAC1 oligomerization mediating the release of apoptogenic proteins from the IMS,

These processes are inhibited by the VDAC1-interacting molecules, VBIT-4 and VBIT-
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In order to counteract VDAC1 oligomerization and cell death,16,19 we
developed new molecules, VBIT-4 and VBIT-12, that interact with
VDAC1 to prevent oligomerization and subsequent apoptosis.20 We
validated their efficacy in diseases where VDAC1 is overexpressed as
type 2 diabetes (T2D)21 and in amousemodel of systemic lupus erythe-
matosus (SLE).12 In the SLE model, VBIT-4 prevented VDAC1 oligo-
merization and reduced mtDNA release, type-I interferon signaling,
the neutrophil extracellular traps formation, and disease severity.12

Here, we demonstrate that VDAC1 is overexpressed in the colon of
IBD patients and in mice with dextran sulfate sodium (DSS)-induced
colitis. DSS-induced colitis in mice22 resembles UC patients23 in
several pathophysiological and morphological features, including
loss of weight, diarrhea, rectal bleeding, production of pro-inflamma-
tory cytokines, crypt and epithelial cell damage, focal inflammation,
cellular infiltration, and ulceration. Mice treated with DSS also exhibit
swollen mitochondria, increased generation of mtROS, and decreased
ATP levels in the colonic mucosa that can be ameliorated by anti-tu-
mor necrosis factor-a (TNF-a) treatment.24

Remarkably, mice treated with VBIT-4 and VBIT-12 did not develop
DSS-induced colitis pathology in the colon tissue, and treatment in-
hibited the infiltration of inflammatory cells, apoptosis, mtDNA
release, and NRLP3 inflammasome activation and reduced the in-
flammatory response.

RESULTS
VDAC1 is overexpressed in colon tissue from patients with chronic
colitis, CD of the ileocecal junction, and UC (Figure 1A). This over-
expression was 6- to 8-fold higher relative to the levels in healthy do-
nors (Figure 1B).

Similarly, VDAC1 levels, as measured by immunohistochemistry
(IHC), were much higher in colon sections from DSS-treated mice
than in untreated controls (Figure 1C). The increase in VDAC1 levels
in IBD led us to test the effects VBIT-4 and VBIT-12 that interact with
the overexpressed VDAC1 to prevent its oligomerization and subse-
quent apoptosis20 in DSS-induced colitis.

The direct interaction of VBIT-4 and VBIT-12 with purified VDAC1
was demonstrated by their effects on the channel conductance of
ated cells, which result in VDAC1 oligomerization, apoptosis, and mtDNA

s obtained fromBiomax US (Cat No. CO245). The array contains colon sections from
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scope and HistoQuant software. Results, mean ± SEM, **p < 0.01, ***p < 0.001, NS

ns from control and DSS-induced colitis mice, IHC, stained for VDAC1 (C; n = 6 for

indicated DSS concentration for 48 h in the presence or absence of VBIT-12 (10 or

ing with acting serving as loading control (D), oligomerization (E), apoptosis (assayed

NA release (I); all were assayed as described in the Materials and methods section.

oposed coupling of VDAC1 overexpression induced by pathological conditions (IBD)

leading to apoptosis and the release of mtDNA, leading to inflammasome activation.

12, via preventing VDAC1 oligomerization.
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bilayer-reconstituted VDAC1, with VBIT-12 reducing the channel
conductance by more than VBIT-4 (Figure S1).

Preventing DSS-induced mitochondria dysfunction, VDAC1

oligomerization, apoptosis, and mtDNA release

First, we tested the effects of DSS and VBIT-12 in an in-vitro model
using two cell lines in which DSS was shown to induce cytotoxicity.25

DSS reduced the viability of a murine colorectal carcinoma-derived
cell line, CT-26, and of a human colon-cancer-derived intestinal
epithelial cell (IEC) line Caco-2, as analyzed by the XTT (2,3-bis-
(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxani-
lide) assay, but this was ameliorated by VBIT-12 (Figures S2A and
S2B). DSS treatment also induced VDAC1 overexpression, VDAC1
oligomerization, and apoptotic cell death and increased mtROS pro-
duction and intracellular Ca2+ levels, which were all inhibited by
VBIT-12 (Figures 1D–1H; Figure S2C), as reported previously for
apoptosis induction.20 VBIT-12 added to the cells in the absence of
DSS had no effect on either of the tested mitochondria-related
activities.

VBIT-12 inhibited the cytosolic release of mtDNA in CT-26 cells
treated with either DSS- or H2O2 (Figures 1I; Figure S2D). To demon-
strate the requirement of VDAC1 for mtDNA release, we measured
mtDNA release in CT-26 cells in which VDAC1 expression was
silenced by a VDAC1-specific siRNA significantly decreased H2O2-
induced release of mtDNA (Figure S2E).

The results obtained with DSS are similar to those found with other
apoptosis inducers13 and are summarized in a proposed model (Fig-
ure 1J). Stress and pathological conditions lead to VDAC1 overex-
pression and oligomerization. The oligomer then forms a channel
that facilitates the release of pro-apoptotic proteins with subsequent
apoptosis and mtDNA release leading to inflammasome activation.
VBIT-12, by preventing VDAC1 oligomerization, protects against
apoptosis and mtDNA release (Figure 1J).

DSS-induced colitis pathology was decreased by VBIT-4 and

VBIT-12 treatment

Next, we tested VBIT-12 effects on the DSS-induced colitis mouse
model. Mice were provided DSS in their drinking water for 5 days
and subjected to VBIT-12 treatment (added to the water) either
from day 2 to 14 (D2) or from day 5 to 14 (D5; Figure 2A). Represen-
tative pictures show colons isolated from mice untreated or treated
with 2% (Figure 2B) or 2.5% (Figure S3B) DSS, and with or without
VBIT-12 treatment. DSS treatment decreased the colon length by
Figure 2. VBIT-12 protects against DSS-induced UC pathology

(A) Experimental protocol for DSS-induced colitis (see Materials andmethods). Mice (8 m

kg) was given from day 2 (D2) or day 5 (D5), after the start of DSS treatment. On day 14,m

colon length and (D) spleen weight. (E) The disease activated index (DAI) and the inflamm

the significance relative to DSS-treatedmice. (F) Representative images of colon tissue se

bar is 50 mm. (G) Ki-67 staining; Scale bar, 50 mm. (H) Quantitative analysis of Ki-67. Red

lumen, and the muscularis mucosae, respectively. Results show means ± SEM, *p < 0.0

significance relative to DSS-treated mice. NS, not significant.
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about 45%, and by 22% when VBIT-12 treatment was started at
day 2, and 26% when started at day 5 (Figure 2C). Similar results
were obtained with 2.5% DSS and VBIT-12 and VBIT-4 treatment
(Figures S3A–S3C). Similar results were obtained in trinitrobenzene
sulphonic acid (TNBS)-induced colitis in which colon length
decreased by about 30% that was prevented by VBIT-12 treatment
(Figures S4B and S4C).

Body weight decreased by 32% within 10 days of DSS treatment, but
only by 10% in VBIT-12-treated mice (Figures S3D and S3E). Simi-
larly, the increase in spleen weight (35%) in the DSS-treated group
barely changed in the VBIT-12-treated mice (Figure 2D; Figure S3F).
VBIT-12 was found to be more effective than VBIT-4 in protecting
against DSS-induced colon pathology (Figure S3G). Body weight in
TNBS-treated mice decreased by 21% and 10% within 5 and 7 days
post-TNBS treatment, but only by 13% and 6% for VBIT-12 treated
mice starting at day 1 or 2 post-TNBS treatment (Figure S4D).

The clinical signs of the disease were scored according to changes in
body weight, stool consistency, stool color, and occult bleeding (Table
S2) and are presented as the disease activity index (DAI) for day 10
and day 14 (Figure 2E). The results show that VBIT-12 significantly
decreased DAI when given on the second day of DSS treatment and
was more effective than when given from the fifth day of DSS treat-
ment (Figure 2E). Similar results were obtained when mice were
treated with 2.5% DSS and VBIT-4 or VBIT-12 (Figure S3G). DAI
was highly increased in TNBS-induced colitis mice, and VBIT-12
given at day 1 was more effective than when given at day 2 post-
TNBS treatment (Figure S4E).

VBIT-12 given for 7 days to control mice not exposed to DSS or TNBS
had no effect on colon length, body weight, or colon morphology
(data not shown).

Histological analysis of H&E-stained control colon sections demon-
strates the expected structure of villi in the crypts, lumen, lamina
propria, muscularis mucosae, and submucosa (Figure 2F; Figures
S5A and S5B). In contrast, colon sections of the DSS-treated mice
show severe morphological aberrations, including swollen villi and
a high level of inflammatory cell infiltration. These abnormalities
were either dramatically reduced or absent after VBIT-12 treatment
(Figure 2F). The effects of VBIT-12 on inflammation are reflected
by the inflammation parameters score (Table S3) of the H&E-stained
colon sections (see Figure S6). VBIT-12 significantly ameliorated
inflammation and supplementation from the second day was more
ice/group) were provided with 2%DSS in drinking water for 5 days. VBIT-12 (20 mg/

ice were sacrificed andmonitored for colitis. (B) Representative images of colons, (C)

ation score (see Materials andmethods section). The p value in blue color represents

ctions stainedwith H&Ewith superficial inflammation labeled by a dashed line. Scale

, yellow, blue, white, and orange arrows point to crypts, lamina propria, submucosa,

5, **p < 0.01, ***p < 0.001, ****p < 0.0001, with p value in blue color represents the
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effective than on the fifth/last day of DSS treatment (Figures 2E; Fig-
ure S3G). Additionally, IHC staining showed that the levels of prolif-
eration marker Ki-67, which were highly increased in DSS-treated
mice colons, were decreased in VBIT-12-treated mice (Figures 2G
and 2H).

Inflammatory cell infiltration was visualized by H&E staining of colon
sections obtained from TNBS-induced colitis and was less than in
DSS-induced colitis. VBIT-12 given at day 1 or 2 post-TNBS treat-
ment significantly reduced the inflammation parameters score
(Figure S7).

The colon epithelium comprises a single layer of various subtypes of
IECs, including absorptive enterocytes, mucus-producing goblet cells
that secrete the mucus layer that protects the epithelium from the
luminal contents. Additional colon epithelial cells are the enteroendo-
crine cells that secrete various gastrointestinal hormones including
pancreozymin and enteroglucagon, among others.26 To assess the
amount and distribution of goblet cells in the tissue and to verify
the effects of VBIT-12 treatment, we stained colon sections with pe-
riodic acid-Schiff (PAS). We found that DSS elevated PAS staining in
mucin-filled goblet cells and revealed a large amount of secreted
adherent mucus in the lumen (Figure 3A). A similar increase was
seen by immunostaining with anti-mucin-2 antibodies (MUC2; Fig-
ures 3B and 3C). VBIT-12 treatment significantly decreased both
PAS and anti-mucin-2 staining (Figures 3A–3C). Notably, increased
MUC2 levels have been reported during the regenerative phase
(9 days post-DSS treatment) of the model.27 This indicates that spe-
cific adaptations of the mucus layer maintain the protective capacities
during DSS-induced colitis.

Next, we verified the effect of VBIT-12 treatment on enteroendocrine
cells, as visualized with anti-chromogranin A antibodies (Figures 3D
and 3E). The increase in the number of chromogranin A-expressing
cells seen in the colon from DSS-treated mice was attenuated with
VBIT-12 treatment, with higher efficacy seen when given at day 2
than at day 5 of DSS treatment (Figures 3D and 3E).

Furthermore, we analyzed the expression levels of alpha-smooth
muscle actin (a-SMA), vimentin, and E-cadherin in colon sections
from DSS-treated mice with or without VIBT-12 treatment (Figures
3F–3H; Figure S8). Specific antibodies directed to a-SMA primarily
stained the muscularis mucosa region in both control and DSS-
treated mice. However, DSS treatment increased the number of
a-SMA-positive cells exhibiting the long, spindle-shapedmorphology
characteristic of treatment (Figures 3F–3H). Specific antibodies
Figure 3. DSS-induced alterations in epithelial cells that were prevented by VB

Mice were treated with 2%DSSwith andwithout VBIT-12, as described in Figure 2. Repr

Schiff (PAS) (A), IHC stained with anti-MUC2 antibodies (B and C), or IF stained with anti-

chromogranin A-positive cells in the different groups (E). Nuclei were stained with DAPI

their quantitative analysis (F and G). Scale bars are 10, 20, or 50 mm, as indicated. The

muscularis layers. Quantitative analysis (C, E, andG). IF analysis of vimentin and E-cadhe

point to the high expression of vimentin in cells subjacent to the basement membrane. R
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directed to a-SMA primarily stained the muscularis mucosa region
in both control and DSS-treated mice. However, DSS treatment
increased the number of fibroblasts (Figures 3F and 3G). This obser-
vation is supported by the strong expression of the fibroblastic
marker, vimentin, in cells subjacent to the basement membrane,
juxtaposed against the bottom of the epithelial cells in DSS-treated
mice (Figures 3H; Figure S8). The results indicate that the levels of
a-SMA were increased in the colon of DSS-treated mice but were
reduced by VBIT-12 treatment (Figure 3F and 3G).

Similar results were obtained with TNF-a and vimentin staining of
colon sections obtained from TNBS-induced colitis with VBIT-12
given at day 1 or day 2 post-TNBS treatment, which reduced the
expression levels to that of the control (Figure S9). The increased
expression of both a-SMA and vimentin was not observed in colon
sections fromVBIT-12-treated DSS- and TNBS-treated mice (Figures
3F–3H; Figure S7 and S9).

The levels of the cell-cell adhesion mediator, E-cadherin, were
reduced in DSS-induced colons, while VBIT-12 treatment restored
E-cadherin expression to that of control mice (Figures 3H; Figure S8).

Sirius red staining detected increased collagen expression in colon
sections from DSS-treated mice, and VBIT-12 given from the second
day of DSS treatment reduced tissue fibrosis, as reflected by lower
collagen levels (Figure S10).

Collectively, these results indicate that pathological changes in the
colon from DSS-treated mice were attenuated by VBIT-12 and to
a lesser extent by VBIT-4. DSS administration induces clinical signs
of disease as soon as 1 day post-treatment, with changes in the
expression of tight junction proteins28 and increased expression of
pro-inflammatory cytokines.29 Thus, when starting VBIT-12 treat-
ment after 2 days of DSS treatment, the mice are already in the dis-
ease stage.

DSS-induced colon cell apoptosis is reduced by VBIT-12

As DSS increases gut epithelial cell apoptosis,30 we analyzed the effect
of VBIT-12 on several apoptosis parameters (Figures 4A–4F; Fig-
ure S11). Specifically, DSS markedly increased DNA fragmentation
in the epithelial cells, as assayed by the TUNEL (terminal deoxynu-
cleotidyl transferase dUTP nick-end labeling) staining, and this was
largely suppressed by VBIT-12 (Figure 4A). Similar results were ob-
tained in mice treated with 2.5% DSS, which showed increased TU-
NEL and caspase-3 staining that was prevented by VBIT-12 (Figures
S11A and S11B).
IT-12

esentative images of colon tissue sections stained for Goblet cells with periodic acid-

chromogranin A (D and E). Scale bars are 20 or 50 mm, as indicated. Quantification of

(40,6-diamidino-2-phenylindole) (blue). IHC staining of a-SMA of colon sections and

arrows indicate the strong staining of fibroblasts in the mucosa, submucosa, and

rin expression levels in colon sections from control and DSS-treatedmice (H). Arrows

esults, means ± SEM (n = 3), *p < 0.05, **p < 0.01 ***p < 0.001. NS, not significant.
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Similar results were obtained with cleaved caspase-3 staining of
colon sections obtained from TNBS-induced colitis with VBIT-12
was given at day 1 or 2 post-TNBS treatment that reduced both
cleaved caspase-3 and VDAC1 expression (Figures S11C and
S11D). DSS-induced apoptosis was further demonstrated by the
increased expression of pro-apoptotic proteins such as VDAC1,
caspase-1, caspase-3, caspase-8, t-Bid, Bax, and p53, and the
decreased levels of the anti-apoptotic protein Bcl-2 (Figures 4B–
4F; Figures S12 and S13). VBIT-12 treatment, particularly on day
2 of DSS treatment, prevented these changes in the protein expres-
sion levels.

The pro-apoptotic protein p53 is activated in epithelial and inflam-
matory cells during the process of colitis. p53 protein levels were
increased in the crypt IECs from UC patients.31 In agreement with
these findings, p53 levels were increased in DSS-treated mice by 4-
fold, which was attenuated with VBIT-12 treatment (Figures 4B–
4D; Figure S14). The elevated p53 induced by DSS treatment is mainly
extranuclear, mostly co-localized with themitochondrial protein ATP
synthase-5a (Figure S14). The translocation of cytoplasmic p53 to
mitochondria in response to a stress signal was demonstrated in
several studies.32–34 These findings suggest that VBIT-12 prevented
DSS-induced apoptotic cell death.

VDAC1 involves structural and functional tethering in the ER-mito-
chondria-associated membranes (MAM).17 Staining colon sections
from DSS-treated mice with anti-VDAC1 and anti-IP3R antibodies
revealed a massive increase in the levels of both protein that was
co-localized (Figure 4G). VBIT-12 treatment prevented the increase
in expression of both proteins. By using an in situ proximity ligation
assay (PLA),35 we confirmed that DSS increased MAM in the colon
(Figure 4H).

VBIT-12 prevents DSS-induced inflammation and increased

serum mtDNA levels

The inflammatory response is a central pathological process in
IBD,36 and a key mediator of inflammation, including that in
IBD, is the nuclear factor kB (NF-kB).37 Many inflammation trig-
gers, including released mtDNA, are known to activate NF-kB
and many effectors of inflammation such as inflammatory cytokines
are activated either directly or indirectly by NF-kB. Moreover, the
activation of the NF-kB pathway has been implicated in the patho-
genesis of IBD as induced by DSS.38 Thus, we focused on how
VBIT-12 treatment affected NF-kB and other NF-kB-related path-
ways in IBD.
Figure 4. Overexpression of VDAC1 and pro-apoptotic proteins in the colon of

(A) Representative TUNEL staining of colonic sections obtained from control and DSS

stained green/yellow are apoptotic cells. (B andC) Immunoblotting of apoptosis-related p

for VDAC1, Bax, t-Bid, caspase-8, caspase-3, and p53, with b-actin used as a loading

significance relative to DSS-treated mice (C). (D) IF staining of p53, scale bar is 50 mm. (E

staining. (H) Colon sections were subjected to an in situ PLA using anti-VDAC1 and anti-I

bars are 50 mm. Results, means ± SEM (n = 3–4), *p < 0.05, **p < 0.01; ***p < 0.001, *

treated mice. NS, not significant.
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Immunostaining of colon sections with anti-NF-kB antibodies re-
vealed a dramatic increase in NF-kB expression in epithelial cells
of DSS-treated mice (Figures 5B and 5D; Figure S15). Moreover,
anti-p65-NF-kB antibody staining showed that DSS-treatment
led to increased levels of phosphorylated NF-kB (p65) and its
localization in the nucleus of colon cells (Figures 5C and 5D).
VBIT-12 administration significantly reduced the levels of both
NF-kB and p-p65 in the colon of DSS-colitis-induced mice (Figures
5B–5D).

Similar results were obtained with NF-kB-p-p65 staining of colon
sections obtained from TNBS-induced colitis with VBIT-12 given
at day 1 or day 2 post-TNBS treatment, which reduced its expression
to the level of control mice (Figure S16).

We monitored the major mediators of inflammation in IBD and
specifically in UC, namely, TNF-a, and inducible nitric oxide syn-
thase (iNOS; Figures 5A, 5D, 5E, 5F; Figure S9), myeloperoxidase
(MPO)39 (Figure 5G). These play key roles in the development of
UC.40 TNF-a exerts a variety of beneficial functions in the intes-
tine, playing a critical role not only in maintaining intestinal integ-
rity but conversely also in the pathogenesis of intestinal
inflammation.

Upregulation of iNOS has been closely associated with the initiation
and maintenance of intestinal inflammation in IBD.41 Similarly, the
increased expression of iNOS seen by immunofluorescence staining
of theDSS-treatedmicewas decreased byVBIT-12 (Figures 5E and 5F).

In order to confirm these findings, we used real-time PCR and
demonstrated that the mRNA levels of iNOS, TNF-a, interleukin-
1b (IL-1b), and IL-6 were increased in DSS-treated mice colons
and that administration of VBIT-12 on days 2 or 5 of DSS treatment
strongly reduced the induced expression of the pro-inflammatory
mediator in the colon (Figure 5H).

Increases inMPO andNO levels are markers of an aggravated inflam-
matory reaction, with NO levels increasing over 100-fold in UC pa-
tients41 and the level of neutrophil MPO being proportional to
neutrophil infiltration in inflamed tissue.42 As DSS treatment induces
an influx of neutrophils into the lamina propria and submucosa, we
analyzed colonic MPO activity as a marker for neutrophil infiltration
and inflammation. Intestinal MPO activity in DSS-treated mice was
about 8-fold higher than in the control mice and was significantly
reduced by VBIT-12 treatment (Figure 5G).
DSS-treated mice was reduced by VBIT-12

-treated mice, with and without treatment with VBIT-12. Scale bar is 50 mm. Cells

roteins in colon proteins extracted from the various groups, using specific antibodies

control (B), and their quantitative analysis, with p value in blue color represents the

and F) VDAC1 IHC staining (E) and quantitative analysis (F). (G) IP3R and VDAC1 IF-

P3R antibodies. The ligation products appear in red; nuclei were DAPI-stained. Scale

***p < 0.0001, with p value in blue color represents the significance relative to DSS-
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The nucleotide-binding and oligomerization domain (NOD)-like re-
ceptors (NLRs) are pattern-recognition receptors, with the family
member, NLR pyrin domain, containing 3 (NLRP3) inflammasome
emerging as a crucial regulator of intestinal homeostasis that is acti-
vated in colitis.43 In contrast to the low expression of NLRP3 in the
colon of control mice, a very high level of expression of NLRP3 was
seen in the epithelial and stromal cells of DSS-treated mice. Treat-
ment with VBIT-12 suppressed the NLRP3 expression induced by
DSS-treatment (Figures 6A and 6B).

Importantly, the activation of the NLRP3 inflammasome requires
MAVS to recruit the NLRP3 inflammasome during RNA viral infec-
tions and direct its translocation to the mitochondria.44,45 The very
low expression of MAVS seen in control mice was much higher in
the colons of DSS-treated mice and VBIT-12 suppressed MAVS
expression (Figures 6C–6E).

NLRP3 inflammasome is composed of NLRP3, adaptor molecule
ASC, and caspase-1, with its activated caspase-1 converting the proin-
flammatory cytokines into their active forms.46 The expression levels
of caspase-1 and its activity were highly increased in the colons of
DSS-treated mice and were suppressed when the mice were treated
with VBIT-12 applied on day 2 of DSS treatment (Figures 6C, 6F,
and 6G).

The overall results demonstrate that VBIT-12 alleviates the severity of
DSS-induced colitis in mice, as reflected by suppresses the infiltration
of inflammatory cells, the decreased activity of MPO, and the lower
expression of pro-inflammatory mediators.

Acute inflammation of the mucosa leads to tissue hypoxia.47 Tissue
and cell survival, metabolism, and other functions under low oxygen-
ation conditions are regulated by the transcription factor, the hypoxia
inducible factor (HIF).48 It has been suggested that HIF augments co-
litis through a macrophage migration inhibitory factor (MIF)-depen-
dent inflammatory signaling cascade.49 Immunoblotting of HIF-1a
and MIF revealed that VBIT-12 suppressed DSS-induced elevation
of HIF-1a and MIF (Figure 6H).

Finally, the inflammatory effect of mtDNA was demonstrated in
several studies.3,11 mtDNA levels were about �5.5-fold higher in
DSS-treated mice serum relative to control mice and were decreased
to the levels of control mice when DSS mice were treated with VBIT-
12 starting 2 days after the DSS-treatment and by 40% when given on
the last day of treatment (Figure 6I). Thus, VBIT-12 given to DSS-
treated mice suppresses mucosal inflammation, as demonstrated by
Figure 5. VBIT-12 reduces inflammation signaling in DSS-induced UC

(A–D) Colon sections from DSS-treated mice with and without VBIT-12 treatment were

P65, with the inset showing nucleus-cytoplasm distribution of p-p65 (C) and quantified st

its quantitative analysis (F). Scale bars are, 10, 20, or 50 mm, as indicated. (G) MPO activ

VBIT-12. (H) Real-time PCR analysis of DSS-induced proinflammatory cytokine productio

0.05, **p% 0.01, ***p% 0.001, with p value in blue color represents the significance relat

to DSS-treated mice. NS, not significant.
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decreasing the expression of NF-kB and the inflammatory factors
IL-6, IL-1b, TNF-a, iNOS, MPO activity, and the activation of
NLRP3 inflammasome, as well as the release of mtDNA.

Inflammatory and autoimmune diseases have been identified as
prime examples of the link between metabolism and inflammation,
with immunometabolism presenting the interface between immunity
and metabolism,50,51 including in IBD.47

In this context, acetyl-glucosamine (GlcNAc) formed during bacterial
infection and degradation of the bacterial cell wall peptidoglycan in
lysosomes leads to the detachment of the glycolytic enzyme HK
from the mitochondria, which activates the NLRP3 inflammasome.51

IHC and IF staining of colon sections showed a dramatic increase in
HK-I expression in DSS-treated mice, which was reduced by VBIT-12
to the levels found in control mice (Figures 7A–7C).

Cyto c expression was also elevated in the cytoplasm of DSS-treated
mice, indicating the induction of apoptosis (Figures 7C; Figure S17).
Co-staining of HK-I and Cyto c indicated a cytoplasmic localization
of HK-I suggesting its detachment from the mitochondria to the cyto-
plasm (Figures 7C; Figure S17). The increase in the levels of cyto cwas
also suppressed by VBIT-12 treatment.

The levels of the glycolytic enzymeHK-I, the Kreb’s cycle enzyme, cit-
rate synthase (CS), and ATP synthase subunit 5a were increased 2.8-,
1.6-, and 1.5-fold, respectively, in DSS-treated mice (Figures 7D and
7E). This increase was eliminated by VBIT-12 treatment given on day
2 and also, albeit to a lesser extent, when given on day 5 (Figures 7A–
7E).

During intestinal inflammation, ATP is released continuously into
the extracellular space, generally as a result of direct cellular injury
and, specifically, through hemi-channels expressed by infiltrating in-
flammatory cells such as neutrophils.52 ATP acts as a classical DAMP
signal and is involved in inflammasome activation by signaling
through purinergic receptors such as P2X7, expressed on IECs and
lymphocytes.53 Our results demonstrate that the P2X7R expression
level is increased in colon sections obtained from DSS-treated mice,
but not in those treated with VBIT-12 (Figures 7F and 7G).

The presented results, as discussed below, demonstrate that VBIT-12
comprehensively protects against DSS-induced disease-associated pa-
thologies including increases in apoptosis, pro-inflammatory cyto-
kines, and NLRP3 inflammasome activation, and therefore suggests
that VBIT-12 has potential for the treatment of IBD.
subjected to IF staining for TNF-a (A), IHC staining for NF-kB (B), or IF staining for p-

aining intensity for TNF-a, NF-kB, and p-P65 (D). (E and F) IF staining of iNOS (E) and

ity in protein extracts obtained from control and DSS-treated mice with and without

n, as described in the Supplemental Information. Results, means ±SEM (n = 3) *p%

ive to DSS-treatedmice, with p value in blue color represents the significance relative
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DISCUSSION
The chronic inflammatory disorders of the gastrointestinal system
that comprise IBD afflict 1.6 million North Americans and 5 million
people worldwide, with nearly 15% growth over the last 5 years.1

The diverse and complex interaction between genetic, environ-
mental, and immunoregulatory factors thought to be responsible
for its pathology complicates the treatment. Currently, there are a
number of therapeutic strategies, including reinforcing epithelial
barrier function, inhibition of proinflammatory cytokines, and
blocking inflammatory cell trafficking.54 Although anti-TNF-a anti-
body therapy shows remarkable efficacy in treating IBD, many pa-
tients either do not respond to anti-TNF-a treatment or exhibit a
reduced response over time.55 This highlights the need for new mo-
lecular targets for IBD therapy.

Previously, we reported that the mitochondrial gatekeeper, VDAC1,
is overexpressed in several diseases including cancer,56 Alzheimer’s
disease,57 b-cells in T2D,21 autoimmune diseases such as lupus,12

and non-alcoholic steatohepatitis (NASH).58 Moreover, upregulation
of VDAC1 expression constitutes a mechanism by which apoptosis
inducers can trigger apoptosis.59 VDAC1 overexpression promotes
oligomerization and the formation of large channels that can facilitate
mitochondrial pro-apoptotic protein release.16 In order to prevent
VDAC1 oligomerization-mediated apoptosis and/or mitochondrial
dysfunction, we developed two VDAC1 oligomerization inhibitors:
VBIT-4 and VBIT-12.20 Their efficacy as inhibitors of VDAC1 oligo-
merization, apoptosis, and associated processes has been validated in
T2D21 and lupus models.12

Here, we demonstrate for the first time that VDAC1 is overexpressed
in the colon of IBD patients and in DSS-induced or TNBS-induced
colitis mouse models and that the VDAC1-interacting molecule,
VBIT-12, can ameliorate the colonic histological damage and inflam-
mation seen in the DSS-induced colitis mouse model. Although it is
not clear whether VDAC1 overexpression precedes the IBD colon pa-
thology, VDAC1-induced apoptosis would contribute to barrier
defects.

Our data indicate that VBIT-12 suppresses DSS-induced overex-
pressed VDAC1, mitochondrial dysfunction, apoptosis, mtDNA
release, and NRLP3 inflammasome activation in the epithelial cells
of the colon. These effects were achieved by a number of different
cellular pathways: (1) mitochondria-mediated apoptosis, (2) expres-
sion and activation of pro-inflammatory cytokines, (3) cytosolic
mtDNA- and ROS-associated inflammatory response, (4) MAVS
mediating NRLP3 assembly, and (5) extracellular ATP and intracel-
lular Ca2+-signaling.
Figure 6. DSS-induced MAVS expression, inflammation, and serum mtDNA we

Colon sections were obtained from control and DSS-treated mice with and without tre

50 mm. (C) Protein extracts from frozen colon obtained from control and DSS-treated m

anti-MAVS or anti-caspase-1 antibodies. RU indicates relative expression. (D) IHC stainin

scale bar is 50 mm. (G and H) Caspase-1 activity (G). Immunoblotting of HIF-1a andMIF w

serum were measured by qPCR. Results, mean ± SEM (n = 3) *p % 0.05, **p % 0.01,
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Extracellular ATP and intracellular Ca2+-signaling

All these pathways are associated with NRLP3 inflammasome activa-
tion, inflammation, and IBD development. Activation of the NLRP3
inflammasome is thought to be one of the key steps in the develop-
ment of inflammation in IBD, although the precise mechanism re-
mains unclear.60 Recent evidence now suggests that mitochondria
sense and integrate various danger signals and then relay the signals
to the NLRP3 inflammasome.18 The functions of the mitochondria
and VDAC1 in inflammasome activation in IBD are summarized in
Figure 8 and discussed below.

1. Mitochondria-mediated apoptosis: DSS-treatment induced
apoptosis in the colon,30 as confirmed here by colon TUNEL stain-
ing and increased expression of caspase-3, caspase-8, t-Bid, p53,
and Bax. These DSS-induced changes in apoptosis-related factors
were prevented by VBIT-12. The protective effects of VBIT-12
against apoptosis and mitochondria dysfunction suggest that the
overexpressed VDAC1 and its oligomerization play a central
role in the DSS-induced pathology. Understanding the mecha-
nism(s) that cause VDAC1 overexpression under pathological
conditions requires further study. However, based on our findings
and previous reports on IBD, we propose that VDAC1 overexpres-
sion, and the resulting mitochondrial dysfunction trigger inflam-
mation in IBD (Figure 8).

2. Expression and activation of pro-inflammatory cytokines: The
inflamed intestine seen in IBD patients is heavily infiltrated by
inflammatory cells that release a large amount of pro-inflamma-
tory mediators such as cytokines and NO.39 NF-kB signaling in
the gut epithelium has been recognized as a critical regulator of
epithelial integrity and intestinal immune homeostasis associated
with the pathogenesis of human IBD via induction of pro-in-
flammatory gene transcription.39 NF-kB regulates the expression
of many inflammatory cytokines including TNF-a, IL-1b, IL-6,
and IL-8, which can cause the gut epithelial damage seen in
IBD.39

The increased expression of NF-kB and the phosphorylated p65 seen
in the DSS-treated mice led to an increase in NLRP3 inflammasome
levels. Our findings indicate that VBIT-12 suppresses the DSS-
induced induction of NF-kB, the prime regulator of NLRP3 expres-
sion.61 In epithelia and immune cells, NF-kB primes the expression
of pro-IL-1b and pro-IL-18 that are activated by cleavage by the acti-
vated NLRP-caspase-1 inflammasome. Caspase-1 has been identified
as a central mediator of DSS-induced colitis.62 In the present study,
we provide evidence that the levels of NLRP3 expression and of cas-
pase-1 and its activation were increased in colons of DSS-treated
mice, but not in VBIT-12-treated mice.
re all prevented by VBIT-12

atment with VBIT-12 and subjected to IF staining for NRLP3 (A and B); scale bar is

ice with and without treatment with VBIT-12 were subjected to immunoblotting with

g for MAVS and its quantification (E); scale bar is 50 mm. (F) IF staining for caspase-1;

ith their relative expression presented as relative units (RU, H). (I) Levels of mtDNA in

***p % 0.001, ****p % 0.0001. NS, not significant.



Figure 7. DSS-induced UC alterations in the expression of metabolism-related enzymes and P2X7 receptor that were prevented by VBIT-12 treatment

Representative colon sections obtained from control or DSS-treatedmice with and without treatment with VBIT-12 were IHC stained for HK-I (A) and quantitative analysis (B).

IF staining of HK-I and cytochrome c (cyto c, C). Immunoblotting of HK-I, citrate synthase (CS), and ATPsyn5a with corresponding antibodies (D) with expression levels

quantified, with p value in blue color represents the significance relative to DSS-treated mice (E). IHC staining of P2X7 (F) and quantitative analysis (G). Scale bars are 50 mm.

Results, mean ± SEM (n = 3) *p % 0.05, **p % 0.01, ***p % 0.001, with p value in blue color represents the significance relative to DSS-treated mice. NS, not significant.
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Figure 8. Schematic model of the function of mitochondria, VDAC1, and associated proteins in the apoptosis, inflammasome activation, and inflammatory

response leading to IBD, and their prevention by VBIT-12

VDAC-1 is involved in numerous mitochondria-associated functions including epithelial metabolism, inflammation, and apoptosis, all impaired in IBD. VDAC1

overexpression induced by stress conditions (DSS) triggers mitochondria dysfunction and four major signaling pathways: (A) Mitochondrial signals (mtDNA release,

increased mtROS and Ca2+ levels, HK detachment, and MAVS assembly) that induce NLRP3 assembly and activation, leading to pro-inflammatory activation and

IBD development. MAVS, which interacts with VDAC1, stabilizes the inflammasome complex and activates NLRP3 on the MAMs. In addition, intracellular Ca2+

signaling is controlled by the MAM tether comprising VDAC1, IP3R, and other proteins. These signaling molecules facilitate the inflammasome assembly and

activation, leading to pro-caspase-1 activation and pro-inflammatory cytokine maturation. (B) The apoptosis pathway is induced by oligomerization of the

overexpressed VDAC1 to form a large channel-mediating cyto c release, apoptosome formation, caspase activation, and apoptotic cell death. The same olig-

omeric VDAC1 channel allows the release of mtDNA. (C) The HIF-a/NF-kB/MIF-regulated gene expression pathway may be induced by mtROS/hypoxia. The

activation of HIF1-a and of NF-kB by the bacterial flora of the gut increases the production of the pro-inflammatory cytokines. (D) NLRP3 activation is triggered

by various stress signals including the activation of P2X7R by ATP release from cells, leading to K+ efflux and influx of Ca2+, both of which contribute to the

activation of NLRP3, which activates caspase-1 and initiates an intestinal inflammatory cascade. In this model, the overexpression and oligomerization of VDAC1

acts as a common functional junction for all these activated pathways in IBD. Hence, inhibition of VDAC1 oligomerization by VBIT-12 suppresses apoptosis and

inflammation to prevent the IBD pathology.
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3. Cytosolic mtDNA- and ROS-associated inflammatory response:
Release of mtROS and mtDNA into the cytosol are key upstream
events implicated in NLRP3 activation. HIF-1a, which is activated
by hypoxia, enhances colitis through the MIF-dependent inflam-
matory signaling cascade49 that regulates IL-1a, IL-1b, and IL-
18 release via activation of the NLRP3 inflammasome. Oxidized
mtDNA when released into the cytosol binds to NLRP3 and acti-
vates the NLRP3 inflammasome.3,63

Recently, we demonstrated that in a mouse model of systemic lupus
erythematosus, VDAC1 oligomerizes to form a large channel that
740 Molecular Therapy Vol. 30 No 2 February 2022
promotes mtDNA release, stimulates type-I interferon responses,
and NETosis that were all decreased with VBIT-4 treatment,
including disease severity.12 Similarly, the results presented here
demonstrate that VBIT-12 decreases the DSS-induced release of
mtDNA in mice and in cells expressing VDAC1, suggesting that
VDAC1 is required for mtDNA release.

4. MAVS mediating NRLP3 assembly: Mitochondria have been sug-
gested to act as docking sites for inflammasome assembly. The as-
sociation of NLRP3 inflammasome with the mitochondria was
proposed to involve MAVS, which was shown to mediate
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NLRP3 inflammasome assembly and activation during RNA viral
infections.44,45 MAVS recruits NLRP3 and directs it to the mito-
chondria for inflammasome activation.44,45 MAVS has been
shown to interact with VDAC1,64 and the increased MAVS
expression seen in DSS mice was suppressed after VBIT-12 treat-
ment.

5. Extracellular ATP and intracellular Ca2+ signaling: NLRP3 is
associated with the ER membranes of resting cells although,
upon activation, the complex becomes associated with the
MAM,18 which is crucial for ER-mitochondrial Ca2+-signaling.
Dysfunctional epithelial mitochondria and ER stress have each
been associated with IBD, with MAM being important in Ca2+ ho-
meostasis and protein folding.17 Here, we report for the first time
that DSS-induced colitis resulted in a high increase in IP3R levels,
which was co-localized with the overexpressed VDAC1, suggesting
an increase in MAM.

A manifestation of IBD is increased ER stress in the intestinal
epithelium,65 where impaired ER function leads to an accumula-
tion of proteins. This then triggers Ca2+ release from the ER and
activates NF-kB and NF-kB-dependent gene expression.66 The in-
crease in IP3R levels and VDAC1 seen in the MAM supports the
involvement of intracellular Ca2+ stores in inflammasome
activation.

Finally, NLRP3 inflammasome activation by extracellular ATP is
mediated through the ATP-gated P2X7R channel, which mediates
Ca2+ influx67 and K+ efflux68 that activate the NLRP3 inflammasome.
ATP-activated P2X7R contributes to elevated levels of pro-inflamma-
tory cytokines such as IL-1b, TNF-a, and IL-17 in the tissue
microenvironment.53

The major source of ATP is the mitochondria. VDAC1, as the ATP
transporter,59 controls the cellular and extracellular ATP levels, and
thereby, activation of P2X7R. The increased levels of P2X7R in DSS-
induced colitis were suppressed by VBIT-12, supporting the involve-
ment of VDAC1 in P2X7R activation of the pro-inflammatory cascade
via Ca2+ influx67 and K+ efflux68 (Figure 8). In CD patients, P2X7R
expression is increased,53 and pharmacologic P2-receptor antagonists
inhibit inflammation including in IBD.

Remarkably, all these inflammatory pathways shown to activate the
NLRP3 inflammasome were activated by DSS but suppressed by
VBIT-12 treatment.

The VDAC1 requirement for inflammasome activation was sup-
ported by the findings that tunicamycin-induced inflammasome acti-
vation was impaired in cells with downregulated VDAC1, but not
VDAC2.69 Also, downregulation of VDAC1 in THP1 cells results
in a considerable decrease in caspase-1 activation and IL-1b secretion
after stimulation with various NLRP3 inflammasome activators.18

Here, we suggest that the VDAC1 overexpressed in the colon of
IBD patients and DSS-treated mice is involved in complex interac-
tions and signaling pathways leading to activation of the NLRP3 in-
flammasome, which then induces a pro-inflammatory response and
IBD (Figure 8).

This VDAC1-based scenario introduces a completely new potential
target for IBD therapy, provides proof of concept for UC, and opens
a new avenue for treating other inflammatory/autoimmune diseases
that may be amenable to the use of novel VDAC1-interacting
molecules.
MATERIALS AND METHODS
See the Supplemental Materials for Materials.
DSS-induced colitis in mice

Female, specific pathogen free (SPF) C57BL/6 (H-2b), 6- to 7-week-
old mice (Envigo, Israel) were kept in SPF static cages with a 12-h
light/dark cycle. Chow pellets and tap water were available ad libitum.
The experimental protocols were approved by the Institutional Ani-
mal Care and Use Committee of Ben Gurion University, and all the
procedures were performed in accordance with the approved guide-
lines. Animals were provided ad libitum a commercial rodent diet
and free access to either regular or DSS-containing drinking water.
DSS was prepared in drinking water (2.0% or 2.5%, w/v), and was
supplied for 5 days, followed subsequently by 8 days of regular drink-
ing water until study termination on day 14 (Figure 3A). Mice were
weighed and examined for health before disease induction and there-
after, and clinical signs of colitis such as body weight change, stool
consistency, and fecal blood content were scored on a daily basis,
starting from study day 1 to the time of scheduled euthanasia. At
the end of the study, surviving animals were euthanized by CO2

asphyxiation. Immediately after euthanasia, the entire large intestine
from the ileo-cecal junction to the anus were removed and weighed,
and the length of the colon was measured using a ruler. Then, a sec-
tion of each colon was frozen in liquid nitrogen and the rest was fixed
overnight with 4% formaldehyde in phosphate-buffered saline (PBS,
pH 7.4), dehydrated with graded alcohol, placed in xylene, and
embedded in paraffin and sectioned (5 mm). Blood was collected,
and serum was prepared and stored at �20�C until it was processed
for mtDNA measurement.
DSS-induced colitis score

Colitis severity was scored according to macroscopic and microscopic
assessments, as presented in the Supplemental Information and in
Tables S2 and S3.

Histological, immunohistochemistry, immunofluorescence, and

immunoblotting analyses of colon tissue

Formalin-fixed, paraffin-embedded sections of colon obtained from
control or DSS-treated mice with or without VBIT-4 or VBIT-12
treatment were H&E stained and probed with appropriate antibodies
via IHC or immunofluorescence, using the antibodies listed in Table
S1, as described in the Supplemental Information.
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TUNEL assay, PLA, and Sirius red staining

Fixed colon sections in paraffin were processed for TUNEL, PLA, or
Sirius red staining, as described in the Supplemental Information.

MPO activity assay

Colon samples were snap-frozen immediately after removal in liquid
nitrogen and stored at �80�C. For MPO measurement, the frozen
samples were homogenized by a mechanical homogenizer in 500 mL,
50 mM hexadecyltrimethylammonium bromide buffer (Sigma-Al-
drich, St. Louis, MO, USA) in 50 mM potassium phosphate buffer at
pH 6, and sonicated and centrifuged at 15,000� g for 20 min. The su-
pernatant was used for protein determination and stored at �20�C.
MPO activity assay was performed from thawed samples in a 96-
well plate in triplicates. Briefly, 10 mL samples were combined with
80 mL 0.75 mM H2O2 and 110 mL �3,30,5,50-tetramethyl-benzidine
(TMB) solution (2.9 mM TMB in 14.5% DMSO and 150 mM sodium
phosphate buffer at pH 5.4), and the plate was incubated at 37�C for
5 min. The reaction was stopped by adding 50 mL of 2M H2SO4, and
absorption was measured at 450 nm to estimate the MPO activity.
MPO activities were expressed in unit/mg of wet tissue.

Caspase-1 activity assay

Frozen colon tissues from control, DSS-treated and DSS-treated mice
subjected to VBIT-12 treatment were homogenized in lysis buffer
(BioVision, Milpitas, CA, USA) using a homogenizer. Subsequently,
homogenated tissue was centrifuged at 10,000� g for 10 min. Protein
concentration in the supernatant was determined. Caspase-1 activity
was assessed using a Caspase-1 Fluorometric Assay kit (BioVision).

Cell culture, DSS treatment, cell viability assay, mtROS

production, intracellular Ca2+, and cell death

Human and mouse colon-cancer-derived Caco-2 (HTB-37) and CT-
26 (CRL-2638), respectively, were from ATCC (Manassas, Virginia).
Caco-2 cells were maintained using Eagle’s minimum essential me-
dium (EMEM) supplemented with 20% inactivated fetal bovine serum
(FBS) and CT-26, using 25 mM glucose Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% (vol/vol) of inactivated
FBS, (Biological Industries, Beit Haemek, Israel). Both culture media
were supplemented with 100 U/mL penicillin and 100 mg/mL strepto-
mycin. Cells were grown at 37�C in 5%CO2 in a humidified incubator.

DSS treatment

Cells (60% confluence) were incubated for 48 h in a serum-free
growth medium with different concentrations of DSS (dissolved in
culture media and filter-sterilized using a 0.45-mm filter) in triplicates.
Cells were treated with different concentrations of DSS (1%–3%) in
the absence or presence of VBIT-12 and analyzed for cell viability,
VDAC1 expression levels, VDAC1 oligomerization, ROS production,
mtDNA release, and apoptosis as described below.

Cell viability

This was assayed using the XTT according to the manufacturer’s in-
structions. Briefly, cells (5 � 103 cells/well) were seeded in 96-well
plates and were treated with DSS as above.
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mtROS production

mtROS production was monitored by using MitoSOX Red (5 mM), a
mitochondrial superoxide indicator for live-cell imaging, according to
the manufacturer’s protocol (Invitrogen, Grand Island, NY, USA).
Fluorescence was measured using an iCyt flow cytometer and
analyzed using ec800 software (SONY Biotechnology, San Jose, CA,
USA).

Cellular Ca2+ analysis

Fluo-4-AM was used to monitor changes in cytosolic Ca2+ levels in
CT-26 cells as described in the Supplemental Information.

Cell death

Cell death was analyzed using propidium iodide (PI) staining, per-
formed according to the recommended protocol, and subjected to
flow cytometry analysis.

VDAC1 overexpression and oligomerization assays

Cells were treated with the DSS as above, harvested, washed with PBS,
pH 8.3, and then were incubated at 1 mg/mL with or without EGS
(100 mM, 15 min). Lysates (20 mg protein for measuring VDAC1
expression levels and 60–80 mg protein for visualization of VDAC1
oligomerization) were subjected to SDS-PAGE and immunoblotting
using anti-VDAC1 antibodies. Analyses of immuno-reactive
VDAC1 monomers, dimers, and multimer bands was performed us-
ing FUSION-FX (Vilber Lourmat, France).

Cell siRNA treatment, RNA preparation, q-RT-PCR, and mtDNA

release quantification

Details are presented in the Supplemental Information section and
the primers used are listed in Table S4.

Statistics and data analysis

The mean ± SEM of results obtained from at least three independent
experiments are presented. The significance of differences for cell-
based assays was calculated by a two-tailed Student’s t test and for
IBD-mouse model by using a one-way ANOVA with post hoc tests.
Significance of differences is reported as *p % 0.05, **p % 0.01,
***p % 0.001, ****p < 0.0001. NS, not significant.

SUPPLEMENTAL INFORMATION
Supplemental information can be found online at https://doi.org/10.
1016/j.ymthe.2021.06.024.
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