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Abstract

It has been well established that radiation-induced gastrointestinal injury is manifested through loss of intestinal crypt stem
cells and disruption of the mucosal layers, resulting in diarrhoea, weight loss, electrolyte imbalance, infection and mortality.
Podophyllotoxin and rutin in combination (G-003M) has been reported to regulate endogenous cellular antioxidant defense
systems and inflammatory response. However, the mechanism by which G-003M ameliorates radiation-induced intestinal
stem cell (ISC) injury remains unclear. Here, we hypothesize the radioprotective potential of G-003M would amplify the
intestinal crypt stem cells through upregulation of Wnt/p-catenin signaling and accelerate the reconstitution of the irradi-
ated intestine. Our results showed significant functional and structural intestine regeneration in irradiated animals following
G-003M treatment which resulted in improved animal survival. Immunohistochemical examination revealed an enhancement
in Lgr5™ "¢ crypt stem cells. Increased p-catenin nuclear translocation resulted in upregulation of B-catenin target genes that
supported ISC renewal and expansion in G-003M-treated mice, as compared to IR-treated mice. However, G-003M could
not rescue the Wnt knockdown cohorts (XAV939 treated) which exhibited greater incidence of intestinal apoptosis, DNA
damage and crypt depopulation upon radiation exposure. These findings suggest the involvement of Wnt pathway during
G-003M mediated amelioration of IR-induced ISC injury. G-003M also minimised acute inflammation by restricting the
infiltration of immune cells into the intestinal venules. Furthermore, G-003M treated animals showed improved anti-tumor
response compared to FDA approved Amifostine. Taken together, our findings suggest that G-003M may be used as a poten-
tial countermeasure for radiation injuries as well as an adjuvant during anti-cancer therapy.
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Introduction

Rapidly renewed tissues such as gastro-intestinal (GI) tract
and haematopoietic system are the most sensitive organs in
the human body to radiation induced apoptosis. Gastroin-
testinal injury is the primary limiting factor in pelvic and
abdominal radiotherapy, but no effective treatment is avail-
able currently. Ionising radiation usually strikes the intesti-
nal crypts where stem cells are positioned in their functional
state. These adult stem cells are primarily responsible for
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tissue regeneration and homeostasis following lethal radia-
tion damage. Previous genetic studies in mice evidently
demonstrated that intestinal stem cells (ISCs) are repre-
sented by Lgr5 [1], CD133/Prominin 1 [2], and Bmi-1 [3]
expressing cells at the crypt base. The putative multipotent,
ISC is located at the crypt base, either at fourth or fifth cell
position from the base [4] or as crypt base columnar cells
[5]. Following radiation exposure, crypt base cells undergo
cell cycle arrest or rapid apoptosis. The degree of intestinal
damage and cell loss is proportional to the radiation dose [6].
Following radiation injury, the crypt becomes “non-viable”
and dies out within 48 h. However, one or more surviving
ISC can rapidly proliferate to regenerate the crypt within
72-96 h. Therefore, repopulation of clonogenic proliferat-
ing crypt cells by ISCs play a determining role in deciding
the fate of a damaged crypt after injury. Thus, GI protection
is a significant support for medical management not only
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in case of radiotherapy but also during accidental radiation
exposures [7].

The Wnt/p-catenin signaling pathway plays a pivotal
role in regulating the proliferation and differentiation of
the clonogenic stem cells progenitors during the crypt—vil-
lus renewal and maturation process [8]. Hence, agents that
upregulates the p-catenin/T cell factor (TCF) signal trans-
duction pathway might help in early recovery from radiation
injury through increased stem cell proliferation that give rise
to more rapidly dividing transit cells/colony forming cells
[9, 10].

Numerous therapeutic strategies have been examined
to alleviate radiation induced intestinal damage. However,
majority of them were unsuitable for human use [11] due
to their toxic behaviour. Low molecular weight compounds
such as vitamin E and its derivatives (Tocopherol mono
glucoside) [12], ascorbic acid, polyphenols, glutathione etc.
were also found to have good radioprotective ability which
has been due to their anti-oxidant property. Out of thou-
sands agents explored, synthetic thiol Amifostine (Ethyol)
is the only compound which is permitted by US FDA for
specific use as adjuvant in radiotherapy [13]. However, its
high toxicity, unfavourable routes of administration, and nar-
row protection time window has significantly diminished its
effectiveness in clinical applications [14, 15].

Exploring natural resources for countering the deleteri-
ous effects of radiation has become one of the most prom-
ising themes primarily due to its potent anti-oxidant and
anti-inflammatory properties [16, 17]. The whole extract
and semi purified fractions derived from Podophyllum hex-
andrum were found to confer significant survival benefits
to lethally irradiated rodent models [18, 19]. After observ-
ing radio protective potential in various solvent extracts, we
isolated active molecules from Podophyllum hexandrum
rhizomes and chemically characterized them [20]. On per-
forming their bioactive characteristics against radiation we
observed that a combination of two isolated active principles
(podophyllotoxin and rutin) could effectively modulate radi-
ation induced inflammation, oxidative stress and apoptosis
in mice intestine [21]. Radiation injury caused to mice lungs
[22] and hematopoeitic systems [23] were also minimized.
However, the mechanism of G-003M mediated ISC renewal
and reconstitution of progenitor’s lineages during radiation
injury remained elusive.

Hence, the present study was designed to assess the
constructive role of G-003M during intestinal tissue recon-
stitution and its functionality following radiation injury.
The focus of the study is to understand the mechanism of
G-003M mediated ISC renewal and expansion after radia-
tion injury. The study includes G-003M mediated modu-
lation in Lgr5 responsive ISCs localization and its differ-
entiation through p-catenin transactivation of various Wnt
target genes. Abrogation of Wnt/p-catenin pathway by small

molecule inhibitor XAV939 was envisaged to confirm the
role of Wnt during G-003M mediated intestinal protection.
Further, the regulation of inflammatory entities like ICAM-1
and VCAM-1 and its role in recruitment of immune cells
(Gr-1, CD-3 and CD-19) into the intestinal venules were also
explored. Caspase-3 activity and cell death was also evalu-
ated. Additionally, comparative potential of G-003M versus
Amifostine in cancer radiotherapy for differential protection
in tumor bearing mice model was also envisaged. Based on
the above findings, we ascertain that G-003M is protec-
tive against radiation induced intestinal injury and found
that Wnt signaling is the key pathway involved in intestinal
recovery from radiation injury.

Results

G-003M blocked the infiltration of Gr-1*, CD3*
and CD19* immune cells through modulation
of ICAM-1 and VCAM-1 expression

Radiation induced inflammatory response is mainly initi-
ated by the infiltration of immune cells into the intestinal
endothelium. Persistence of these immune cells ultimately
leads to chronic inflammation in the gut. Immuno-fluores-
cence studies (Fig. la—d) revealed significant increase in
infiltration of Gr-1* (> 20-fold, p <0.001), CD-3" (> two-
fold, p<0.001) and CD-19% (>2.5-fold, p<0.001) express-
ing inflammatory immune cells into the small intestinal
venules at day 1 post 9 Gy TBI compared to the untreated
group. However, G-003M administration restricted the
recruitment of these inflammatory responsive cells Gr-1*
(> twofold, p<0.001), CD-3*(> 1.5-fold, p<0.001) and
CD-19* (> 1.5-fold, p<0.001) into the intestinal sites as
compared to the IR-treated group. Importantly, the effect
of G-003M + Bay 11-7082 +IR combinatorial treatment
was analogous to the G-003M + IR cohorts and led to fur-
ther suppression of immune cells infiltration Gr-1* (> 3.5-
fold, p<0.001), CD-3* (> twofold, p<0.001) and CD-19*
(> twofold, p<0.001) into the intestinal endothelium as
compared to the irradiated group (Fig. 1a—d).

Since adhesion molecules are well reported to participate
in mediating the pathogenesis of inflammatory cell directed
tissue injury, we examined the expression of ICAM-1 and
VCAM-1 in mice jejunum of different treatment groups
post-irradiation. Following day 1 of 9 Gy TBI, a signifi-
cant induction (>2.5-fold, p<0.001) of ICAM-1 expres-
sion was evident in the irradiated mice intestine compared
to the untreated group (Fig. le, f). Whereas, a marginal
increase in VCAM-1 expression was observed at day 1
post-TBI (Fig. le, g). G-003M treatment not only down
regulated ICAM-1 expression by (> 1.5-fold, p<0.001) but
could also restore the baseline levels of VCAM-1 at day 1 as
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Fig.1 G-003M reduces radiation induced inflammation and aug-
ments crypt proliferation in the mice intestine. a Immunofloures-
cence (IF) staining was performed in C57BL/6 mice jejunum using
Gr-17 (FITC) (red arrow heads), CD3* (FITC) (red arrow heads) and
CD19" (PE) (white arrow heads) at 24 h post-irradiation. Proximal
jejunum was taken from mice (n=23/group) that were left untreated
(U/t), or exposed to 9 Gy TBI, or given G-003M prior to 9 Gy TBI
60 min or G-003M+ Bay117082(G-003M +Bay117082 +9Gy) for
IF staining. Green fluorescence indicates Gr-17 and CD3* cells. Red
fluorescence indicates CD197 cells. Nuclei of cells were stained with
4',6'-diamidino-2-phenylindole (DAPI, blue). Quantification of stain-
ing of b Myeloid lineage Ly-6G (Gr-1), ¢ Cd3e (T-cell), d Cd19 (B
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cell), e After Day 1 and Day 3.5, mice were sacrificed and intesti-
nal protein extracts were prepared and assayed by immunoblotting
for ICAM-1 and VCAM-1 expression. Quantification of the expres-
sion of f ICAM-1, g VCAM-1 normalised to B-actin. h BrdU-positive
cells were scored in ten complete, well-oriented cross sections for
each animal. Dashed red line: number of BrdU-positive cells con-
sidered critical for crypt survival, i Quantification of regenerative
crypts in mice (n=3) of different treatment groups. Representative
micrographs were taken at X20 magnification. A value of p<0.05
is considered statistically significant. ns=nonsignificant, *p<0.05,
*#*p <0.01, ***p <0.001. (Color figure online)
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compared to IR-treated group (Fig. le—g). By 3.5 days post
9 Gy TBI, expression of both ICAM-1 and VCAM-1 was
found enhanced by (> 3.5-fold, p<0.001) and (> 3.5-fold,
p<0.001) respectively compared to the untreated animals.
Interestingly, G-003M treatment resulted in further down-
regulation of ICAM-1 and VCAM-1 expression in the mice
intestine by > twofold (p < 0.001) and > twofold (p <0.001)
respectively compared to the irradiated group of animals
(Fig. le—g). G-003M (alone) did not induce any significant
changes in the expression of ICAM-1 and VCAM-1 and was
comparable to the untreated groups at all the time-points of
study.

G-003M augmented intestinal crypt proliferation
after TBI

It is well reported that exposure to radiation doses of > 8 Gy
induces cell cycle arrest and apoptosis of the crypt epithelial
cells within 24 h. This leads to depletion of regenerative
crypts by 3.5 days and eventually villi denudation by 7 days
post-irradiation in mice [24]. Henceforth, we evaluated
the histological alterations of radiation-induced GI injury
and the countering effect of G-003M at 1, 3.5 and 7 days,
post 9 Gy exposure. Firstly, we examined whether G-003M
induces crypt stem cells proliferation in mice receiving 9 Gy
TBI. Following 9 Gy TBI, the number of BrdU* " cells per
crypt decreased by > sixfold (p <0.001) at day 1, > 3.5-fold
(p<0.001) at 3.5 days and > fourfold (p <0.001) by 7 days
as compared to untreated mice (Fig. 1h). Consequently
this led to significant depletion of regenerative crypts at
3.5 day by > 5.5-fold (p <0.001) compared to untreated
control (Fig. 1i). In contrast, G-003M treatment resulted in
amplification of BrdU*"® cells per crypt at 1 day (> 60%,
p<0.001), 3.5 days (>75%, p<0.001) and 7 days (> 70%,
p<0.001) compared to 9 Gy treated groups post-TBI
(Fig. 1h). The percentage of regenerative and viable crypts
were found significantly enhanced after G-003M treatment
compared with irradiated group (G-003M +9Gy, 75 +2.27
vs. 9 Gy 20+2.04; p<0.001) at 3.5 days following 9 Gy
exposure (Fig. 1i). However, the combinatorial treatment
(G-003M + XAV-939 + 9Gy) led to significant (p <0.001)
depletion of BrdU™ "¢ cells per crypt resulting in diminished
regenerative potential at all the time-points of study as com-
pared to (G-003M + 9Gy) treated group (Fig. 1h, i) .

The irradiated jejunum of C57BL/6 mice demonstrated
pathological features of severe radiation damage after
day 3.5 and day 7 of lethal radiation exposure (9 Gy).
Disruption of mucosal barrier, denuded villi, non-viable
crypts, decrease in mean crypt—villus height was observed
in the irradiated group. These histological alterations were
minimised by G-003M treatment. By day 7, significant
presence of viable crypts, intact villi and mucosal lay-
ers was evident in the G-003M treated group. However,

G-003M could not retain its radioprotective potential in
the XAV939 treated cohorts at both 3.5 and 7 days (data
not shown). The regenerative potential of the crypts treated
with (G-003M + XAV939 + IR) was found severely compro-
mised compared to the G-003M + 1R treatment at all the
time-points of study (Fig. 1h, i).

G-003M upregulates Wnt signaling in lethally
irradiated mice intestine

To understand the possible mechanism by which G-003M
enhances crypt regeneration following 9 Gy irradiation, we
examined the expression of Wnt signals in the mice intes-
tine. At 3.5 days, immunoblot analysis indicated reduction of
Whnt expression by >2.5-fold (p <0.001) in mice exposed to
9 Gy y-irradiation, when compared to untreated group. This
reduction of Wnt expression in the gut epithelium was coun-
tered by > eightfold (p <0.001) upon G-003M administra-
tion at 3.5 days. By 7 days of 9 Gy exposure, expression of
Whnt decreased by > 1.5-fold in comparison to the untreated
mice. G-003M treatment resulted in further upregulation of
Wht signals by > sixfold (p<0.001) at 7 days compared to
the irradiated group (Fig. 2a, b). In contrast, G-003M admin-
istration could not restore Wnt levels in (G-003M + XAV-
939 +9Gy) group at 3.5 Days thereby leading to lesser crypt
regeneration. No significant variation in the expression pat-
tern of Wnt was found in the G-003M (alone) group at all the
time-points of study (Fig. 2a, b). Thus, our findings strongly
suggest that G-003M enhances crypt regeneration by upreg-
ulating Wnt signals in the mice intestine.

G-003M amplified the Lgr5* "¢ expressing ISCs
population in mice crypts

Western blot analysis revealed reduction of Lgr5 expres-
sion in mice jejunum at day 1 (> 10-fold, p <0.001),
2 days (> 10-fold, p<0.001), 3.5 days (> 2.5-fold,
p<0.001) and 7 days (> 3.5-fold, p<0.001) following
9 Gy exposure as compared to untreated group (data
not shown). G-003M pre-treatment significantly main-
tained Lgr5 expression in the lethally irradiated mice
crypts at day 1 (> 3.5-fold, p<0.001), day 2 (> fivefold,
p<0.001) and by 3.5 days (> 2.5-fold, p<0.001), 7 days
(> threefold, p < 0.001) as compared to corresponding IR-
treated (alone) group (Fig. 2c, d). In agreement with this
observation, immunoflourescence staining of jejunum
crypts revealed a significant (p < 0.001) enhancement
in the number of Lgr5-expressing ISCs in the G-003M
treated mice. Though at 3.5 days following 9 Gy TBI,
the Lgr5™"® crypt stem cells were found reduced in
the irradiated mice, yet these cells remain amplified in
G-003M-treated mice. These observations signify pro-
tection from radiation injury via expansion of the crypt
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Fig.2 G-003M upregulates Wnt contributing to amplification of
Lgr5* ISCs in mice intestine a After 3.5 and 7 Days, mice were sac-
rificed and intestinal protein extracts were prepared and assayed by
immunoblotting for Wnt expression. b Quantification of Wnt expres-
sion was normalised to Gapdh expression, using IMAGE lab software
for densitometry. ¢ Day 1, 2, 3.5 and 7 following differential treat-
ments, mice were sacrificed and intestinal protein extracts were pre-
pared and assayed by immunoblotting for Lgr5 expression d Immuno-
flourescence (IF) staining was performed in C57BL/6 mice jejunum

stem cell compartment (Fig. 2e). By 7 days, the number
of Lgr5*¥¢ ISCs was restored to baseline levels in the
G-003M pre-treated mice (Fig. 2c). In contrast, the com-
bined treatment (G-003M + XAV939 + 9Gy) resulted in
significant (p <0.001) decline of Lgr5 expression leading
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3.5 day

using Lgr5 (FITC) (red arrow heads) at 3.5 days post-irradiation.
Proximal jejunum was taken for IF staining. Green flourescence indi-
cates Lgr5" ISCs. Nuclei of cells were stained with 4/, 6'-diamidino-
2-phenylindole (DAPI, blue) e Quantification of Lgr5 expression was
normalised to B-actin expression, using IMAGE lab software for den-
sitometry. A value of p<0.05 is considered statistically significant.
ns=nonsignificant, *p <0.05, **p<0.01, ***p<0.001. (Color figure
online)

to diminished crypt stem cell expansion compared to
(G-003M + 9Gy) treatment groups at 3.5 days post TBI
(Fig. 2c-e).
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G-003M stimulated the nuclear translocation
of B-catenin in mice jejunum crypts

Previous reports have indicated the critical role played by
B-catenin signaling in maintaining intestinal homeostasis
[8]. Under resting state, B-catenin is localized to the cyto-
plasm. While Wnt activation results in its translocation from
the cytoplasm to the nucleus. Inside the nucleus, p-catenin
binds to the TCF/LEF transcription factor complex and
transactivates the expression of Wnt-target genes. Hence-
forth, we examined the relative quantities of p-catenin in
the cytoplasm and nucleus of intestinal crypts from different
TBI irradiated groups with or without G-003M treatment.
Western blot analysis did not demonstrate any increase in
nuclear f-catenin levels at 1 day, 2 days, 3.5 Days and 7 Days
of the lethally (9 Gy) irradiated mice compared to untreated
control groups (data not shown). In contrast, the nuclear/
cytosolic expression ratio of B-catenin started to rise in
G-003M treated mice at day 1 (> twofold, p<0.001), which
further increased by > 3.5-fold at day 2 compared to IR-
treated animals. The expression ratio peaked around 3.5 days
(> sixfold, p<0.001) after which a marginal fall was noticed
at day 7 (> fourfold, p<0.001) (Fig. 3a, c). Immunofloures-
cence microscopy also confirmed a significant (p <0.001)
increase in nuclear f-catenin staining in the crypt progeni-
tor cells in G-003M-treated animals at 3.5 days (Fig. 3b).
Our results suggest that G-003M enhanced the stabilization
and nuclear translocation of B-catenin in the intestinal crypt
cells. However, G-003M could not induce nuclear p-catenin
levels in the (G-003M + X AV-939 + 9Gy) combined treated
group of animals as compared to (G-003M + 9Gy) group
(Fig. 3a—c).

To explore the possibility whether the unrestrictive
effect of G-003M on B-catenin was due to its suppression
of DKKI1, the level of DKK1 was determined by western
blot analysis. Exposure to 9 Gy led to induction (>2.5-
fold, p<0.001) of DKKI1 in mice intestine compared to
the untreated control group (Fig. 3d, e). Importantly, we
observed that G-003M pre-treatment inhibited the DKK1
expression (~twofold, p<0.001) at 3.5 days in mice gut epi-
thelium, following lethal dose (9 Gy) of y-irradiation. Sur-
prisingly, G-003M + XAV939 + 9Gy treatment significantly
induced the expression of DKK1 by > 1.5-fold (p <0.001)
compared to G-003M + 9Gy thereby leading to restricted
B-catenin translocation in mice intestinal crypt (Fig. 3d, e).

G-003M upregulates the expression of B-catenin
target effectors in lethally exposed mice intestine

Since P-catenin regulates an array of genes involved in
crypt survival during radiation exposure, we examined the
expression of c-Myc, Survivin and Nanog in mice jejunum
of different treatment groups. Exposure to 9 Gy radiation

led to suppression of c-Myc (> twofold, p<0.001), Survivin
(>3.5-fold, p<0.001) and Nanog (> 2.5-fold, p<0.001)
expression at 3.5 days in the mice gut compared to untreated
groups (Fig. 3d, e).

Importantly, G-003M counteracted the effects of radia-
tion by upregulating the expressions of c-Myc (> 2.0-fold,
p<0.001), Survivin (>2.5-fold, p<0.001) and Nanog
(>2.5-fold, p<0.001) essential for crypt stem cell sur-
vival and expansion (Fig. 3d, e). However, the expression
of c-Myc, Survivin and Nanog were found significantly
(p<0.001) reduced in the (G-003M + XAV-939 4+ 9Gy)
treated animals as compared to (G-003M + 9Gy) treated
group. The levels of c-Myc, Survivin and Nanog remained
unchanged in the G-003M (alone) treatment group and was
comparable to the untreated animals (Fig. 3d, e).

G-003M minimises IR induced apoptosis in mice
intestine

To evaluate crypt apoptosis, in situt TUNEL staining was per-
formed. The irradiated mice showed a > sixfold (p <0.001)
increase in TUNEL-positive cells (TPC) per crypt region
as compared to untreated animals (Fig. 4a, b). However,
G-003M administration resulted in reduction (> 2.0-fold,
p<0.001) of TUNEL-positive cells when compared to the
lethally irradiated group (Fig. 4a, b). Interestingly, G-003M
could not rescue the intestinal crypts of (G-003M + XAV-
939+ 9Gy) group from radiation induced apoptosis. Marked
increase of TUNEL-positive cells by > twofold (p <0.001)
was evident in the (G-003M + XAV-939 4 9Gy) group com-
pared to (G-003M + 9Gy) group (Fig. 4a, b).

To understand the possible mechanism by which G-003M
inhibits apoptosis following 9 Gy irradiation, we evaluated
the expression of active Caspase-3 in the mice intestine.
Exposure to 9 Gy radiation led to induction (> 2.5-fold,
p<0.001) of active Caspase-3 expression in mice jejunum
when compared to untreated group of animals (Fig. 3d,
e). This radiation induced escalation of active Caspase-3
levels were countered by G-003M treatment by >2.5-fold
(p<0.001) (Fig. 3d, e). However, G-003M could not restore
the active Caspase-3 levels of (G-003M + XAV939 4 9Gy)
group to normal baseline expression. Caspase-3 activ-
ity was found enhanced by >2.5-fold (p<0.001) in
the (G-003M + XAV-939 4+ 9Gy) group compared to
(G-003M +9Gy) treated group. G-003M (alone) treatment
did not induce any change in normal baseline levels of Cas-
pase-3 in the mice jejunum (Fig. 3d, e).

G-003M inhibits radiation induced DNA damage
in intestinal crypts

Radiation induced DNA damage mainly initiates through
phosphorylation of y-H2AX, which occurs rapidly after

@ Springer



332

Apoptosis (2019) 24:326-340

a Cytoplasm
+1 +2

+3.5 +7 +3.5

Nucleus

+1 +2 +35 +7 +3.5

B-catenin | S - —

BLIIT ——————
EONES - i o S o L D
G-003M - + + - + + + + +
9 Gy - + - =
XAV-939 - - - - - + - - - - - +
G-003M+9Gy
b c
&8 G-003M+9Gy
59 £ G-003M+9Gy+XAV-939
- G0 9Gy *kk
&
£
§
Day 1 Day 2 Day 3.5 Day7
d 9aGy - - + e
G-003M - + - + +
XAV-939 - 4-
prme progen A

ok [ uﬁ - .
cMVCD-----

Nanog p
sovee W W
Caspase-3)

Gapdh R S S

Fig.3 G-003M mobilized B-catenin nuclear translocation upregulat-
ing Wnt target effectors in mice intestinal crypts. a After day 1, 2,
3.5 and 7, mice were sacrificed and intestinal nuclear and cytoplas-
mic protein extracts were prepared and assayed by immunoblot-
ting for P-catenin expression. b Immunoflourescence staining was
performed in C57BL/6 mice jejunum using P-catenin (FITC) (red
arrow heads) at 3.5 days post-irradiation in (G-003M +9Gy) treated
group. Proximal jejunum was taken for IF staining. Green floures-
cence indicates f-catenin expression. Nuclei of cells were stained
with 4',6'-diamidino-2-phenylindole (DAPI, blue). ¢ Correspond-
ing nuclear:cytoplasmic ratios of p-catenin localisation at days (1, 2,
3.5 and 7) in differentially treated C5S7BL/6 mice was quantified by
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c-Myc, Nanog, Survivin and Caspase-3 expression expression was
normalised to Gapdh expression, using IMAGE lab software for den-
sitometry. A value of p<0.05 is considered statistically significant.
ns=nonsignificant, *p <0.05, **p <0.01, ***p <0.001. (Color figure
online)
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Fig.4 G-003M minimises IR induced apoptosis and DNA damage
in mice intestine. a Terminal deoxynucleotidyl transferase—mediated
deoxyuridine triphosphate nick end labeling (TUNEL) staining was
performed in 6-8 weeks old C57BL/6 mice jejunum using TUNEL
Apoptosis detection kit at 3.5 days post-irradiation. Proximal jejunum
was taken from mice (n=3 group) that were differentially treated
for TUNEL staining. Green flourescence indicates apoptotic cells
(red arrowheads). Nuclei of cells were stained with 4, 6’-diamidino-
2-phenylindole (DAPI, blue). Representative micrographs were taken
at x40 magnification. b Quantification of TUNEL-positive cells

radiation exposure. The degree of DNA damage depends on
the radiation dose. We found that exposure to 9 Gy resulted in
significant (p <0.001) increase in number of y-H2AX foci in
the intestinal crypts when compared to sham-irradiated con-
trols at 4 h time-point post-TBI. The generation of y-H2AX
foci was significantly (p <0.001) neutralized upon G-003M
treatment as compared to irradiated group (Fig. 4c, d). How-
ever, G-003M could not restrict the y-H2AX foci formation
in the (G-003M + XAV-939 +9Gy) group as compared to
(G-003M +9Gy) treated group.
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(red arrowheads) per crypt of mice exposed to different treatments. ¢
Immunoflourescence staining was performed in C57BL/6 mice jeju-
num using y-H2AX (FITC) (red arrow heads) at 4 h post-irradiation.
Proximal jejunum was taken for IF staining. Green flourescence indi-
cates y-H2AX foci. Representative micrographs were taken at x40
magnification. d Quantification of y-H2AX foci per crypt of mice
exposed to different treatments. A value of p<0.05 is considered
statistically significant. ns=nonsignificant, *p<0.05, **p<0.01,
*#%p < 0.001. (Color figure online)

G-003M is marginally more effective
than amifostine in arresting tumor growth

Our previous studies have shown that G-003M did not
reduce the radiosensitivity of tumor tissues [21]. Here, on
a similar line, we evaluated the effectiveness of G-003M
versus Amifostine in arresting tumor growth in focally
irradiated tumor bearing mice. Groups of the mice were
injected with G-003M (-1 h) or Amifostine (— 30 min)
before each radiation treatment. The model used was
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Fig.5 G-003M is more effec-
tive than Amifostine in arresting
tumor growth a Swiss albino
‘Strain A’ mice carrying EAT
tumors (six mice/group) were
treated with DMSO alone

(U/t, untreated control) in red,
G-003M (6.5 mg/kg i.m. per
injection) with 10 Gy radia-
tion (IR +G-003M) depicted in
green, Amifostine (150 mg/kg
i.p. per injection) with 10 Gy
radiation (IR + Amifostine)
depicted in blue. All treat-
ments were applied on days
8,9, 10 and 11 after EAT cell
injection (red arrows). Tumor
volume was measured every
consecutive day. Values are
medians of tumor volumes

with error bars indicating S.D.
Variation in tumor growth rate
among groups were analyzed
by two-way repeated measures
ANOVA and by Student’s t test
(two-tailed, unequal variances).
Estimation of b % Lymphocytes
in peripheral blood of different
treatment groups. After isola-
tion of blood serum at different
time points (8 days, 20 days)
following 10 Gy y-irradiation,
serum levels of ¢ IL-12P70 and
d IL-12P40, e TNF-a, f IL-2
and g IFN-y, h IL-6, i GM-CSF
and j IL-1a cytokines (pg/ml) in
different treatment groups was
determined by flow cytometry
using respective BD™ Cyto-
metric Bead Array (CBA) Flex
Set. A value of p<0.05 is con-
sidered statistically significant.
ns =nonsignificant, *p <0.05,
**p<0.01, ¥**p <0.001. (Color
figure online)

Ehrlich ascites tumor (EAT) cells implanted in Swiss
Albino ‘Strain A’ mice and grown subcutaneously. The
antitumor effect of focal radiation was measured in the
form of significant (p <0.001) delay in tumor growth
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in both the treated groups (Fig. 5a). Interestingly, we
observed that the combination treatment (G-003M + 10Gy)
was marginally more effective than (Amifostine + 10Gy)
in arresting tumor growth.
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G-003M induces lympho-depletion essential
for cancer cure

Numerous reports have asserted that during the process of
cancer progression, inflammation is caused due to recruit-
ment of different subclasses of lymphocytes at the tumor
site as well as in the peripheral bloodstream [25]. This lym-
phodepletion phenomenon assists in generating a antitumor
immune response and supports reduction in inflammation.
On a similar line, we found reduction in percent lympho-
cytes following the treatments at 8 days, with the highest
(p<0.001) depletion recorded in the G-003M + 10Gy com-
bination group compared to tumor alone group (Fig. 5b).
Amifostine treatment also exhibited a similar pattern of lym-
phocyte depletion after 8 days (Fig. 5b). However, 20 days
after the treatment mice with G-003M administration
showed a significantly (p <0.05) higher level of lympho-
cyte depletion as compared to Amifostine group (Fig. 5b).
These results suggest that G-003M induces a greater extent
of lympho-depletion than Amifostine which might possibly
help in reducing inflammation and generating anti-tumor
response necessary for cancer cure.

G-003M induces Th1 immunity essential
for anti-tumor response

Several immune responsive cells like neutrophils and mac-
rophages are responsible for the secretion of the pleiotropic
cytokine IL-12 that assists in the differentiation of ThO
cells to Th1 cells [26-28]. Likewise, at 8 days a significant
(p<0.05) increase in IL-12 P70 levels was observed in the
combined treatment (G-003M + 10Gy) as compared to (Ami-
fostine 4+ 10Gy) group (Fig. 5¢), and the levels were found
differentially (p <0.001) expressed in (G-003M + 10Gy) and
(Amifostine + 10Gy) at 20 days after the treatment (Fig. 5¢).
Furthermore, the levels of IL-12P40 were observed to be
inversely linked with the levels of IL-12 P70 in both the
combined treatment groups. At day 8, IL-12P40 levels were
marginally down regulated in both the combination treat-
ment groups, but by 20 days significant (p <0.01) differential
levels of IL-12P40 was noted in the G-003M + 10Gy versus
Amifostine + 10Gy groups, opposite to IL-12 P70 levels
(Fig. 5d).

At day 8 and 20, the Thl cytokine profile analysis
showed a significant up-regulation of TNF-a (p<0.001),
IL-2 (p<0.05) and IFN-y (p<0.001) (Fig. 5e—g) in the
G-003M + 1R treatment as compared to IR treated tumor
bearing mice. Amifostine + IR also upregulated a similar
extent of Thl cytokine levels compared to the IR treated
group. However, the combined treatment of G-003M + IR
induced a higher level of TNF-a (p<0.01) and IL-2
(p<0.001) compared to Amifostine treated cohorts at
day 20. The IFN-y level remained unchanged in both the

combined treatment groups (Fig. Se—g). These findings sug-
gested the role of IL-12 for inducing a Th1 biased immunity.

G-003M reduces inflammatory response in tumor
bearing mice

Pathogenesis of tumor induced inflammation is potenti-
ated by several cytokines. Under chronic condition, tumor
induced inflammation leads to carcinogenesis [29]. At
8 days, we observed a significant (p<0.001) down regula-
tion of pro-inflammatory cytokines (IL-6) with 10 Gy alone
and both the combined treatment groups as compared to the
untreated tumor bearing mice. By 20 days, the levels were
further down regulated in the irradiated (alone) as well as
the combined groups (Fig. Sh). Furthermore, the levels of
IL-1o and GM-CSF were also found depleted in 10 Gy alone
and the combined (GOO3M + 10Gy) group at both the time
points of study compared to tumor (alone) mice (Fig. 5i,
J)- Thus, G-003M induced a similar pattern of down regu-
lation of inflammatory cytokines comparable to the Ami-
fostine treated group (Fig. 5h—j). These findings suggest
that G-003M administration not only activates anti-tumor
immune response but also minimises the inflammation.

Discussion

Currently, there is no approved medical countermeasure
for restoring radiation induced GI damage. Thus, radi-
ation-induced intestinal injury is an important cause of
host vulnerability during medical management of nuclear
accidents or radiotherapy procedures in GI malignancies.
In our previous study, we showed that two lead molecules
Podophyllotoxin and rutin in combination (coded G-003M)
significantly counteracted radiation induced oxidative stress
and inflammation in mice intestine [21]. These collective
data suggested that G-003M might play an important role
in maintaining ISC pool essential for animal survival dur-
ing lethal radiation exposure. Hence, the current study was
primarily focussed on exploring the mechanism of G-003M
mediated intestinal regeneration following radiation injury.

Radiation induced intestinal inflammation is accom-
panied by increased infiltration of immune cells (Neutro-
phils, T cell, B cell) into the intestinal venules along the
crypt—villus axis [30]. This requires the participation of
adhesion molecules ICAM-1 and V-CAM-1) expressed on
the endothelial cells’ surface for facilitating immune cell
extravasation [31]. Previous reports indicate that ICAM-1
[32] supports early leukocyte recruitment, whereas VCAM-1
[33] is the key molecular determinant of leukocyte recruit-
ment at late time points following abdominal irradiation.
Since these adhesion molecules critically regulate immune
response at the inflammatory sites, modulating its expression
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might be a crucial therapeutic target for minimizing radia-
tion induced inflammation. Our findings demonstrated
significant infiltration of Gr-1* (Myeloid lineage), CD3*
(T-cell) and CD19* (B-cell) immune cells along with con-
comitant up regulation of ICAM-1 and VCAM-Icells in
the intestinal venules of mice following radiation exposure
(Fig. 1). Interestingly, G-003M administration restricted the
radiation induced infiltration of these immune cells in mice
intestine by early time point following TBI. This feature was
possible due to downregulation of ICAM-1 and VCAM-1
expression in the intestinal endothelium of G-003M + TBI
treated mice. Importantly, G-003M + Bay11-7082 treated
group also exhibited a similar pattern of restricted immune
cell infiltration comparable to the G-003M cohorts. This
proves that G-003M and Bay11-7082 [34] exhibited its anti-
inflammatory effects mainly through combined blockade of
NF-kB activation [21] and its restricted nuclear translocation
in mice intestine. This interplay of G-003M and Bay11-7082
exhibited a dominant role in reducing the expression of these
adhesion molecules, thereby minimizing intestinal inflam-
mation. Our studies proved NF-kB inactivation as the pre-
dominant mechanism underlying G-003M mediated inhibi-
tion of intestinal inflammation.

Here, for the first time we demonstrated that adminis-
tration of G-003M amplified the Lgr5 expressing intestinal
crypt stem cell population and restored GI functionalities
through improved mice survival. Significant increase in
crypt depth and proliferative index, reduced crypt apopto-
sis, increased presence of regenerative crypt microcolonies
and maintenance of the mean crypt-villi length cumulatively
assisted in G-003M mediated intestinal mucosa regeneration
after lethal irradiation (Figs. 1, 2). These histological altera-
tions evident on the small intestine of G-003M pre-treated
mice accelerated the restoration of normal absorptive func-
tion of the intestine.

Several in vivo approaches have elucidated the role of
different mediatory components of Wnt/B-catenin signal-
ing in intestinal epithelium reconstitution and homeostasis
[35-37]. Wnt/B-catenin signaling also plays a decisive role
in cell survival as knockdown of Wnt signals by XAV939
has shown to promote cellular apoptosis [38]. On a similar
note, our results also suggested the induction of Wnt sig-
nals to be a critical protective mechanism during intestinal
repair in the G-003M treated group after radiation expo-
sure (Fig. 2). In our knockdown experiments, we found that
G-003M could not inhibit radiation induced animal mor-
tality from GI injury in the groups administered with the
small molecule inhibitor XAV939. This was possibly due
to greater incidence of cellular apoptosis, DNA damage and
fewer numbers of regenerative or viable crypts which com-
promised the overall functionality of the intestine leading to
mice mortality (Figs. 1, 4). Hence, G-003M treatment led to
restoration of overall structural and absorptive function of
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the intestine (Figs. 1, 2, 3, 4). At a molecular level, G-003M
treatment enhanced the transactivation of Wnt target effec-
tors due to increased nuclear levels of f-catenin in the irra-
diated crypt cells. Prominent Wnt target effectors that are
induced in G-003M-treated animals are Survivin, Nanog and
c-Myc, which mainly mediate ISCs expansion, differentia-
tion, intestinal homeostasis and cell arrangement along the
crypt villus axis following TBI [39-41] (Fig. 3d). Addition-
ally, we found a profound amplification of Lgr5* express-
ing crypt base columnar cells, signifying the proliferation
and expansion of mice ISCs [1] in G-003M treated cohorts.
These findings alongwith the histological observations of
G-003M mediated enhanced crypt regeneration and intes-
tinal reconstitution led to better animal survival [21] than
other reported radioprotective agents like pyridoxamine
[42], 17-DMAG [43], orientin and vicenin [44], Triphala
[45], Aegle marmelos (L.) Correa [46] against similar radia-
tion doses.

Our previous study [21] have reported the differential
radioprotective ability of G-003M in normal versus tumor
tissues in mice. Similarly, numerous other radioprotective
agents like Amifostine, R-Spondin-1, Curcumin [47-49]
have also been amply reported for delivering differential
protection in normal versus tumor tissues. Hence, to extrapo-
late our previous findings for clinical radiotherapy applica-
tion, we compared the anti-tumor effects of G-003M with
Amifostine (FDA approved radioprotector for clinical radio-
therapy). Interestingly, our data showed that the combined
treatment G-003M + IR was marginally more effective than
Amifostine + IR in arresting tumor growth (Fig. 5), though
difference was non-significant.

Ionising radiation exerts its anti-cancer effects by directly
killing the tumor cells and immunomodulating the tumor
phenotypes to pro-immunogenic [50]. Further, while total
body irradiation induces pro-inflammatory responses, local-
ised tumor irradiation on the other hand, elicits an anti-
inflammatory responses that contribute to tumor growth
control [51, 52]. In the present study, we demonstrated
that localised tumor irradiation reduced the inflamma-
tory response (IL-6, GM-CSF, IL-1a) (Fig. 5h—j), which
was further downregulated by the combined treatment
G-003M +1IR. Our findings also confirmed that G-003M was
marginally more potent than Amifostine in reducing inflam-
matory response. A shift to antitumor immune response
(Th1) (Fig. Se—g) besides decrease in inflammation was also
observed in both G-003M and Amifostine treated cohorts.
These findings clearly indicated the antitumor immune
response potentiated by the combination treatment in mice.

IL-12 P40 plays a crucial role in regulating the antitu-
mor immune response or abnormal inflammation upstream
to the Thl cytokines. Interestingly, at day 8 and day 20
after the combined treatment, down regulation of IL12 P40
levels in both the G-003M and Amifostine treated cohorts
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led to reduction in inflammation (Fig. 5d). The reduction
in IL-12P40 levels observed at 8 days after the combina-
tion treatments was not restored by 20 days in animals
treated with either G-003M or Amifostine (Fig. 5d). In
contrast, the upregulated IL12 P40 levels observed in the
untreated tumor group at day 8 and 20 could be related to
rapid tumor growth and inflammation (Fig. 5d). Briefly,
our findings imply that IL-12 P70 critically up-regulates
Th1 related cytokines in the animals showing tumor
growth arrest, while tumor regrowth could be linked to
IL-12 P40 levels.

Taken together, our findings evidently put forward that
G-003M is a safe and effective countermeasure for amelio-
rating intestinal injuries induced by varied kind of accidental
or medicinal IR exposure. Since, G-003M has shown no pro-
tective effect on tumor tissue during focal radiation therapy
(Fig. 5), prophylactic use of G-003M, will certainly enhance
the therapeutic ratio of radiotherapy in GI cancer patients.
However, these findings need to be supported through vali-
dation of outcomes in higher animal models before proceed-
ing for translational practice.

Methods

Experimental animals and y-irradiation

Male C57BL/6 (6—8 weeks old) housed at the Institute’s
experimental animal facility were used in the study.
Protocols mentioned in [21] were strictly followed for
y-irradiation of mice. Unless otherwise mentioned, each
experiment was repeated three times.

Ethics statement

All the experiments carried out adhered strictly to the guide-
lines approved by Institutional Animal Care and Use Com-
mittee (IACUC) of our institute, Institute of Nuclear Medi-
cine and Allied Sciences (INMAS) (INM/IAEC/2013/03,
dated 06.06.2013). All efforts were made to minimize ani-
mal suffering by administering anaesthesia (intraperitoneal
ketamine and xylazine 7:1 mg/ml for 100 I/mice) prior to
euthanasia using 100% CO, asphyxiation. All the animal
experimental procedures for tumor development in mice
were carried out in strict accordance with the recommen-
dations in the Guide for the Care and Use of Laboratory
Animals in cancer research of United Kingdom Coordinat-
ing Committee on Cancer Research (UKCCCR) and duly
approved by the Institutional Animal Care and Use Commit-
tee (IACUC). Our experiments strictly adhered to ARRIVE
guidelines for in vivo animal experimentation.

Preparation of radioprotective formulation
(G-003M)

The structural formula and chemo-profiles of podophyllo-
toxin and rutin used in preparing G-003M are mentioned
in our previous study [53]. Radioprotective formulation
(G-003M) was prepared according to the protocol men-
tioned in [21]. To determine the effective dose for in vivo
radioprotective potential, G-003M was injected at different
therapeutic doses 2—10 mg/kg through intramuscular route in
C57BL/6J mice 60 min before total body-irradiation (TBI).
Our results revealed that G-003M was maximally effective
when administered at 6.5 mg/kg of mice body weight.

Immunoblot analysis

Whole cell protein was isolated based on protocol mentioned
in [21] and probed with primary antibodies mice anti -actin
(1:1000 dilution, Santa-Cruz Scientific, Cat no. sc-8432),
rabbit Anti-GPCR GPR49 (Lgr5) (1:1000 dilution, Abcam,
Cat No ab75732), mice anti-DKK1 (1:5000 dilution, Abcam,
Cat No ab61275), rabbit anti-c-Myc (1:5000 dilution,
Abcam, Cat No ab32072), rabbit anti-Nanog (1:1000 dilu-
tion, Abcam, Cat No ab80892), rabbit anti-Wnt3A (1:2000
dilution, Millipore, Cat no. 09-162), rabbit anti-GAPDH
(1:2000 dilution, Millipore, Cat no. ABS16), rabbit anti-f-
Catenin (1:2000 dilution, Millipore, Cat No. 04-1002), rab-
bit anti-Survivin (1:1000 dilution, Chemicon International,
Cat No.AB3611), anti-ICAM1 (1:1000 dilution, Abcam, Cat
No ab25375), anti-VCAMI1 (1:1000 dilution, Abcam, Cat
No ab215380), rabbit anti-active Caspase-3 (1:1000, Sigma,
Cat No C8487) overnight at 4 °C for western blot analysis.

Subcellular (nuclear and cytoplasmic) fractionation

Nuclear and cytoplasmic fractions from the jejunum
homogenates were prepared using protocol mentioned in
[21]. Examination of B-Catenin expression in nuclear and
cytoplasmic fractions was done by western blotting as
described above by using rabbit anti-B-Catenin (1:2000
dilution, Millipore, Cat No. 04-1002), mice anti p-Tubulin
(1:1000 dilution, Santa-Cruz Scientific), anti-Lamin B pol-
yclonal primary antibody (1:4000; Sigma Co., St. Louis,
MO), and goat anti-mice and goat anti-rabbit IgG-HRP
secondary antibody (1:7000; Millipore, MA, USA, Cat no.
AP308P, AP307P).

Immunohistochemistry
Immunohistochemical staining was performed accord-
ing to protocols mentioned in [21]. Using this protocol,

intestinal tissue sections were probed using Anti-GPCR
GPR49 (Lgr5) (1:100 dilution, Abcam, Cat No ab75732),
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rabbit anti-pB-Catenin (1:100 dilution, Millipore, Cat No.
04-1002), anti-CD3e (1:100 dilution, BD Biosciences), anti-
GR-1(1:100 dilution, BD Biosciences), anti-CD19 (1:100
dilution, BD Biosciences), anti phospho-histone YH2AX Ser
139 monoclonal antibody (1:100 dilution, Millipore, Cat.
no. 05-636) either for 1 h at room temperature or overnight
at4 °C.

Histology

Protocols mentioned in [21] were followed for histopatho-
logical analysis of mice jejunum.

Crypt survival assay

Regenerative/viable crypts were measured in 6-8 weeks old
mice sacrificed at 24 h, 3.5th Day, 7th Day after 9 Gy irra-
diation using the protocol mentioned in our previous study
[21].

TUNEL assay

The TUNEL staining for evaluating crypt apoptosis was per-
formed according to protocols mentioned in our previous
studies [21].

Development of tumor mice model

Tumor mice model was developed according to the pro-
tocols mentioned in our previous reports [21] with minor
modifications. Mice (3-6 per group) were randomised by
weight into seven experimental groups. The seven groups
consist of (I) Untreated (mice with no tumor and no treat-
ment) (II) Tumour only (mice with tumor but no treatment)
(II) G-003M (tumor bearing mice treated with G-003M
(6.5 mg/kg body wt) alone i.m.) (IV) IR (tumor bearing mice
treated with focal irradiation of 10 Gy) (V) G-003M + IR
(tumor bearing mice treated with intramuscular injection
of G-003M followed by focal irradiation of 10 Gy to the
tumor) (VI) Amifostine (tumor bearing mice treated with
Amifostine (150 mg/kg body wt) alone i.p.) (VII) Ami-
fostine + IR (tumorbearing mice treated with intraperito-
neal injection of Amifostine followed by focal irradiation
of 10 Gy to the tumor).

Tumor volume measurement

Tumor volume in mice were measured by protocols men-
tioned in our previous study [21].
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Haematological assay in tumor bearing mice

Blood samples were collected from orbital plexus of dif-
ferentially treated groups and analysed for % Lymphocytes
according to protocols mentioned in our previous study [21].

Cytokine estimation in tumor bearing mice

Blood samples were collected for analysing cytokine levels
of IL-6, TNF-a, GM-CSF, IL-12P70, IL-12P40, IL-2, IFN-y
and IL-1a based on protocols mentioned in [21].

Administration of amifostine

Amifostine (150 mg/kg) (kind gift from Dr. Aseem Bhat-
nagar) was used as a positive control for the tumor based
studies. Amifostine is a well-recognized and potent radio-
protector, which has been approved previously by the FDA
for clinical radiotherapy [54]. It was prepared by freshly
dissolving in sterile distilled water and was administered
intraperitoneally 30 min prior to radiation exposure.

Administration of bay 11-7082

Bay 11-7082 (Cat no: B5556-10MG, Sigma-Aldrich) is a
small molecule inhibitor of IkBa phosphorylation that leads
to NF-kB inactivation [55]. The drug was reconstituted in
1% Dimethyl Sulfoxide (DMSO) and administered intraperi-
toneally to mice at a dose of 20 mg/kg 15 min before the
administration of G-003M.

Administration of XAV939

XAV939 (Cat No. ab120897, Abcam) is a small molecule
inhibitor of WNT signaling pathway. The drug was reconsti-
tuted in 1% Dimethyl Sulfoxide (DMSO) and administered
intraperitoneally to mice.

Statistical analysis

All results are represented as the mean + SD of three inde-
pendent experiments. Significant differences between dif-
ferent treatment groups was established by one-way analysis
of variance (ANOVA) using the Student—-Newman—Keuls
Method of pair wise multiple comparisons. Values of
p <0.05 were considered statistically significant. For each
analysis, experimental unit was an individual animal.
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