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Abstract: The diverse therapeutic feasibility of the sea urchin-derived naphthoquinone pigment,
Echinochrome A (Ech A), has been studied. Simple and noninvasive administration routes should be
explored, to obtain the feasibility. Although the therapeutic potential has been proven through several
preclinical studies, the biosafety of orally administered Ech A and its direct influence on intestinal
cells have not been evaluated. To estimate the bioavailability of Ech A as an oral administration
drug, small intestinal and colonic epithelial organoids were developed from mice and humans. The
morphology and cellular composition of intestinal organoids were evaluated after Ech A treatment.
Ech A treatment significantly increased the expression of LGR5 (~2.38-fold change, p = 0.009) and
MUC?2 (~1.85-fold change, p = 0.08). Notably, in the presence of oxidative stress, Ech A attenuated
oxidative stress up to 1.8-fold (p = 0.04), with a restored gene expression of LGR5 (~4.11-fold change,
p =0.0004), as well as an increased expression of Ly6a (~3.51-fold change, p = 0.005) and CLU (~2.5-fold
change, p = 0.01), markers of revival stem cells. In conclusion, Ech A is harmless to intestinal tissues;
rather, it promotes the maintenance and regeneration of the intestinal epithelium, suggesting possible
beneficial effects on the intestine when used as an oral medication.

Keywords: echinochrome A; oral administration; intestinal epithelium; organoid; regeneration;
revival stem cells

1. Introduction

Echinochrome A (Ech A), a naphthoquinone pigment derived from sea urchins,
has been clinically used for decades, since it exhibits distinctive antioxidative and anti-
inflammatory abilities [1]. The medical use of Ech A was approved in Russia for cardiology
and ophthalmology [2], and its therapeutic applications against cardiovascular diseases
(CVDs) such as ischemic heart disease and myocardial infarction, and ocular diseases includ-
ing glaucoma and degenerative diseases of the retina and cornea have been reported [3-6].
Ech A is able to alleviate the clinical symptoms by scavenging free radicals and subse-
quently preventing infarct formation [1,7]. Ech A is also known to suppress excessive
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inflammation by modulating the balance between proinflammatory cells and regulatory
T cells, and directly blocking the replication of pathogens in infectious pathophysiologic
circumstances [3,8-11]. Due to the broad applicability of the underlying mechanism, the
therapeutic potential of Ech A for various other candidate diseases such as inflammatory
bowel disease (IBD), gastric ulcer, atopic dermatitis (AD), and cystic fibrosis, has been vig-
orously investigated [9,10,12,13]. Moreover, it has been demonstrated that naphthoquinone
pigments have low toxicity profiles in pharmacological studies in vivo and in vitro [14].

The selection of an adequate drug administration route is important to guarantee
therapeutic outcomes and avoid adverse effects. In the previous studies on CVDs, Ech A
was mostly administered intravenously (IV), in line with the disease features requiring
immediate action of drugs after disease onset and accessibility to the target lesion [15,16].
In line, subconjunctival or peribulbar injections have been employed for the treatment of
ophthalmologic diseases due to the physical proximity and resulting effectiveness of drug
delivery [17,18]. In addition, several other preclinical studies using animal models took
subcutaneous (SC) or intraperitoneal (IP) routes depending on the experimental design
or probably for ease of experiment [8,13,19,20]. As certain degenerative diseases require
repetitive treatments throughout the entire lifetime, invasive methods such as tissue-specific
injections may not be suitable. With growing demands of general use for a wide spectrum
of diseases, the oral administration of Ech A has been tested as a more conventional route
of application. In the human study of atherosclerotic inflammation [3], it is demonstrated
that orally administered Ech A has corresponding effects, regardless of the drug-delivery
route. It is also shown that comparable therapeutic outcomes can be achieved by a peroral
application using various preclinical animal models [12,21,22]. Yet, its safety and direct
impact on the gastrointestinal (GI) tract still remain unknown.

Since the success of the first development of mini-gut [23], the intestinal organoid-
culture platform has paved a way for various research studies related to the intestinal
environment. This in vitro three-dimensional (3D) miniature organ consists of various cell
types including intestinal stem cells (ISCs), which are crucial for self-renewal, and other
differentiated cells such as Paneth cells, goblet cells, and enterocytes [24]. Of note, the
heterogeneity in cellular composition enables the recapitulation in the in vivo physiology
of intestinal epithelial development, which is much more relevant to in vivo biology when
compared with the 2D cell-line culture system. Intestinal organoids can be further catego-
rized into small intestine organoid (SIO) and colon organoid (CO), depending on which
part of the intestine tissue was used for cultivation [24-26]. The generation of indefinite
3D organoids allows the study of normal intestinal physiology and the development of
the pathophysiology model by co-culture with pathogens, or genetic manipulation in
the manner of personalized medicine [27-30]. Therefore, naive or genetically engineered
organoids can be directly utilized for the treatment of degenerative disease or employed as
a drug-testing platform using the coculturing system to assess the safety, toxicity, efficacy
and the extent of use of candidate drugs [31,32].

Recently, a novel population of stem cells, revival stem cell (RSC), has been reported,
which appears and contributes to the regeneration of damaged tissue in injury, especially
in the intestinal epithelium [33]. RSCs are activated throughout the intestinal epithelium
after acute injury, triggering the partial reprogramming of differentiated cells to repair
the damaged epithelium, and are reported to be detectible and inducible in intestinal
organoids [33,34]. Recent studies have demonstrated that the generation of RSCs can
be induced with several regulators of signaling pathways, resulting in the promotion of
regenerative responses [26,35].

In the present study, we predicted the oral bioavailability of Ech A and its potential
benefits to the GI system by utilizing intestinal epithelial organoids to define the impact of
Ech A on the epithelium-organizing cell subtypes of both human and mouse intestine. In
particular, we determined whether the therapeutic benefits of Ech A could be preserved in the
presence of overproduced reactive oxygen species (ROS), mimicking disease circumstances.
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2. Results
2.1. The Effect of Ech A on Mouse Intestinal Epithelial Homeostasis

To understand the effect of Ech A on normal intestinal homeostasis, we established
intestinal epithelial organoids from mouse small intestine and colon, and EchA was treated
at concentrations of 10 uM and 20 pM. There was no toxic effect of Ech A on the organoid
formation of mSIOs and mCOs (Figure 1A). Then, we determined the number of budding
structures which were exhibited in the mSIOs. Upon Ech A treatment, there was no
significant difference in the number of budding structures from both the control and Ech
A-treated group (Figure 1B). The total number of organoids did not change in SIOs, but
significantly increased in COs at both high and low concentrations of Ech A, suggesting
that Ech A can promote the proliferation of colonic intestinal epithelial cells (Figure 1C).
We then explored whether Ech A can regulate the differentiation of subtype cells which
constitute the intestinal epithelium, including ISCs (Lgr5, Olfin4), Paneth cells (Lyz), deep
crypt secretory cells (DCSs; Reg4), goblet cells (Muc2), enterocytes (Alpi), and revival stem
cells (RSCs; Clu, Ly6a) (Figure 1D). Upon Ech A treatment, an increased Lyz expression
was shown in SIOs. The gene expression of Olfm4, Reg4, Clu, Ly6a was elevated in Ech A
treatment group compared with the control group in COs. Notably, the expression level of
Lgr5 (2.38-fold change, p = 0.009) was significantly increased in COs when Ech A was added
at 20 uM concentration. Therefore, Ech A was able to partially regulate the cell composition
in the intestinal epithelium and promote the formation of organoids by increasing Lgr5
expression in mCOs.
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Figure 1. Effect of Ech A on the mouse intestinal organoids. Mouse SIOs and COs were embedded
in the extracellular matrix and cultured in the presence of 10 uM and 20 uM of Ech A for 4 days.
(A) Bright-field images of mouse intestinal organoids treated with Ech A concentration of 0, 10, 20 uM.
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Upper panel: mSIOs, lower panel: mCOs. (B) Representative image of budding structure in mSIOs
(left) and the quantification of budding structures (right). Arrows indicate budding structure.
(©) Quantification of organoid formation in mSIOs (left) and mCOs (right). (D) Relative marker
expression of differentiated intestinal epithelial cells in mSIOs and mCOs. Ech A: Echinochrome
A, mSIO: mouse small intestinal organoid, mCO: mouse colon organoid, ISC: intestinal stem cell,
PC: Paneth cell, GC: goblet cell, EC: enterocyte, RSC: revival stem cell, DCS: deep crypt secretory
cell. Scale bar =1 mm. All data represent the mean + SD of the results from three independent
experiments. ** p < 0.01.

2.2. The Effect of Ech A on Human Epithelial Homeostasis

We next sought to examine the effect of Ech A on the human intestinal organoids,
including SIOs and COs. Ech A treatment did not exhibit any toxic influences in hSIOs and
hCOs (Figure 2A). We found that the size of organoids increased with Ech A treatment,
compared with the control (Figure 2A), while the total number of organoids did not change
in either SIOs or COs (Figure 2B). We further investigated the change of cellular composition
in intestinal epithelium after the administration of Ech A using the markers of ISCs (LGRS,
OLFM4), Paneth cells (LYZ), DCSs (REG4), goblet cells (MUC2), enterocytes (ALPI), and
revival stem cells (CLU, ANXA1) (Figure 2C). The gene expression level of MUC2, ALPI was
upregulated in the Ech A treatment group of hSIOs and hCOs, compared with the control.
Consistent with the results in mCOs, 20 pM of Ech A markedly increased the expression of
LGRS (1.91-fold change, p = 0.048) in hCOs. The expression of RSC markers exhibited no
significant differences without any stimulation. These results suggest that Ech A regulates
the various type of cells in the intestinal epithelium, especially increasing the stem cell
population in the colon.
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in the extracellular matrix and cultured in the presence of 10 uM and 20 uM of Ech A for 5 days.
(A) Bright-field images of human intestinal organoids treated with Ech A concentrations of 0, 10, 20 uM.
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Upper panel: hSIOs, lower panel: hCOs. (B) Quantification of organoid formation efficiency in hSIOs
(left) and hCOs (right). (C) Relative marker expression of differentiated intestinal epithelial cells
differentiation in hSIOs and hCOs. Ech A: Echinochrome A, hSIO: human small intestinal organoid,
hCO: human colon organoid, ISC: intestinal stem cell, PC: Paneth cell, GC: goblet cell, EC: enterocyte,
RSC: revival stem cell, DCS: deep crypt secretory cell. Scale bar = 1 mm. All data represent the
mean =+ SD of the results from three independent experiments. * p < 0.05.

2.3. Antioxidative Ability of Ech A in Mouse Intestinal Organoids

Ech A was previously reported to possess a potent antioxidative effect to attenuate
oxidative stress [1]. Therefore, we assessed whether Ech A could exhibit antioxidative prop-
erties in the intestinal epithelial organoid by modeling the environment of oxidative stress.
For this purpose, we used ROS inducer, tert-Butyl hydroperoxide (tBHP). Administration
of tBHP resulted in a higher level of cellular ROS in both mSIOs (187.63%) and mCOs
(173.22%) compared with the control via flow cytometric analysis (Figure 3A,B). However,
upregulation of CellROX was suppressed by up to 103.68% and 120.26%, respectively, in
organoids treated with both 20 uM Ech A and tBHP, suggesting that oxidative stress was
resolved. To further explore the regenerative function of Ech A, we performed qPCR to
examine the marker expression of ISCs and RSCs, which contribute to epithelial regenera-
tion (Figure 3C). We found a reduced expression level of Lgr5 upon tBHP administration in
both mSIOs and mCOs, while Ech A treatment restored the expression or even increased it,
compared with the control group (fold change 0.63 to 1.23 in mSIOs, p = 0.026; fold change
0.6 to 2.47 in mCOs, p = 0.032). The expression of Olfm4 tended to decrease upon tBHP
treatment, while it was not recovered by Ech A treatment. Compared with the control,
tBHP treatment induced an increase in RSC marker (Clu, Ly6a) expression, which was
further upregulated upon Ech A supplementation. A total of 20 uM of Ech A significantly
increased the expression of Ly6a, compared with the control (2.51-fold change in mSIOs,
p = 0.035; 3.51-fold change in mCOs, p = 0.005).
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Figure 3. Antioxidant effect of Ech A on oxidative damage-induced mouse intestinal organoids.
Organoids were treated with 250 uM tBHP in the presence or absence of 20 uM Ech A for 4 h.
(A) Flow cytometric analysis of ROS production by using ROS dye CellROX Deep Red assay and
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(B) mean fluorescence intensities (MFI) of CellROX-labeled cells in mSIOs and mCOs. Upper panel:
mSIOs, lower panel: mCOs. (C) Relative gene expression level of ISC (Lgr5, Olfm4) and RSC (Clu,
Ly6a) markers. Ech A: Echinochrome A, tBHP: tert-Butyl hydroperoxide, mSIO: mouse small intestinal
organoid, mCO: mouse colon organoid, MFI: mean fluorescence intensities. * p < 0.05, ** p < 0.01.

2.4. Antioxidative Ability of Ech A in Human Intestinal Organoids

Next, we analyzed the antioxidant function of Ech A in human intestinal organoids.
The induction of tBHP led to an increase in ROS level (187.71% in hSIOs and 151.31%
in hCOs), and ROS damage was greatly prevented by 20 uM Ech A treatment in hSIOs
(106.73%) (Figure 4A,B). We then determined the marker expression to identify the effect of
Ech A on the intestinal cell differentiation in the ROS-elevated status (Figure 4C). Consistent
with the results from mouse intestinal organoids, a reduced expression level of LGR5 was
observed upon tBHP treatment. The administration of Ech A restored the level of LGR5
expression (fold change 0.25 to 0.76, p = 0.0004) to a similar extent to the control group in
hCOs. The RSC marker, CLU expression was upregulated by tBHP and further elevated
by Ech A addition (2.35-fold change, p = 0.01) compared with the control in hCOs, while
the reduced ANXA1 expression upon tBHP induction in hSIOs was not changed by Ech A
treatment. There was no significant difference in the expression of OLFM4 in either hSIOs
or hCOs in response to tBHP or Ech A. Taken together, our results indicate that Ech A can
exhibit antioxidant scavenger properties and help epithelial regeneration by inducing the
RSC population in the intestinal epithelium.

300 B *
O
\ - 2004
3
<} &
2 = oo
e ...
- e Cont 1BHP BHP+Ech A
/ *
8 [ 2
g
= £
= 10
=
g ~ Z —— o
R e AT e
! W w ' o 1 O e B
CellROX (APC-A) Cont  tBHP tBHP+EchA
LGRS OLFM4 cLu ANXA1
2.0 15 15 15
§ § § §
715 7 5 2
[e) 8 £ 10 g 10 2 10
-3 3 3 & g
= 310 3 3 3
° © ®
3 205 205 5 0.5
S5 2 s 2
& & & ¥
0. T T 0. T T o T T T 0. T T
&R v & 8 S & ¥ 2 v
& & & & & & & &F & & & &
& <" & <"
&Q‘ &% & @Q-
LGRS OLFM4 CcLu ANXA1

hCco

Relative expression

° Y

a s
Relative expression

S 2

a s
Relative expression

N ow
*

Relative expression

a P

0. 0. T T T T 1 0.
N

T
\d & R
& & @‘:&n

&

Figure 4. Antioxidant effect of Ech A on oxidative damage-induced human intestinal organoids.
Organoids were maintained for 5 days and then treated with 250 uM tBHP in the presence or absence
of 20 uM Ech A for 4 h. (A) Flow cytometric analysis of ROS production by using ROS dye CellROX
Deep Red assay and (B) mean fluorescence intensities (MFI) of CellROX-labeled cells in human
SIOs and COs. Upper panel: hSIOs, lower panel: hCOs. (C) Relative gene expression level of
ISC (LGRS, OLFM4) and RSC (CLU, ANXAT) markers. Ech A: Echinochrome A, tBHP: tert-Butyl
hydroperoxide, hSIO: human small intestinal organoid, hCO: human colon organoid, MFI: mean
fluorescence intensities. * p < 0.05, *** p < 0.001.
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3. Discussion

In order to ask whether perorally administered Ech A would be likely to have clinical
benefits without causing harm to intestinal tissues, we primarily tested bioavailability and
latent toxicity through developed intestinal organoids, including SIOs and COs derived
from both human and mouse tissues. We fortunately found that Ech A treatment of
the organoids did not show any deleterious effect quantitatively or qualitatively, but
rather significantly improved the development of intestinal organoids, especially COs,
reflecting the provisional safety of Ech A in its oral use. Excessive ROS induction hindered
the stemness of intestinal organoids, and, interestingly, Ech A treatment compensatively
restored it, by stimulating not only typical ISCs, but also RSCs.

To evaluate the safety and permeability of orally administered drugs in the intestinal
epithelium, a typical model of the transformed adenocarcinoma line Caco-2 monolayer
transwell assay, which can mimic the epithelial barrier function, was commonly employed
until recently, and contributed to many pharmacokinetic studies. However, issues have
been raised concerning the fact that drug-processing mechanisms differ from primary cells,
or that the interaction between the cells making up the intestinal structure is absent [36-38].
Recent studies in organoids have suggested versatile usages for this 3D culture system,
such as natural physiology research, disease modeling, drug screening, and also treatment
per se [27-32,39]. In particular, intestinal organoids can recapitulate the properties of the
intestinal microenvironment requiring crosstalk between host cellular compartments and
substances existing outside the endogenous construct, for example, infectious microor-
ganisms (host—pathogen interaction), commensal microbiota, nutrients, metabolites, or
drugs [25,40-42]. In this study, we introduced this readily established 3D culture system as
a drug-testing platform.

We showed that Ech A treatment improved the regenerative effect of organoids. In
line with the increased number, especially in colon-organoid formation, the effect is also
evidenced by the upregulated expression-level of the Wnt-amplifying gene, LGR5 (Leucine-
rich repeat-containing G protein-coupled receptor 5), which is a crucial factor for the self-
renewal and propagation of ISCs [43]. Contrary to our results, it is known that oxidative
stress provokes Lgr5 expression, and subsequently promotes the expansion of ISCs [44—46].
However, most of the papers point out that ROS-mediated LGRS transcription and ISCs
expansion are connected to colorectal cancer initiation, not physiological turnover [44,45,47].
In fact, robust ROS production in intestinal crypts causes apoptosis and tissue dysfunction;
thus, maintaining an adequate level of ROS is critical for cell proliferation and tissue
renewal [46,48,49]. One potential explanation for our results is that Ech A treatment
presumably modulates the optimal level of ROS for 3D organoid culture. When tBHP,
the organic ROS inducer was treated, the expression level of LGR5 remarkably decreased,
while the level was restored by ROS suppression with Ech A treatment (Figures 3C and 4C).
We can learn from these results that optimal concentration should be carefully determined
in future, considering hyperplasia concerns.

Of note is the fact that the unique cellular population in the intestinal crypt, RSCs,
characterized by high clusterin (CLU) expression, are very rare at the level of homeostatic
status. This distinct cell subset is transiently activated, and then expanded, upon physio-
logical damage such as irradiation, loss of LGR5* ISCs, and exposure to toxic chemicals, to
reconstitute ISCs compartments and subsequently rehabilitate the structure and function of
the normal intestinal epithelium [33,50]. In our study, we observed that RSCs, which stay at
a quiescent state normally, showed no significant changes in gene-expression patterns upon
Ech A treatment (Figures 1D and 2C), suggesting that an influx of Ech A is not recognized
as a danger signal. On the other hand, oxidative stress induction by tBHP drastically
exacerbated LGR5" ISCs integrity, and accordingly promoted a damage-induced cell popu-
lation RSCs. Wang et al. also demonstrated that LPS-induced gut damage depleted Lgr5*
ISCs in the mice intestine, and this long-term loss of ISCs then triggered the production of
Clu™ RSC in the crypts for intestinal regeneration [51]. Strikingly, the expression of RSC
marker genes, Ly6a and CLU, were boosted through the action of Ech A (Figures 3C and 4C).
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Therefore, Ech A can be expected to contribute to the homeostasis and reconstruction of the
intestinal environment by controlling the activity of ISCs, as well as further increasing the
activity of RSCs upon intestinal damage.

In human intestinal organoids, MUC2 expression from goblet cells showed a tendency
to increase in the presence of Ech A (Figure 2C). The mucus layer lining throughout
the whole GI tract has a crucial role for protecting the body from exogenous pathogens.
Intestinal goblet cells secrete various molecules, and among them mucin glycoproteins
are synthesized by the activation of the MUC2 gene. As a frontline of the host defense
system, the mucus layer prevents the adhesion of the pathogen into the epithelium [52].
Similar to MUC?2 expression, we also observed that ALPI expression was increased in a
dose-dependent manner in human intestinal organoids (Figure 2C). Intestinal alkaline
phosphatase (IAP) is encoded by the ALPI gene, and mostly produced by enterocytes. IAP
is known to detoxify bacterial ligands and upregulate intestinal tight junction proteins so
that it can carry out a gut barrier function for the intestinal structure [53,54]. In addition,
since the expression of IAP decreases with aging, taking Ech A has the potential benefit of
overcoming age-related dysfunction [55]. Taken together, Ech A treatment facilitates the
protective role of intestinal compartment cells, goblet cells and enterocytes, by stimulating
the production of mucin glycoproteins and IAPs.

In our previous study, we proved that systemically administered Ech A alleviated the
symptoms of experimental colitis by promoting immunomodulatory cells such as Tregs
and M2 macrophages, while suppressing pro-inflammatory M1 macrophages [10]. It was
reported that exposure to colitogens such as dextran sulfate sodium (DSS) impairs ISC
function and in turn activates RSCs population [33]. Furthermore, Muc2 deficiency causes
spontaneous colitis, and the endogenous IAP level is lower in IBD [56-58]. We revealed that
Ech A compensatively activated the self-renewal capacity of the intestinal structure and
augmented the defensive role of goblet cells and enterocytes, in the current study. From
another point of view, through these results, we may infer that the regenerative function of
Ech A contributed to amelioration in the DSS colitis model.

To further understand the mechanism of Ech A action on intestinal cells, cellular sig-
naling pathways upon Ech A exposure should be elucidated. It has been reported that Ech
A treatment promotes ex vivo maintenance of CD34" hematopoietic stem and progenitor
cells (HSPCs), through suppression of cellular ROS and the Src-Lyn-p1106 pathway, and the
activation of the PI3K/Akt pathway [59]. PI3K/ Akt signaling regulates a variety of crucial
cellular events such as cell proliferation and survival by regulating the activity of NF-«B
signaling, which also modulates the activity of Wnt/ 3-catenin signaling [60]. A cross-talk
between PI3K/Akt, NF-kB, and Wnt/ 3-catenin signaling has been considered, to regulate
Lgr5* ISCs [61,62]. In addition, it has been demonstrated that MUC?2 expression could be
regulated by PI3K/ Akt pathways [63,64]. One can envision that the regulation of stem cells
by Ech A shown in the present study might be exerted through similar pathways, including
the PI3K/ Akt pathway. Considering that PI3K/ Akt signaling can be triggered by Ech A,
it would be worthwhile to investigate the activated signaling pathway in Ech A-treated
IOs, in further studies. Moreover, physiologically, we previously showed that intravenous
injection of Ech A exhibited a therapeutic effect in the murine colitis model, accompanied
by the attenuation of intestinal epithelial damage, providing direct therapeutic evidence
for Ech A in diseases [10].

Although we concisely attested to the potential peroral use of Ech A, there are some
remaining limitations. The distribution and excretion of orally administered Ech A should
be investigated. There are some reports that subcutaneously injected Ech A can reach the
target organ through the bloodstream within hours, or be eliminated by the kidney [8,65,66].
However, pharmacokinetic and pharmacodynamic features of orally administered Ech A
have not been studied yet. In order to be delivered into the intestine, exposure to stomach
acid is inevitable, so investigation into the effectiveness of drugs after exposure to an
acidic environment must be conducted. Previous studies on gastric ulcers have proven the
therapeutic effect in an acidic environment [12], but have not fully elucidated the changes
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in Ech A after exposure. If acid-induced denaturation is specified, advanced drug delivery
methods such as liposome encapsulation, should be considered [67,68].

4. Materials and Methods
4.1. Preparation and Treatment of Ech A

Histochrome® containing 1% Ech A (6-ethyl-2,3,5,7,8-pentahydroxy-1,4-naphthoquinone,
pharmaceutical, state registration number PN002362/01-2003) was provided by G.B. Elyakov
Pacific Institute of Bioorganic Chemistry, FEB, RAS, Russia. Histochrome® composition is 1%
Ech A in a 0.9% isotonic solution (sodium carbonate and sodium chloride, 37.5 mM). The IOs
were treated with Ech A at concentrations of 10 and 20 pM.

4.2. Mouse Intestinal Organoid Culture

To isolate the mouse intestinal crypts, the small intestine and colon tissue below the
cecum were harvested, and flushed with cold PBS to remove residual substances inside. After
flushing, for the SIOs, the small intestine was longitudinally incised using small scissors,
and scraped using a coverslip to remove the villi. The tissue was cut into 2—4 mm pieces
and washed with cold PBS. The fragments were washed by vigorous shaking until a clear
supernatant was observed, approximately three times. Tissue fragments were incubated with
Gentle Cell Dissociation Reagent (STEMCELL Technologies, Vancouver, BC, Canada) at room
temperature for 20 min, with gentle rocking. For the COs, the colon tissue was washed three
times after the flushing step, and cut into 24 mm pieces. The fragments were incubated in
20 uM EDTA with PBS at 37 °C for 30 min, with shaking. After the incubation, the tissues from
the small intestine and colon were shaken by vortexing for crypt isolation. The crypts were
filtered through a 70 pum cell strainer (BD Falcon, Franklin Lakes, NJ, USA) and centrifuged at
300x g for 5 min. Then, the crypts were resuspended in Advanced Dulbecco’s Modified Eagle
Medium: Nutrient Mixture F-12 (DMEM/F12; Gibco, Grand Island, NY, USA), followed by
centrifugation at 200x g for 5 min. A total of 250 crypts were resuspended in DMEM/F12 and
Matrigel (Corning Life Sciences, New York, NY, USA) (1:1), and the crypt-Matrigel suspension
was seeded into a 24- or 48-well plate and incubated for 30 min at 37 °C. After polymerization
of the Matrigel, IntestiCult™ Organoid Growth Medium (STEMCELL Technologies, Vancou-
ver, Canada) was added for SIOs maintenance, while a conditioned medium was used for
the COs culture. The conditioned medium consisted of advanced DMEM/F12, primocin
(Invivogen, San Diego, CA, USA), penicillin/streptomycin, B27, N2 (Gibco), 50 ng/mL EGF
(Peprotech, Rockyhill, NJ, USA), 0.2 pM LDN193189 (MedChemExpress, Monmouth Junction,
NJ, USA), 1 mM N-Acetyl cysteine (Sigma, St. Louis, MO, USA), 10 nM Y-27632 (STEMCELL
technologies), 10 tM SB431542, 100 ng/mL Wnt 3a, and 500 ng/mL R-Spondin (Peprotech,
Rockyhill, NJ, USA).

4.3. Human Intestinal Organoid Culture

All procedures involved in human samples were approved by the institutional ethi-
cal committee of the Pusan National University [IRB No. 2022_36_BR]. IOs were cultured
from normal crypts of small intestine and colon samples derived from resected tissues of
3 patients with cancer. Written informed consent was obtained from each patient, according to
the approved IRB protocol. Donors were fully informed and then consented, and documents
regarding donor privacy are securely maintained. For the isolation of human intestinal crypts,
small intestinal or colonic tissue samples were immediately incubated in the ice-cold PBS
with penicillin/streptomycin, for 30 min. The surface of the mucosa was gently scraped using
forceps, to remove the mucus. The tissue was cut into 2-4 mm pieces, and the fragments
were washed with cold PBS three times. Then, the fragments were incubated in 10 mM
EDTA at 37 °C for 20 min in the shaker. After incubation, the crypts were isolated from the
tissues by vortexing, and filtered with a 70 um cell strainer. The crypts were centrifuged at
300x g for 5 min, and resuspended in DMEM/F12, followed by centrifugation at 300 g for
5 min. Approximately 500 crypts were seeded in domes made by DMEM/F12 and Cul-
trex Reduced Growth Factor BME (R&D system, Abingdon, UK) (1:1) into 24- or 48-well
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plates, and incubated at 37 °C for 30 min. The conditioned media for human SIOs and
COs was comprised of advanced DMEM/F12, primocin, penicillin/streptomycin, B27, N2,
50 ng/mL EGF, 0.2 uM LDN193189, 1mM N-Acetyl cysteine, 10 uM SB431542, 10 nM Y-27632,
100 ng/mL Wnt 3a, and 500 ng/mL R-Spondin.

4.4. Reverse Transcription and Quantitative Real-Time PCR (qPCR)

Organoids in the Matrigel were harvested and washed with PBS. RNA was extracted
using the RNeasy Mini Kit (Qiagen, Hilden, Germany) and the concentration of RNA was
measured using a spectrophotometer. The synthesis of cDNA was performed from 100 ng
of total RNA using ReverTra Ace® qPCR RT Master Mix (Toyobo, Osaka, Japan), according
to the manufacturer’s instructions. A qPCR was performed using a cDNA template and
SYBR Green reagents (Thermo Fisher Scientific, Waltham, MA, USA) containing specific
primers, on an ABI 7500 real-time PCR instrument (Applied Biosystems, Carlsbad, CA,
USA). Primer sequences for mouse and human samples are listed in Table 1. Triplicate
technical replications were conducted, and relative expression levels were normalized,
using the comparative Ct value of Gapdh.

Table 1. Primer sequences utilized in this study.

Gene Forward Primer Reverse Primer
Mouse
Alpi CTGCCAAGAAGCTGCAGCCCA GGCTAGGGGTGTCTCCGGTCC
Clu GCTGCTGATCTGGGACAATG ACCTACTCCCTTGAGTGGACA
Gapdh GGAAGGGCTCATGACCAC GCAGGGATGATGTTCTGG
Lgrb GGGAGCGTTCACGGGCCTTC GGTTGGCATCTAGGCGCAGGG
Lyz CGTTGTGAGTTGGCCAGAA GCTAAACACACCCAGTCAGC
Lyé6a GAAAGAGCTCAGGGACTGGAGTGTT TTAGGAGGGCAGATGGGTAAGCAA
Muc2 TGCCCAGAGAGTTTGGAGAG CCTCACATGTGGTCTGGTTG
Olfm4 ATTCGCTATGGCCAAGGAGG GAGGGGCCGATTCACATCAA
Reg4 AACCTGCCTGTGTGGATTGG GTTCATCTCAGCGCAATGCC
Tff3 TAATGCTGTTGGTGGTCCTG CAGCCACGGTTGTTACACTG
Human
ALPI TCCTGCCGTTGGACCTTCA GGCCTGCTTGGTCTTCCTTA
ANXA1 CGA AAC AAT GCA CAGCGT CA TCA GTG TTT CAT CCA GGG GC
CLU GTTGCTTTTGCACCTACGGG GAGCAGCAGAGTCGAGTGTT
GAPDH GTCTCCTCTGACTTCAACAGCG ACCACCCTGTTGCTGTAGCCAA
LGR5 GGAGTTACGTCTTGCGGGAA CAGGCCACTGAAACAGCTTG
LYZ GCCTAGCACTCTGACCTAGC GTTCTGGCCAACTCACACCT
MUC2 CAGCACCGATTGCTGAGTTG GCTGGTCATCTCAATGGCAG
OLFM4 TCAGCTCAACTGGAGAGGGT GCCATAGGTGATCCGCAACT
REG4 TGGTTGCCAAACAGAATGCC GGCCAGTGCCAGAGATCTAA

4.5. Flow Cytometric Analysis

For flow cytometry analysis, the organoids were harvested and centrifuged at 300g for
5 min. The organoids were dissociated with tryPLE in 37 °C for 5 min, and then washed with
PBS, and centrifuged. Cellular ROS was determined by incubating with 5 uM CellROX deep
red (Thermo Fisher Scientific, Waltham, MA, USA) at 37 °C, for 30 min. After incubation, the
samples were washed with PBS three times, and the level of cellular ROS was determined,
using BD Accuri™ C6 Plus (BD Biosciences, San Jose, CA, USA). Flow]o software (Tree Star
Inc., Ashland, OR, USA) was used for the data analysis. The percentage of stained cells was
calculated, and the results were compared with the negative controls.

4.6. Statistical Analysis

All data are represented as the mean values =+ standard deviation of at least three
independent experiments. Statistical significance was determined using one-way ANOVA.
Differences with p-values of less than 0.05 were considered statistically significant. Statisti-
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cal analysis was performed using GraphPad Prism 9 software (GraphPad Software, Inc.,
La]Jolla, CA, USA).

5. Conclusions

Echinochrome A treatment in small intestinal and colonic epithelial organoids revealed
non-toxic, stem-cell supporting and anti-oxidative actions of the drug on the intestinal
epithelium. Therefore, this study demonstrates that Ech A might contribute not only to the
maintenance of intestinal homeostasis, but also to the protection of the intestinal epithelium
against oxidative damage, and the regeneration, through the regulation of normal and
regeneration-associated stem cells, suggesting beneficial and therapeutic effects for the
intestine, when orally administered.
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